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During the Chamonix 2012 workshop on LHC performance, operation of the machine in 2012,
activities during the first long shutdown LS1 aiming at peparing for operation at 7 TeV per beam and
substantial long term upgrades of both the injector chain and the LHC have been discussed. After
a session dedicated to observations and lessons from the run 2011, strategies for the run 2012 have
been discussed in order to optimize the machine performance and, in particular, the maximum and
integrated luminosity provided to the main experiments. Two session were dedicated to the prepara-
tion of the first long shutdown LS1 followed by a session aiming at optimizing the perfromance to be
expected after this first shutdown. The last two session of the workshop were dedicated to substan-
tial upgrades of the injector complex and the LHC aiming at increasing the integrated luminosity to
250 inverse femtobarn per year after implementation in a second long shutdown. Improvements of
the injector complex comprise increased injection energies in the PS Booster and the PS, an upgrade
of the SPS vacuum chamber to alleviate limitations due to electron cloud build up and many more
upgrades required for the generation of beams with higher brightness and smaller meittances than
possible with the present machines. Plans for the LHC comprise an upgrade of the interaction regions
to allow for a smaller beta*, crab cavities for luminosity levelling and, upgrades of the collimation
and other systems.
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CHAMONIX’12 SUMMARY: PROPOSALS FOR DECISIONS 

S. Myers (Chair), F. Zimmermann (Scientific secretary) 

 CERN, Geneva, Switzerland

Abstract 
The summary session of the LHC Performance 

Workshop in Chamonix, 6-10 February 2012, synthesized 
one week of presentations and intense discussions on the 
near-, medium- and long-term strategy for the LHC and 
LHC upgrades. In particular, Chamonix’12 discussed the 
lessons from 2011, the strategy, beam energy and beam 
parameters for 2012, the planning for the Long Shutdown 
no. 1 (LS1), the measures and schemes for improving or 
maintaining the machine availability at higher beam 
energy, the injector performance and injector upgrade 
schedule, the HL-LHC project as well as possible 
additional or future LHC upgrades like LHeC and HE-
LHC. Key workshop themes included the risk associated 
with 4 TeV beam energy in 2012, the beam energy after 
LS1, the turnaround time, the physics goal and optimized 
running schedule for 2012, the achievements and plans 
for Pb-Pb and p-Pb collisions, beam-beam effects, 
electron-cloud phenomena and UFOs.  

We report the proposals for decisions which have 
emerged at the Chamonix’12 workshop. 

 

INTRODUCTION 
The LHC Performance Workshop at Chamonix is a 

technical meeting which proposes recommendations to 
the CERN Directorate. These recommendations are 
considered by the management, which also takes into 
account recommendations and advice from the CERN 
Machine Committee before making its final decisions. 

The 2012 LHC Performance Workshop was organized 
in nine sessions, covering the lessons from 2011 (chaired 
by M. Lamont & C. Bracco), LHC machine studies (R. 
Assmann & G. Papotti), the strategy for 2012 in two parts 
(chaired by J. Wenninger & R. Tomas, and O. Brüning & 
L. Ponce), the planning, activities and schedule for the 
first long shutdown LS1 in two parts (F. Bordry and K. 
Foraz), the beam operation after LS1 (R. Schmidt & M. 
Pojer), and LHC related projects and studies in two parts 
(R. Garoby & L. Ponce and L. Rossi & R. De Maria).  

These nine sessions were followed by an overall 
synthesis of the Chamonix workshop in the form of 
proposals for decisions. These latter proposals are 
summarized in this report.  

The members of the CERN Machine Advisory 
Committee (CMAC) participated in the Chamonix 
workshop and held several separate executive meetings 
including during the weekend after the workshop. 

Decisions on the LHC strategy have been taken by the 
CERN management after hearing the recommendations of 
Chamonix and of the CMAC. 

POINTS AWAITING DECISION 
Major decisions were needed on: 
• safe beam energy for 2012;  
• priorities for the 2012 run,  

o p-p,  
o p-ion,  
o machine studies; 

• date of start of LS1; 
• “ready for beam” date after LS1 (CMS only 

ready on 1 September 2014); 
• high energy and luminosity after LS1. 
 

SAFE BEAM ENERGY FOR 2012 
A beam energy of 3.5 TeV as in 2011 entails lower risk, 

lower integrated luminosity and a lower Higgs-production 
cross section. Conversely, a beam energy of 4 TeV means 
higher risk (by a factor of 5), higher integrated luminosity 
(about 15%), and a higher Higgs cross section (about 
30%), and it also allows for a slightly lower β*.  

The maximum safe beam energy had been discussed at 
the previous Chamonix workshop in 2011, based on Fig. 
1, where the different lines refer to the two different beam 
energies and two different energy extraction time 
constants as indicated. The extraction time constant in 
2011 and 2012 is 50 s (the two lower curves). It had been 
concluded that going from 3.5 TeV to 4 TeV (at 50 s) 
implied a significant increase in the risk of burning an 
interconnect.  

 
Figure 1: Probability per year of burning an interconnect 
versus the number of MP dipole quenches per year, as 
presented at Chamonix 2011 [1]. 

 
The proposal – later accepted – from Chamonix 2011 

had been to stay at 3.5 TeV for 2011. In addition it had 
been decided that one should operate in 2011 with the 
"snubber" capacitors installed so as to further reduce the 
possible number of quenches. A “thermal amplifier" 
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method (also known as the “copper stabilizer continuity 
measurement” - CSCM) was to be developed during 2011 
in order to enable investigations during the Christmas 
shutdown 2011 for arriving at a deterministic decision on 
a possible energy increase for 2012. 

At this Chamonix 2012 workshop an update on the 
burn-out probability was presented; see Fig. 2. The 
probability appears essentially unchanged, even slightly 
worse, since an additional resistance in the by-pass diode 
stacks (discovered during the 2011 run) has now been 
taken into account (the dotted black curve). 

 
Figure 2: Probability per year of burning an interconnect 
versus the number of MP dipole quenches per year, as 
presented at Chamonix 2012 [2]. 
 

However, important other new information and 
measurements from 2011 include:  

• Copper-stabilizer continuity measurements during 
the 2011 Christmas shutdown had to be excluded for 
time and risk reasons. 

• Multiple quenches due to electromagnetic coupling 
were greatly reduced [3] by a suite of measures: 
o snubber resistors (were) very effective in 2011; 
o modification of the power-converter passive 

filters; 
o modification of the energy extraction. 

• Results of copper-stabilizer RRR measurements 
add margin (RRR=100 is assumed, while measured 
values are in the range 200-300). 

• Balance of anomalous resistances also adds 
margin, namely the assumption made that all the 
measured excess resistance is concentrated at a 
single splice represents the most pessimistic case, 
and the anomalous resistance of the diode contacts 
has been localized near the heat sinks.    

• There has not been a single beam induced quench 
with circulating beams in 2011. 

A total power cut which occurred on 18 August 2011 
on the ramp near maximum current did not result in a 
single quench, providing strong confirmation that the 
modified systems are working extremely well and that 
electromagnetic coupling is no longer a serious concern.  

The risk factor equals the product of probability and 
impact. From the above new information, the probability 
of a splice burn out at 4 TeV/beam in 2012 is inferred 
to be equal to, or less than, the probability which had 
been estimated in 2011 for 3.5 TeV/beam. In addition, 
following the improvements made in 2009 the impact of 

any burnout would now also be less than in 2008 by about 
a factor of two. 

In view of all the above arguments, the proposal is to 
operate the LHC at 4 TeV/beam in 2012. 

2012 PRIORITIES  
As a top priority the LHC machine must produce 

enough integrated luminosity to allow the ATLAS and 
CMS experiments an independent discovery of the 
Higgs before the start of LS1. Secondly, the proton-
lead ion run at the end of the year must also be prepared. 
Finally, the necessary machine experiments must be 
scheduled (in 2012) to allow high energy, useful high 
luminosity, 25-ns running after LS1. 

Figure 3 recalls the Chamonix’11 picture describing the 
effect of higher beam energy on the Higgs production 
rate. In the year 2011 about 5/fb were delivered to 
ATLAS and CMS, resulting in a signal of 2.5 sigma or 
higher.  In 2012 at the same beam energy of 3.5 TeV 
three times more integrated luminosity, or 15/fb, would 
be needed to go up to 5 sigma (assuming that the signal 
strength stays as it was in 2011). At 4 TeV the needed 
luminosity decreases to only about 11.5/fb by virtue of 
the higher cross section. Adding 15% for pile-up effects 
and margin (e.g. for higher background) yields an 
estimate for the required luminosity of about 13.3/fb. 
Table 1 summarizes the scaling arguments leading to this 
estimate of the amount of integrated luminosity needed 
for a 5σ Higgs discovery. The ATLAS and CMS 
experiments have already announced that they would like 
to have MORE luminosity in 2012, namely 20/fb. 

 
Figure 3: Effect of increasing the beam energy expressed 
as relative increase in production rate of various particles 
(James Stirling) [4,5]. 
 
Table 1: Estimated integrated luminosity needed for the 
discovery of the Higgs particle.                                                            
year fb-1 signal 

 (in σ) 
beam energy 

[TeV] 
 

2011 5 2.5 3.5 delivered 
2012 15 5 3.5 needed 
2012 11.5 5 4.0 needed 
2012 13.3 5 4.0 additional 15% 

for pile up and 
background 

Figure 4 illustrates a luminosity evolution forecast for 
2012, which suggests that 13.3/fb would be reached 
around September 2012. The analysis leading to Fig. 4 
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assumes the same machine and beam availability as in 
2011. However, as discussed in numerous presentations 
during Chamonix’12, the performance in 2012 is likely 
to be bigger than the forecast due to:  

• many improvements for faster turnaround; 
• numerous improvements in procedures (loss maps, 

orbit and tune feedback,…); 
• several significant improvements in beam 

instrumentation; 
• R2E mitigation measures (resulting in fewer 

radiation-induced beam dumps); 
• abort gap cleaning; 
• improvement of beam transfer lines stability;  
• measured large IR aperture allowing a lower β* of 

0.6 m (while Fig. 4 assumes 0.7 m), and 
• an expected reduction in magnet powering faults of 

30%. 
It, therefore, appears reasonable to expect that the 

estimated luminosity evolution of Fig. 4 is fairly 
conservative. 

 
Figure 4: Predicted evolution of integrated luminosity 
versus calendar day during 2012 for 4 TeV beam energy, 
50-ns bunch spacing, β*=0.7 m, and 148 days of physics 
[6].    

 

 
Figure 5: Predicted evolution of 2012 LHC integrated 
luminosity versus calendar day as in Fig. 4, highlighting 
two breakpoints for possible corrective actions. 

 
Nevertheless two breakpoints are envisaged, as 

indicated in Fig. 5, at which it will be checked if the LHC 
is on track to produce sufficient integrated luminosity for 
the Higgs discovery. The first breakpoint, in June 2011, 
should be before the ICHEP conference. There should 

have been  6-7/fb accumulated by then. The second – less 
critical – breakpoint will be in August 2012. 

If needed to complete the Higgs discovery the start 
of LS1 could be delayed by up to 2 months (thanks to 
CMS) without any significant impact on the end date of 
Long Shutdown 1 (LS1). 

The path to high luminosity includes smaller β* (as 
already mentioned values down to 0.6 m seem possible) 
and tighter collimation settings. The key question here is 
whether one should take a conservative path (changing 
the parameters adiabatically) or rather “go for bust” by 
starting with a low value of β*. A pertinent proposal 
was requested from the operations group. Following the 
Chamonix’12 workshop, such proposal was presented and 
at the LHC Machine Committee meeting on 22 
February 2012 “it was decided that the machine will 
start up with tight collimator settings, that the squeeze 
will be prepared for both 70 and 60 cm, and that the 
machine will be commissioned to 60 cm β*. It was also 
agreed that the choice of 70 or 60 cm β* for the intensity 
ramp-up will be made when more information is available 
from the initial commissioning phase” [7]. 

The second priority is preparing for the LHC proton ion 
run scheduled towards the end of 2012 [8].  

Also, other necessary machine experiments must be 
performed during 2012. 

 
Comments and discussion on the 2012 priorities: 
If there is no Higgs LHC could run forever trying to 

discover the Higgs in vain, unless the objective “or 
exclude the Higgs” is added [9]. 

Going from 3.5 TeV to 4 TeV indeed there is a 30% 
gain in the Higgs cross section, but the background also 
increases. The actual increase in relevant physics cross 
section (signal to noise) is about 20% [10]. On the more 
positive side the analysis of the experiments will also 
improve. The 2.5 sigma signal is a conservative result 
(based on only 2 channels). The signal should be higher 
than this after including all the recorded luminosity for all 
channels [11]. 

LS1 
The LS1 planning [12] is in excellent shape. CMS will 

be “ready for beam” in September 2014 (two months 
later than originally planned). The start of LS1 might be 
affected by the LHC luminosity progress and by the 
strength of the Higgs signal in the fall of 2012.  
 

ENERGY & LUMINOSITY AFTER LS1 
After LS1 the LHC needs to quickly get back into 

operation with high energy and high luminosity. For this 
period there are some potential issues related to (1) 
magnet re-training [13], (2) UFO induced quenches 
[14], and (3) 25-ns operation (e.g. [15]). 

Concerning the beam energy after LS1: a strong 
recommendation is issued, namely not to go for 7 
TeV/beam due to the risk associated with the expected 
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number of many hundreds (or thousand) of training 
quenches, and to stick to an energy around 6.5 TeV, 
which is considered to be safer and sufficient. 

As for UFOs and UFO-related losses, the estimated 
number of arc-UFO induced beam dumps per year 
(extrapolated from 2011 data) is 108 at 50 ns and many 
more with 25 ns bunch spacing. In response to this 
potential threat, a high priority should be assigned to 
studies related to UFOs and quench levels. 

 

SUMMARY OF PROPOSALS 
The safe beam energy for 2014 is proposed to be 4 TeV. 

The priorities for the 2012 run are: 
• proton-proton run (integrated luminosity) with 

Higgs discovery or exclusion; 
• proton-ion run; and 
• machine studies and tests related to UFOs and 

quench levels; a detailed proposal should come 
from the Machine Protection team.   

The date of the start of LS1 will be reviewed at the 
luminosity breakpoints. 

The “ready for beam” date after LS1 is 1 September 
2014, determined by CMS. 

After LS1 the beam energy will be around 6.5 
TeV/beam to limit the number of re-training quenches. 

Many other Chamonix’12 topics will be followed up 
at the weekly meetings of the LHC Machine 
Committee.  
 

Comments and discussion on all proposals: 
Concerning UFOs T. Baer had made a proposal how to 

proceed [16]. It is difficult to perform dedicated UFO 
MDs except for the MKIs [16]. Key uncertainties are the 
quench level and the shower generated by the UFOs. One 
proposal is to increase the BLM dump threshold in 
four “good” sectors by a factor 3, in order to observe if 
under these conditions there are any UFOs that dump the 
beam. It is somewhat uncertain if a UFO could indeed 
quench a magnet [17] though a quench test with a wire 
scanner did lead to a magnet quench. The estimated 
quench level had been lowered as a result of this wire 
scanner quench test [18]. In any case the proposed test 
would allow seeing how high the UFO-induced BLM 
readings could go without any quench. On the other hand, 
if the UFOs started to quench magnets the BLM threshold 
could be decreased again.  

MDs of this type could be scheduled at the end of the 
year, after the Higgs discovery [19]. These MDs also need 
to be discussed with the management beforehand [20]. 
Actually, these are not true MDs, but rather a (semi-) 
permanent change of the BLM configuration [21].  

Some information will be obtained for free by 
comparing the UFO rate scaled from the 2011 
observations with the actually observed rates in 2012 
[22]. Several MDs on quench margins have already been 
performed, in many cases demonstrating that one had to 
increase the thresholds in order to quench [23]. It is 

however very difficult to conclude on the quench margins 
at 6.5 TeV [24]. One should make sure that all machine 
time is spent wisely. The proposal remains to raise the 
threshold in safe sectors and to monitor if as a result any 
additional quenches occur.  

The MD time for quench-margin tests could be 
scheduled at the end of the year, after the ion run, in order 
to make discussions with management easier [25]. There 
had been a concern about the orbits for protons and ions 
[26] – in this context, is it sure that one can come back to 
many proton bunches after the ion run? 

Other priorities for the MDs relate to the goal to operate 
with 25-ns bunch spacing after LS1, which implies 
assigning priorities to 25-ns beam tests [24]. These indeed 
are part of the baseline MD plan. Only additional MD 
items, which have not yet been part of the baseline, had 
been highlighted above [28]. It was remarked that it 
would still be nice to make 25-ns studies appear in the 
workshop summary [29], as is now done in this report. 

Delaying the start of LS1 by 2 months would not be 
easy [30]. If it is likely that the end of the 2012 LHC run 
is later than foreseen perhaps two months could be added 
to the schedule as of now [31]. This would eliminate any 
margin from LS1 [32]. However, announcing a delay by 
two months in September would be much more difficult 
[33]. The decisive breakpoint is in June 2012. At that 
time one could revise the time estimates [34] and check 
for any brick wall. The schedule will be physics driven, 
not MD driven.  

The important quantity this year is not the luminosity 
per se, but the integrated useful luminosity. Optimizing 
the latter requires a lot of flexibility from both 
experiments and machine. Nothing should be cast in stone 
now, but conditions will be optimized during the run [35]. 
This statement from ATLAS was supported by CMS [36]. 

An open question related to 25 ns is: when do we 
decide about the scrubbing run and its length? Should it 
be 3 days or 2 weeks long? Clearly scrubbing is a “must” 
for doing meaningful 25-ns studies afterwards [37]. The 
scrubbing recovery after a Christmas stop also needs to be 
understood, as well as the continued evolution of the 
secondary emission yield versus time [38]. Despite the 
importance it appears difficult to delay physics while 
LHC does scrubbing [39]. There was an obvious need to 
decide how and when to do the scrubbing; but this would 
not be before ICHEP. If a lot of luminosity would have 
been accumulated at the breakpoint one could schedule 
the scrubbing run. More generally, the breakpoints would 
be used to discuss MDs. Discussions on possible 25-ns 
studies and on schedule flexibility have to be included in 
the first breakpoint. Pertinent proposals are encouraged 
for how these issues should be approached. 

It had been slightly disappointing to notice that there 
has been no discussion on the p-Pb run, For example, 
discussion is needed on how to choose between 3.5 TeV 
and 4 TeV p energy for the p-Pb run [40]. 

Studies on luminosity levelling can be performed 
parasitically, during the intensity ramp up. Unless LHC 
performance improves much more than expected, in 2012 
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luminosity levelling will not be needed for the high 
luminosity experiments [41]. 

The “breakpoint” for LHeC upgrade decision (ring or 
linac) would be the next Chamonix workshop in early 
2013 [41]. Proton-antiproton collisions could be an 
alternative option for HE-LHC. These would allow a big 
gain in the cost of dipoles at the expense of the challenge 
of pbar production [42,43]. 

Very optimistic numbers for the luminosity expected 
after LS1 and before LS2 may confuse the community in 
terms of the upgrade [44].  It was noted that the forecast 
for 6.5 TeV with 25 ns spacing is a peak luminosity of 
7.5x1033 cm-2s-1 with an average peak pile-up of μ~17 
[45], though there are other possibilities [46]. A 
reasonable minimum luminosity has been promised. 

At the end of the discussion the CERN DG, Prof. R. 
Heuer, added a few words [47]: It is necessary in 2012 to 
deliver substantial integrated luminosity; the decisive 
breakpoint would be before the summer conferences; at 
that time one could better judge the date for the beginning 
of the shutdown, and for the MDs, without hurting the p-
Pb physics. What LHC will do this year is not only 
important for CERN, but for particle physics across the 
globe. Care is needed when deciding which way to go, as 
the LHC will establish the important direction for particle 
physics in general. 

At the beginning of this summary session, Michel 
Spiro, the President of the CERN Council, had made a 
couple of remarks [48]: He had greatly appreciated the 
open discussions and the atmosphere at the Chamonix 
workshop, as well as the important results. Most 
importantly, he stressed that 2012 will be a historical year 
for CERN and for all of particle physics. As a new 
practice, in December 2011 and also in 2012, at the year’s 
last session of Council, one has shared, and will share and 
celebrate, the LHC achievements, which have become 
possible thanks to the great solidarity between 
governments, users, and the CERN staff.  

In his written message to the Council delegates about 
the outcome of the LHC Chamonix’12 meeting, sent soon 
after the workshop, Michel Spiro stressed both similar 
and also additional points [49]:  

“The Director-General, the Chairman of the SPC and I 
attended part of the workshop and were very impressed 
by the motivation, the dynamism and the creativity of the 
participants. Discussions took place on the short-term 
(2012), medium-term (repair and re-commissioning) and 
long-term (upgrades) planning for the LHC. The 
messages were the following: 

- After a brilliant year in 2011, 2012 should be historic, 
with either the discovery of the Standard Model Higgs 
boson or its exclusion.  

- The first long shutdown period, from the end of 2012 
until late 2014, will be challenging, with multiple 
activities running in parallel and many requests already 
saturating the realistic possibilities. Global planning is in 
good shape and a detailed schedule is being implemented. 
Priorities will have to be set by the management, with 
constant input from the accelerators and the experiments 

(to approach the nominal energy of 7 TeV; to prepare for 
reliable operations; to accomplish CERN approved 
projects; and, to leave room for bright initiatives).  

- Finally, the long-term upgrades of the LHC, studied in 
Chamonix, will be a very important topic of the European 
Strategy update, the outcome of which should help in 
decision-taking after its conclusion in 2013, although 
some iteration with Council delegates should start now.” 
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SESSION 01: LESSONS FROM 2011

C. Bracco, M. Lamont, CERN, Geneva, Switzerland

REVIEW OF 2011 LHC RUN FROM THE
EXPERIMENTS PERSPECTIVE

M. FERRO-LUZZI (PH-LBD)

M. Ferro-Luzzi highlighted the excellent performance of
the machine and the experiments in 2011 and the fast and
impressive achievements both when operating with protons
and Pb ions. In a month the same luminosity as during the
full 2010 proton run was delivered, and a factor 16 higher
luminosity was produced with Pb ions. The excellent ma-
chine performance allowed ATLAS and CMS to make in-
teresting observations in the context of the Higgs’ boson
search and LHCb found some evidence of CP violation in
time-integrated D0 which could open the way for a new
physics.

Special runs were dedicated to p-p collisions at interme-
diate energy (1.38 TeV), high β* for roman pots (optics
checks, setup and data taking) and p-p luminosity calibra-
tion. A problem with the PS septum for proton extraction
did not allow to accomplish the p-Pb run.

ALICE could profit of collisions between main bunches
and spontaneously produced satellites. This opened the
way for a successful run with an artificially increased rate
of satellites from 1-2� up to 1-2%.

M. Ferro-Luzzi showed the evolution of the luminosity
all over the year. He pointed out that, thanks to a smaller β*
(from 1.5 m to 1 m) and higher brightness beams (smaller
emittance and higher bunch population), it was possible to
improve and speed up the luminosity production: almost
80% of the luminosity was accumulated in the second half
of the year.

The 2012 run will be mainly devoted to luminosity pro-
duction. No further room for improvement can be expected
from the injectors but a smaller β*, higher energy and more
than two years of experience could allow to reach new chal-
lenging targets.

INPUT FROM EVIAN
M. LAMONT (BE-OP)

M. Lamont presented a summary of what discussed in
Evian about lessons learnt during 2011 operation and im-
provements foreseen for 2012.

He underlined that 2011 was a remarkable year with a
continuously faster increase in luminosity production and
without real show stoppers. The machine was characterized
by operational robustness, a good reproducibility, stability,
beam lifetime, optics control and an excellent performance

of the Machine Protection system (MPs) and of the injec-
tors.

Measurements at 3.5 TeV showed a triplet aperture better
than estimates and this allowed to reduce the β* to 1 m with
a consequent increase of the luminosity.

Intensity ramp-up was safely executed in 2011 but it took
more than 11 weeks and several issues were encountered.
The proposal for 2012 is to reduce the number of intensity
steps and the time spent in stable beam between consec-
utive steps; three weeks should be enough to reach 1380
bunches.

Operational efficiency was quite good with 34% of the
time in stable beam and an average turnaround time of
∼5-6 hours dominated by machine availability and injec-
tion optimization. No systematic problems were encoun-
tered after the Technical Stops (TS) and operation was re-
established in less than 2 days. The performance of all
the systems (cryogenics, QPS, injection and dump, transfer
feedback, collimation, orbit and tune feedback, beam in-
strumentation, vacuum) was outstanding and important dis-
coveries were made related to high intensity and luminos-
ity effects (impedance, beam induce heating, Single Events
Upset SEU, e-cloud, UFO). Important mitigation measures
have been implemented to reduce the faults induced by the
radiation on electronics: 30-50 faults are expected for next
year instead of the 150 estimated without any mitigation.

Several improvements have been put in place during the
2011-2012 Christmas Stop and should enhance the perfor-
mance and availability of all the systems. The plan for 2012
is to run with 50 ns beams at 4 TeV and with a β* of 60 cm
in ATLAS and CMS and 3 m in ALICE and LHCb (with
vertical crossing angle); this will require to close the colli-
mators to tight settings and some optimization in particular
for orbit stability during the squeeze.

Discussion

F. Giannotti asked about the option of increasing the
bunch length to reduce the beam induced heating effects.
In particular, she asked up to which value the bunch length
could be increased and if any degradation in luminosity is
expected. P. Baudrenghien answered that he would have
answered these questions during his talk on Tuesday Febru-
ary 7th (Session 03).

S. Myers asked if any aperture restriction was measured
close to CMS where an insert with mis-setup RF fingers
was found (see V. Baglin talk in the following). M. Lam-
ont answered that no anomaly was observed close to IP5;
S. Redaelli confirmed that no indication of bottlenecks was
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measured outside the triplets in point 1 and 5 but only in
point 2.

THE 2011 RUN: AVAILABILITY
ANALYSIS

A. MACPHERSON (BE-OP)

A. Macpherson spoke about machine availability in 2011
and gave some statistics of fills for p-p and Pb-Pb runs.

He calculated a machine availability of 76.7% and that
33% of the operation time was spent in stable beam. The
Hubner factor, which gives an estimate of the luminosity
production duration, was slightly bigger than the expected
0.2 value both for the proton (0.22) and lead ion (0.24) runs.
Stable beams lasted in average ∼6 hours but about 50% of
the fills were shorter than 4 hours.

The analysis of the turnaround time distribution showed
an average of ∼13 hours between two consecutive stable
beams with a most probable time of ∼5 hours. Injection
played a dominant role in turnaround time. The possibility
of using dedicated SPS cycles for filling the LHC is be-
ing explored; this would allow to recover up to 5.6 days of
turnaround time. The impact on the SPS and the other SPS
users has to be carefully evaluated. An improvement is ex-
pected for 2012 operation but, according to experience, a
reduction to less than 2 hours is unlikely.

A. Macpherson presented also an analysis of all the
faults occurred and pointed out the problem of missing doc-
umentation for several faults, in particular for the QPS fail-
ures. He proposed to add a new tool in the DB to structure
and standardize the fault recording. He also suggested a
regular review of the LHC-OP faults with feedbacks from
the teams responsible for the different equipments.

The main contribution to machine downtime was given
by cryogenics recovery (∼26 days). The system had any-
how an extremely good global availability of ∼90%; fur-
ther improvements are expected for 2012 since redundancy
against SEU has been added to the PLC.

It was estimated that 78% of the dumps was non pro-
grammed and 35% happened during stable beam. Mostly
all the dumps were triggered by equipment failures; QPS
and cryogenic played again the main role. The effect of
SEU became more and more important when increasing
beam intensity and luminosity (24% dumps); the mitiga-
tion measures applied should reduce this effect.

Discussion

S. Redaelli asked if the quoted number of dumps dur-
ing stable beam (35%) refers to the total or just to the non
programmed ones. A. Macpherson answered that it refers
to the total. S. Redaelli commented that it would be also
interesting to know the percentage of beams involuntarily
lost in stable beam.

G. Tonelli recalled the problem of the high sensitivity
of the cryogenic system to electrical glitches and asked
what are the expected effects and foreseen improvements.

S. Claudet explained that if the glitches are longer than few
100 ms they can cause the stop of one or several plants;
work is ongoing to try to reduce the recovery time to one
day. To be kept in mind that one has to check which sys-
tems are affected and then treat them at the source; the time
for the interventions and the advantages have to be evalu-
ated. He added that it will be extremely improbable to get
rid of these cuts at >100 ms over the next 10 years.

K. Dahlerup-Petersen commented about the QPS faults;
he explained that some new failure modes and different
types of SEU were discovered last year. He believes that
all the possible failures are now known and solutions avail-
able.

INJECTION AND LESSONS FOR 2012
C. BRACCO (TE-ABT)

C. Bracco made a presentation on the performance of the
injection system.

The injection of 144 bunches became fully operational
in 2011 in agreement with what predicted during the last
Chamonix workshop. Moreover 288 bunches could be in-
jected, during MD time, for both beams with a good mar-
gin between the losses and the BLM dump thresholds. Im-
provements are still needed to optimize the 25 ns beam in
the injector chain and accumulate it in the LHC with a good
lifetime; the results are encouraging in view of operation
with the designed intensity.

Several mitigations were put in place to reduce the in-
jection losses coming from the TL collimators and uncap-
tured beam; supplementary measures are planned to further
reduce these losses.

Injection played a dominant role in the turnaround time
during the 2011 run. It was necessary to re-steer the TL ev-
ery 2-3 days and steering was complicated because of shot-
by-shot, bunch-by-bunch variations and long term drifts.
Normally from 30 minutes up to 2 hours (excluding some
big outliers) were spent at injection. About 60 hours of
turnaround time have to be taken into account, for 120 days
of operation, if the TL stability is not improved.

Several actions have been undertaken to reduce the dif-
ferent sources of instabilities and improved references will
be implemented in the IQC to make the steering process
easier and faster.

C. Bracco spoke also about the two injection failures
which caused the only quench events observed in 2011. A
number of improvements have been applied to the hard-
ware and the diagnostics, more severe limits have been de-
fined for the MKI interlocks and precise instructions for
safer operation have been deployed.

Some other issues related to the injection system were
UFOs at the MKI and problems with TDI: controls, heat-
ing, vacuum pressure increase and beam screen deforma-
tion.
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Discussion

R. Losito specified that the problems encountered with
the TDI controls were not due to electromagnetic noise of
the LVDTs but to a temporary deformation of the jaws.
R. Schmidt reminded that the TDI is a vital system and that
it saved the machine already several times during injection
failures. He asked if any issue can be expected from this
element, in particular in case of deformation. C. Bracco
answered that if the TDI is correctly set up no major is-
sue is expected. A well defined procedure has been estab-
lished last year for the angular alignment of this collimator.
S. Redaelli commented on the change of thresholds needed
for the drift of the TDI LVDT. He explained that 100 μm
corrections were needed and that the drift was in the safe
direction: smaller gap. S. Redaelli reminded that the TDI
does not have a gap measurement and that it could be en-
visaged to implement it.

R. Assmann asked what the plans to improve the TL sta-
bility are. C. Bracco answered that it will be tried to reduce
the sources of instability (minimize MSE ripple and adjust
delay of the beam with respect to the MKE waveform) and
that, during the commissioning, a better reference trajec-
tory will be established that minimizes, at the same time,
transverse losses and injection oscillations. V. Kain added
that the TL instability is a combination of various issues
and long term drifts are still expected.

R. Assmann commented that the beam screen deforma-
tion is most likely due to impedance effects and that a non
conform material (Cu) was used to build the beam screen.

G. Arduini commented that during the scrubbing runs
the e-cloud solenoids have to be kept off. C. Bracco con-
firmed that for special runs the solenoids can be off but
that the interlock limits on the vacuum at the MKI should
be respected to reduce the risk of flashover. P. Giubellino
commented that ALICE is reviewing the state of detector
during injection to limit the effects in case of failure.

Y. Papaphilippou asked if the improvement of the injec-
tor diagnostic is required for checking the beam stability or
mainly tail population. C. Bracco answered that it would
be mainly for tail population.

E. Chapochnikova asked what the useful part of the
MKE in view of future operation with with longer extracted
batches. V. Kain answered that the flat part is about 10 μs.
B. Goddard added that one has to take into account also the
length of the MKI flattop which is about 8 μs.

MACHINE PROTECTION
M. ZERLAUTH (TE-MPE)

M. Zerlauth introduced the architecture of the LHC Ma-
chine Protection System (MPS). He explained that this is
a complex system that checks more than 10000 interlock
conditions and has to evolve to follow operational changes,
special runs and MD requirements.

In 2011 about 1200 dumps were cleanly executed (10%
less than 2010) and no quench occurred with circulating

beam (>100 MJ stored energy). The MPS worked ex-
tremely well and the majority of the dumps happened be-
fore seeing changes in the beam (no losses, orbit changes)
and all the dumps were accurately analysed and docu-
mented.

M. Zerlauth explained that the needed high level of re-
dundancy has the drawback of creating some false posi-
tives. The number of false positives coming from the QPS
and due to Single Event Upset (SEU) increased in 2011
as an effect of the higher intensity and luminosity. Mitiga-
tion works done during the Christmas TS should reduce the
SEU induced false positives in 2012.

Several improvements of the MPS have been imple-
mented while other such as a beam current change monitors
(DIDT), an additional software based interlock system for
Power Converters (PC) for orbit correction and the Trans-
verse Damper (ADT) bunch-by-bunch blowup remain to
be made fully operational during the 2012 run. In addition
new procedures for Abort Gap Cleaning (AGC) and in case
of non working dump trigger have been developed and will
be commissioned during the 2012 startup.

M. Zerlauth explained that the main goal of the MPS
for 2012, when moving to smaller β* and tight collimator
settings, is to maintain the same level of safety as in 2011
and increase the availability. He also explained in detail the
plans for the intensity ramp up in 2012 and how to optimize
the time for the machine protection checks.

Discussion

K. Dahlerup-Petersen commented that the number of
false positive ascribed to the QPS was overestimated.

S. Myers asked when the new MPS systems and features
(i.e. DIDT, ADT bunch-by-bunch blowup) will be com-
missioned and ready to be used. M. Zerlauth answered that
almost everything will be ready for the start up. In partic-
ular, the PC interlock is under commissioning and will be
connected to the BIC as soon as fully tested. Some more
time will be probably needed for the DIDT current moni-
tors. R. Jones confirmed and added that there is some issue
with the position sensitivity of the Fast BCT and work has
still to be done to make the system as robust as possible.

M. Aleksa asked if, thanks to the bunch-by-bunch blow
up, it will be possible to avoid performing loss maps killing
the beam by crossing the 3rd order resonance and,as a con-
sequence, to gain some time. J. Wenninger commented
that the validation of the collimation system cannot be
performed with high intensity beams. R. Assmann con-
firmed that, even with the new method, 2-3 fills will have
to be dedicated to qualify the collimation system for all the
stages of operation.

R. Assmann pointed out that since no quench happened
at 3.5 TeV, even during quench tests, several BLM thresh-
olds should be increased. He explained that a lot of time
was spent in adjusting the BLM thresholds and asked if
more flexibility to go towards the calculated quench limit
is foreseen for 2012. M. Zerlauth confirmed and added that
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this presentation did not go into much detail on this as this
topic will be covered by later talks during the workshop.

M. Lamont asked what is the effect of a single bad BPM
on the feedback system and possible errors on closed orbit
corrections. R. Steinhagen answered that this should not be
a problem since no correction will be applied on the base
of a single BPM readout.

W. Kozanecki asked why the abort gap cleaning has an
effect on luminosity. M. Zerlauth explained that, at present,
the transverse damper does not excites only the particles in
the abort gap but the kick also extends (with low ampli-
tudes) to the first nominal bunches outside the gap. Studies
are ongoing to improve the hardware to leave the AGC al-
ways on also at collision.

VACUUM PERFORMANCE AND
LESSONS FOR 2012
V. BAGLIN (TE-VSC)

V. Baglin presented a talk on the main vacuum observa-
tions made in 2011: dynamic effects induced by the circu-
lating beam (synchrotron radiation and e-clouds) and un-
expected local pressure spikes. He explained that the des-
orption yield in the cold-warm transitions was much worse
(factor 50) than in the warm-warm transition due to gas
load from the cold part.

Scrubbing runs first with 50 ns and then with 25 ns
beams were performed and had a clear effect in clean-
ing and reducing the e-cloud pressure. V. Baglin affirmed
that pre-scrubbed vacuum chambers will need 10 times less
scrubbing after air exposure than new chambers. New vac-
uum chambers have been installed in IP2; scrubbing and e-
cloud solenoids will help to reduce the background in AL-
ICE. For 2012 operation, the need for dedicated scrubbing
runs will depend on the planned beam intensity: for 50 ns
beams with 1.45·1011 ppb scrubbing could be done in the
shadow of intensity ramp while for 1.6·1011 ppb a couple
of days with 25 ns beam scrubbing will be required. A ded-
icated run would be mandatory in case of operation with 25
ns beams.

Pressure spikes were observed in IP2 and IP8 close to
D1 and near CMS. In all these cases x-ray investigation
revealed a bad contact of the RF fingers. A new design
was developed for the RF insert in point 2 and 8 but recent
studies showed that the vacuum issue could show up again
during the 2012 run. Further improvement solutions are
being analyzed. Interventions were done during the Christ-
mas TS in the CMS region; the problem has been fixed and
vacuum conditions reestablished.

Discussion

R. Assmann asked if any problem with RF fingers is ex-
pected at other collimator locations. V. Baglin answered
that this should not be the case.

M. Aleksa commented that if scrubbing is not needed
below a certain bunch intensity it would probably be better

to start with lower intensity beams and, if really needed, in-
crease the intensity later during the year. G. Arduini replied
that one first needs to check if this is really the case and
added that scrubbing run scenarios for different operation
options will be presented the following day by G. Rumolo.

F. Zimmermann said that the dependence of the Sec-
ondary Emission Yield (SEY) on the number of monolay-
ers absorbed gas is not clear. The plot on slide 7 indicates a
minimum SEY, even lower than in case of no monolayer,
for about 3 monolayers. V. Baglin replied that the plot
refers to unconditioned copper. The result could be differ-
ent for conditioned copper but no measurements are avail-
able.

J. Jowett asked if any desorption from local losses was
measured in the dispersion suppressor during high inten-
sity runs. V. Baglin answered that nothing dramatic was
observed in this region.

EMITTANCE PRESERVATION
V. KAIN (BE-OP)

V. Kain spoke about emittance preservation all along the
injectors chain up to collisions in the LHC. She explained
that injectors behaved extremely well in 2011 and, for the
50 ns beams and a bunch population higher than nominal,
an emittance blowup of 0.4 μm was measured from the PS
to the SPS (from design report: 0.5 μm were estimated
for 25 ns beams). On the other hand a 20-30% emittance
growth is observed between the SPS flattop and LHC col-
lisions. Several methods are used for emittance measure-
ments (wire scanner, BSRT and luminosity) and all meth-
ods present some limitations. Moreover measurements in
the SPS and in the LHC are not synchronized and refer to
different beams.

In the LHC, no emittance blowup due to injection mis-
match was observed while an increase of 10% in 20 min-
utes was measured during the flat-bottom at 450 GeV
(compatible with IBS but slightly faster). During the en-
ergy ramp a 20% blowup was measured for both beams
in both planes. A possible source could be the fact that a
reduced gain of the transfer feedback has to be used dur-
ing the ramp but further investigation is needed. Finally
an unexplained growth is measured only for Beam 1 in the
horizontal plane when squeezing from 5 m to 1 m β*. An
analogous behavior was found when operating with ions.

Several improvements in the instrumentation, measure-
ment methods and data analysis is foreseen for 2012.
An intense campaign of measurements will be performed
to understand and eliminate the source of the emittance
growth with a consequent potential performance gain of
20%.

Discussion

B. Holzer asked why no emittance blowup due to injec-
tion mismatched is observed even in presence of injection
oscillations. V. Kain answered that injeciton oscillations
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are immediately damped by the transverse damper.
O. Bruning asked which parameters were used to calcu-

late the emittance growth induced by the IBS scattering at
450 GeV. V. Kain answered that she used the parameters
measured during operation.

S. Fartoukh asked if the fact the off momentum beta
beating is worse in the horizontal plane for Beam 1 could
explain the blowup during the squeeze. V. Kain answered
that this is not clear especially because such effect is not
present for Beam 2

S. Myers asked if any study was performed on the de-
pendence of the emittance blowup on the bunch length.
V. Kain replayed that this was not explicitly done; the fact
that the blowup happened always at the same point of the
squeeze seems to show that no direct dependence on the
bunch length exists.

E. Todesco asked if the blowup at the beginning of the
ramp could be explained by the snapback. V. Kain ex-
cluded this option since the blowup is continuous during
the ramp. R. Assmann commented that the movement of
the collimators during the ramp and the consequent change
in impedance could have an effect on the emittance. To
check that, he suggested to compare ramps with low and
high intensity beams. This could be a crucial point for
operation with tight collimator settings and high intensity
beams.

G. Papotti proposed to make measurements with one ad-
ditional non-colliding bunch since this would allow to dis-
tinguish between beam-beam effects and the natural emit-
tance growth at flat top.
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SESSION 2: MACHINE STUDIES

R. W. Assmann (chairperson) and G. Papotti (scientific secretary)
CERN, Geneva, Switzerland

Abstract

This document summarizes the talks and discussion that
took place in the second session of the Chamonix 2012
workshop concerning results from machine studies per-
formed in 2011. The session consisted of the follow-
ing presentations: “LHC experience with different bunch
spacings” by G. Rumolo; “Observations of beam-beam ef-
fects in MDs in 2011” by W. Herr; “Beam-induced heat-
ing/bunch length/RF and lessons for 2012” by E. Metral;
“Lessons in beam diagnostics” by R. Jones; “Quench mar-
gins” by M. Sapinski; “First demonstration with beam of
the Achromatic Telescopic Squeeze (ATS)” by S. Fartoukh.

LHC EXPERIENCE WITH DIFFERENT
BUNCH SPACINGS

It was recalled that the observables that indicate the pres-
ence of electron cloud are: pressure rise; power deposited
on the chamber wall measured as an increase in the cryo-
genics load or as a shift in the synchrotron phase; coherent
instabilities (single or coupled bunch) affecting only the
last bunches of each batch; incoherent emittance growth
causing degrading lifetime and slow beam loss (typically
associated with bunch shortening and loss pattern increas-
ing along the batch). While there was no e-cloud observa-
tion with 75 ns beams in 2011, a dedicated scrubbing run
was carried out with 50 ns beams in April 2011 and ma-
chine studies were dedicated to the 25 ns beams in June,
August and October.

After the 25 ns MDs, the LHC beam chambers were
cleaned to δmax values well below the build up thresh-
old for nominal 50 ns beams. If the present level of ma-
chine conditioning is preserved during the Christmas stop,
ecloud-less operation of the LHC with 50 ns beams up to
high intensities should be possible in 2012. Only 2-3 days
of scrubbing with 25 ns beams for 50 ns operation could be
sufficient to clean the parts of the LHC that were opened
to air and to check the conditioning of the arcs. Scrubbing
of the arcs for 25 ns operation could take up to 2 weeks of
machine time (including test ramps).

L. Rossi wondered how 8 h of beam time became an
estimation of 2 weeks of length for the scrubbing run.
G. Rumolo answered that a factor 5 was taken into account
to go from beam time to machine time, plus extra time
was added for setting up (e.g. for injection of 71, 144, 288
bunches). He added that 10 h would be needed to reduce
the Secondary Electron Yield (SEY) by one order of mag-
nitude, but more time would be needed to get rid of other

effects like emittance growth. He also quoted V. Baglin’s
presentation in the first session of this workshop where 80 h
of machine time had been needed in 2011 for 17 h of effec-
tive scrubbing.

L. Rossi asked whether, had a 12.5 ns beam been avail-
able in the injectors, that could help scrubbing for 25 ns
beams. G. Rumolo answered that it would.

O. Brüning inquired about the intensity per bunch used
in the 25 ns scrubbing estimate. G. Rumolo clarified that
the measured beam parameters from the last 25 ns MD
were used.

B. Holzer asked whether effective scrubbing could be
performed while delivering physics. G. Rumolo answered
that during scrubbing the quality of the beam would not be
particularly good, G. Arduini recalled that the transverse
emittances were 8-10 µm at the end of the 25 ns studies run.

R. Assmann asked about the usefulness of 50 ns scrub-
bing in 2012. G. Rumolo answered that the parts of the
machine that had been opened during the Christmas stop
will need some scrubbing, G. Arduini added that the ques-
tion is still open about whether the conditioning is partly
lost after a long stop, or whether the low SEY is conserved.
He added that for this reason the first 2012 measurement
should come as early as possible in the run.

L. Tavian asked whether synchrotron radiation and im-
age currents had been taken into account in the heat load
calculation; G. Rumolo confirmed it, adding that their con-
tribution for the 50 ns beams was non negligible.

S. Fartoukh suggested the possibility of running with
less bunches per batch (e.g. 48 or 72) or increased gaps
in order to be able to tolerate higher thresholds.

R. Assmann asked what the precision of the SEY calcu-
lations is, G. Rumolo answered that the measurements are
precise in relative terms but the absolute values are model
dependent (e.g. the reflectivity of the electrons at zero en-
ergy).

S. Myers stressed the importance of the best possible es-
timation of the required machine time, as two weeks are
probably not acceptable from the experiments’ point of
view, but two three days could be discussed.

M. Jimenez added that the 25 ns scrubbing will be
needed after the first long shutdown with the increase in
beam energy (due to the additional presence of photoelec-
trons), implying that measurements before the shutdown
starts, in 2012, would allow an evaluation.
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OBSERVATIONS OF BEAM-BEAM
EFFECTS IN MDS IN 2011

W. Herr recalled the main observations concerning
beam-beam effects: large head-on tune shifts above nom-
inal (as defined in the LHC Design Report) were obtained
during MD sessions, and twice the nominal value is stan-
dard in daily operation; the effects of long range inter-
actions are clearly visible (losses, dynamic aperture), but
no data was acquired yet on 25 ns spacing; the number of
head-on and long range interactions is important for losses
(“PACMAN” effects).

In order to achieve high luminosities, operation should
aim for high head-on beam-beam parameter (high bright-
ness, but avoiding noise or modulations) which is very
unlikely to be the limiting factor; avoiding any increase
of long range beam-beam effects by providing sufficient
separation (large crossing angle), and by avoiding larger
number of long range interactions. Additionally PACMAN
effects and bunch-to-bunch fluctuations should be mini-
mized. Beam-beam effects should allow higher than nomi-
nal luminosity at 7 TeV.

S. Myers asked if levelling at IP1 and 5 by transverse off-
set would be possible in case the pile-up with 50 ns would
be excessive for the experiments. W. Herr answered that he
thought that to be possible. J. Wenninger added that separa-
tions up to 3 σ and subsequent re-optimizations were done
routinely during operation for the Van der Meer scans.

O. Brüning recalled that the alternating crossing symme-
try would be broken in the case in which LHCb would have
a tilted crossing angle and wondered whether that could
cause problems. W. Herr answered that it should not be
the case as the long range effects in IP2 and 8 are much
smaller than in IP1 and 5 (additionally in IP1 and 5 the
same bunches collide, so that all higher order compensa-
tions are in place there).

L. Rossi stressed that the major problem with a smaller
crossing angle would be the losses. Then, in case the
losses could be tolerated, less separation could be suffi-
cient for operation and luminosity could improve (as the
the emittance hardly varied during the MD, indicating a
loss from the tails which do not contribute to the luminos-
ity). W. Herr replied that the lost amount of 25 ns physics
beam at 7 TeV would be much higher than during the MD.
So it is suggested to have at least 6-7σ dynamic aperture
through a 10 σ separation (which would not cost much in
luminosity).

BEAM-INDUCED HEATING/BUNCH
LENGTH/RF AND LESSONS FOR 2012

E. Metral recalled observations of beam-induced heat-
ing, and discussed mainly the RF heating out of several
possible sources. A summary of the affected equipment
was presented by B. Salvant in Evian, including: TCP
and TCTVB (temperature); TDI (vacuum temperature);
MKI (temperature, rise time and delay); beam screen (heat

load); ALFA pots (temperature); VMTSA (a broken vac-
uum spring). Since Evian, new VMTSA modules were
installed, a deformation of the TDI beam screen was ob-
served during visual inspection; the TCTVB was removed
from the machine. Common solutions to avoid RF heat-
ing are an increase of the distance between the beam and
the equipment, coating with a good conductor; a closure of
large volumes (to avoid resonances at low frequency) and
smoothed transition (e.g. RF fingers); the addition of fer-
rites; a bunch length increase (resulting though also in a
reduction of the luminosity geometric factor and possible
higher losses from the bucket).

Concerning the VMTSA, no impedance problem should
be present if the RF contacts are not damaged. Concerning
the TDI, the jaws should be “in” only during injection, and
then fully retracted for the rest of the cycle. Concerning the
MKI, recent impedance simulations are in very good agree-
ment with past measurements; unfortunately a few hours
might be needed before injection to wait for cool down.
Note that the MKI8D should be changed in August 2012
with 24 screen conductors (now 15). The ALFA detector
might need to be removed for high intensity operation.

R. Assmann asked whether the damage to the TDI could
have been caused during scrubbing, when the TDI was “in
beam” position with high intensity beams in the machine
for extended periods of time. E. Metral commented that the
jaws should be cooled, G. Rumolo added that 50 ns beams
in physics are probably worse than a single ring 25 ns beam
given that the location is a common region.

R. Losito explained that the TDI cooling is able to cope
with 200-300W, but not with 20 kW. He added that the
TDI design was adapted to re-using vacuum vessels from
the kickers, but later it proved difficult to handle such long
jaws. If a redesign is required, then a design with more than
one shorter TDI could be thought of.

H. Burkhardt suggested to monitor the temperature of
the cooling water to foresee problems before damage oc-
curs. M. Jimenez added that it is difficult to compare the
cooling of the TDI with normal collimator jaws cooling
as the configuration is very different (the water circulates
on the aluminium frame on the side of the jaw, while the
power is deposited on the borum nitride which is a bad con-
ductor). R. Assmann added that the collimators are brazed
so to avoid loss of contact in case of thermal deformation,
while the TDIs are not (cooling contact could be lost with
deformation).

T. Mastoridis asked about the dependence on bunch
length for the TDI effects. R. Assmann answered that the
bunch length had been changed to ease the margins on a
collimator temperature sensor and to reduce the load on the
cryogenic system, not for TDI problems.

F. Caspers commented on the heat transfer from ceramic
to metal in vacuum: it can be very poor unless the ceramic
is brazed even when the mechanical contact is good. Emis-
sivity of stainless steel should be increased e.g. possibly by
amorphous carbon coating.

G. Arduini reported that, following the suggestion of P.
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Collier and B. Salvant, the evolution of the vacuum pres-
sure at the TDI was analyzed for various periods:

• 50 ns scrubbing: the vacuum behaviour (decreasing
versus time in spite of the increasing intensity) indi-
cate no significant heating but simply the scrubbing of
the TDI surface.

• Stable beam periods with TDI gap at ∼ 40 mm (be-
fore 16 October 2011 when the gap was increased
to 110 mm): the largest pressure rises were observed
during this period with time constants of a few hours.
This could be an indication of the temperature rise of
the TDI.

• During the last hour of the MD with 25 ns on 25 Oc-
tober. A pressure rise was observed (only on TDI in
point 2) although smaller than that observed during
physics fill.

G. Arduini added that during any future scrubbing period
the TDI should be retracted if injection is stopped. This
will imply an additional overhead for the scrubbing.

LESSONS IN BEAM DIAGNOSTICS

R. Jones introduced the performance, the studies and the
foreseen improvements in the LHC beam instrumentation:

• BPM: the temperature dependence will be solved dur-
ing LS1 through the use of temperature controlled
racks (achieved stability < 1°C on a test rack over
a 3 day period).

• feedbacks: aim at considerably reducing dumps in
2012 (increase QPS thresholds for RQTF/Ds circuits
to mask spurious QPS triggers, but note that this is not
a long-term sustainable solution); a BBQ hardware
optimisation is foreseen to reduce saturation sensitiv-
ity, together with a long list of controls integration and
GUI improvements.

• BCT: the bunch pattern dependence and saturation ef-
fects were corrected, resulting in a system with an un-
certainty ∼0.3% in the absolute calibration.

• fBCT: the bunch length dependence was mitigated
with 70 MHz low-pass filters; the bunch position de-
pendence is at 1% per mm (but effectively < 1%
thanks to the orbit stability).

• LDM: a dynamic range of up to 105 was achieved with
an integration time of a few minutes; for 2012, further
developments aim at finalizing the software and adapt-
ing the optical system to eliminate the dependence on
the transverse bunch size.

• BSRT: a gated mode was implemented in 2011 to be
able to acquire bunch-by-bunch measurements; a ten
fold increase in scan speed is being investigated for
2012. Work is still ongoing on the calibration aiming

at getting to corrected sigmas within ±10% at injec-
tion and top energy.

• WS: a noise source on beam 1 could not be identified,
but could be corrected for by using the abort gap sig-
nal. Note that they are vital for cross-check with other
beam size measurement devices.

Note that broken RF contacts were found on most of the
BTVs, it was proposed to lock them in the “circulating
beam” configuration to avoid risking aperture restrictions
and vacuum leaks.

R. Assmann stressed the importance of reliable emit-
tance measurements. R. Jones replied that some issues re-
main but that it is a high BI priority to improve both the
synchrotron light and the beam gas ionization measure-
ments.

QUENCH MARGINS

The quench limit is defined as the amount of energy
which can be deposited locally in the magnet coil with-
out quenching the magnet; for steady state losses it is
equivalent to the amount of power. The word “quenchino”
was coined to indicate a self-recovering quench. During a
quench test, BLM signals and the lost beam intensity are
measured, then Monte Carlo simulations allow to conclude
about quench limits. So far 13 quenches happened with
beam in the LHC, 3 during injection and 10 due to tests.

From the tests with an orbit bump in 2010, it was de-
duced that the thresholds were about a factor 3 too high for
the 5 s running sum, and this was corrected for the 2011
run. It is proposed to repeat a similar test, which is a refer-
ence measurement, to have steady state losses for about 1
minute. Quench tests with wire scans are the closest to the
UFO timescales: it is proposed to repeat one at the end
of the 2012 run with more intensity than in 2010. It is
also proposed to allow UFO-generated quenches in a cho-
sen sector by raising the BLM thresholds. The dispersion
suppressor quench test provoked no quenches with nomi-
nal collimation conditions. It is proposed to repeat the test
in 2012 to approach the limit for losses above 1 s duration,
this being important for HL-LHC and the collimation up-
grade. It is likely that beam-induced quenches will not be
an issue for operation in 2012 but they might be after LS1.

B. Holzer stressed the importance of having as little
quenches as possible, and in particular asked how many
quenches are proposed in total. M. Sapinski replied that he
counted four quenches in total.

R. Schmidt recalled that the worrisome part are the
quenches in the arcs with weak interconnects, adding that
each quench study proposal needs to be carefully evalu-
ated also depending on the proposed location. R. Assmann
added that quench tests are quite time consuming and it
is unlikely that it will be possible to schedule all in 2012.
M. Sapinski pointed out that the knowledge is important in
view of operation at higher beam energy, before LS1.
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L. Bottura stressed the importance of a program of mea-
surements in the laboratory complementary to the ones in
the machine. M. Sapinski agreed but at the same time
stressed the fact that the ultimate tests are with beam.

L. Rossi asked whether an “adiabatic” increase in BLM
thresholds would be a viable way to probe the limits (ad-
mitting that it would be a practical way which would not fo-
cus on understanding the phenomena). M. Sapinski replied
that he personally believes that would lead to even more
quenches. The understanding would improve by little as
at the quench location there would not be the additional
instrumentation that is normally used during an MD; addi-
tionally the loss pattern would not be known, while plenty
of simulations exist in the case of MDs. E. B. Holzer added
that only the BLM monitoring factor could be changed dur-
ing an adiabatic increase, while the shape of the threshold
curve could not be changed so easily.

S. Myers added that maybe quench tests could be post-
poned to after LS1 when the interconnect problems will
be solved. He also recalled that it is very likely that de-
spite many controlled experiments the machine might give
something completely different. L. Rossi recalled that for
the recombination dipoles not many spares are available.
F. Bordry suggested to perform the tests towards the end of
the 2012 run. S. Myers concluded that careful proposals
should be prepared and and be decided upon.

FIRST DEMONSTRATION WITH BEAM
OF THE ACHROMATIC TELESCOPIC

SQUEEZE (ATS)

The ATS scheme allows achieving very low β ∗ (e.g.
10 cm) by solving optics limitations coming from the over-
all ring, e.g. the optics matchability to the arcs and the
correctability of the induced chromatic aberrations (Q’,
Q”, Q”’, off-momentum b-beating). The ATS scheme is
based on a new injection optics (∼ π/2 FODO lattice
with new integer tunes), an “almost” standard squeeze
(“pre-squeeze”) which acts on the matching quads of IR1
and IR5 (until some limits are reached, e.g. in the sex-
tupoles or matching section) and a further reduction of β ∗

(“squeeze”) which acts on IR2 and 8 to squeeze IR1 and
IR4 and 6 for IR5 by inducing beta-beating bumps in sec-
tors 81/12/45/56.

A total of 23 h of MD with beam and 8 h of dry runs were
spent in 2011 for ATS. In the first MD block, the new injec-
tion optics and ramp were successfully tested. In the sec-
ond block, the pre-squeeze to β ∗ = 1.2m in IR1 and 5 was
achieved (no crossing angle), and the telescopic squeeze
was demonstrated for IR1 by reaching β ∗ = 30 cm. Dur-
ing the fourth MD block, IR1 and 5 reached β ∗ = 40 cm
with the pre-squeeze (no crossing angle), unfortunately the
beam was lost when preparing the squeeze (due to prob-
lems between the tune feedback and the new tune knobs).

The plans for 2012 include a clean 40 cm pre-squeezed
optics (measured and corrected for coupling and beta-
beating; no crossing angle) and β ∗ = 10 cm in IR1 and

5 with pilot beams. Note that a pile-up of ∼120 events per
crossing can be reached if the 40 cm pre-squeeze optics
is coupled to tight collimator settings and high brightness
bunches.

P. Campana asked whether with the ATS scheme there
would be limitation in the β∗ for IP2 and IP8. S. Fartoukh
answered that they would be limited to 4-5 m, but this could
possibly be improved with further studies.

L. Rossi asked about a possible study on ATS and chro-
matic limits. S. Fartoukh answered that there is a joint re-
quest with the collimation team on chromatic aberrations
to find the limits at which the collimator hierarchy would
break down (at injection energy).

R. Assmann concluded by highlighting the fact that a
completely new optics was commissioned in 3 MD ses-
sions only.
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Summary of Session 3

J. Wenninger, CERN, Geneva

EXPERIMENTS

In terms of β∗ configuration, the requests (or proposals)
are:

• ATLAS and CMS: as small as possible.

• LHCb: 3m - no change with respect to 2011. This is
compatible with the inclined crossing and provides a
factor larger than 2 for luminosity leveling.

• ALICE: reduction from 10 m to 3 m to allow satellite-
main filling schemes with collision of natural satellites
in ALICE.

In terms of bunch length an increasing by up to 10%
would be acceptable. The experiments would like to fix the
length before the start of the physics production run and to
keep it stable thereafter.

The experiments support 50 ns bunch separation as a de-
fault scenario. The main aim is to provide as much inte-
grated luminosity as possible (≥ 15fb−1). The experiments
also request 5fb−1 in time for the ICHEP conference (first
week of June).

There are no real show-stoppers expected up to peak
pileup of 30 but the detailed analysis is still ongoing. If
hard limits are identified, it will be necessary need to in-
vestigate ways to limit the pile-up (lower bunch charge,
luminosity leveling), even at the expense of some lumi-
nosity. For the longer term the 25 ns spacing remains the
preferred scenario. The machine is encouraged to plan suf-
ficient MDs to establish the feasibility of 25 ns operation.

For the ion run, the default plan for 2012 is to take data
with p-Pb collisions only. ALICE requests both p-Pb and
Pb-p beam setups. It is still unclear if ALICE will also
need polarity reversals for both setups. In terms of beam
energy for p-Pb, most likely the request will be to run at
equivalent proton energy of 3.5 TeV, but 4 TeV is still being
considered. In terms of optics, the target is smallest β ∗ for
ALICE, ATLAS and CMS. In 2012 LHCb will also join
the run for the p-Pb part. The expected luminosity is �
3×1028cm−2s−1, and an integrated luminosity of 30 nb−1

is a realistic target.
For TOTEM and ALFA there are two physics goals in

2012.

• Diffractive physics at β∗ of 90 m (mainly TOTEM).

• Highest possible β∗ to approach the Coulomb inter-
ference region for elastic scattering.

Only one physics run can be supported within the present
schedule. The tentative proposal is to go for a mixed setup
with 90 m in IP5 and 500 m in IP1.

TURN-AROUND TIME

Despite the fact that the injection process was improved
in 2011, with an average gain of 1.4 h with respect to 2010,
injection was still driving the time to go back into physics.
Further improvements are possible in this area, in particu-
lar if the stability of the transfer lines could be better un-
derstood.

With the same optics and dipole parameters as 2011, the
2012 ramp duration to 4 TeV will be 770 seconds. The
5 minutes waiting time on the flat top for the decay of chro-
maticity will be removed in 2012. The correction of the de-
cay at 4 TeV will be performed with the MCS correctors.

The expected duration of the squeeze to 0.6 m is 819 sec-
onds.

INJECTORS

Once the double batch 50 ns beam was used by the LHC
in 2011, the performance was pushed throughout the injec-
tor chain. Gradual intensity increases resulted in approxi-
mately 30% higher intensity than anticipated, while the the
transverse emittances were kept as small as possible. The
25 ns beam was produced for the first time within nominal
specifications.

A new batch compression scheme should be able to pro-
vide smaller transverse emittances for similar intensities.
Based on harmonic 9 at PS injection, followed by batch
compression and splitting, this schema will become avail-
able to the PS and SPS later in the fall of 2012. The LHC
can most likely not profit from this new scheme before the
end of the 2012 run, but some first tests in the fall are not
excluded.

It will be a slow process of small increases and careful
adjustments.

Might already not be compatible with SPS NA operation
No NA physics during preparation, filling and MDs ?

RF

The first trial of the new blow-up, with Ions at 3.5 Z TeV
was very conclusive, with regular and equal lengthening
for all bunches. In 2012 the RF group plans the following
upgrades:
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• Further reduction of capture losses with the longitudi-
nal damper.

• Modification of the blow-up method.

• Batch per batch blow-up at injection to reduces the
transverse emittance blow-up by IBS (� 10% in 30
minutes).

Thanks to the longitudinal blow-up, the longitudinal sta-
bility of the beam is independent on the energy, operation
at 4 TeV should not cause problems.

In 20122 the RF system has not seen the single bunch in-
tensity limit even with bunch intensities of 3×1011 p. The
RF system can deal with nominal total intensity (2808b,
25 ns, 1.1 × 1011 p/bunch). Increasing the bunch length
helps for heating effects, but in collision the length is lim-
ited to 1.4 ns.

On the side of the transverse damper, collimator loss
maps with ADT blow up have validated in MD in 2011.
This method will be made operational during startup of
2012, as it may result in a significant gain in time for loss
maps.

R2E

During the Christmas technical stop a number of mitiga-
tion measures have been put in place: firmware patches,
shielding and equipment relocation. The activities will
continue during 2012, with particular emphasis (analysis)
of new failure types.

Proceedings of Chamonix 2012 workshop on LHC Performance

17



DISCUSSION SUMMARY OF SESSION 4: STRATEGY FOR 2012 (PART II)

Chairman: Oliver Bruning - Scientific Secretary: Laurette Ponce

INTRODUCTION

The fourth session of the 2012 LHC Performance Work-
shop included the following presentations:

• Beam Energy by Andrzej Siemko

• Optics Options by Massimo Giovannozzi

• Collimation settings and performance by Roderik
Bruce

• Performance Reach in the LHC for 2012 by Gian-
luigi Arduini

• MD plans in 2012 by Ralph Wolfgang Assmann

• Ions in 2012 by John Jowett

BEAM ENERGY (A. SIEMKO)

• S. Myers asked concerning the case of an asyn-
chronous dump, if there is a risk that more than octants
around IP 6 could be affected. B. Goddard answered
that the FLUKA simulations showed that this extend
to the arcs and DS only, but what was not done is to
transport the simulation around the TCTs.

• P. Collier mentioned that the RRR values used in last
year simulation are more pessimistic than the real val-
ues. A. Siemko confirmed that the minimum has been
found at 200 μΩ.

• F. Caspers asked if the contacts in the quench diode
are gold-plated and if not, if it could fixed. A. Siemko
confirmed that the contact are nickel-plated, which is
the worst possible according to F. Caspers. A¿ Siemko
mentioned that it could be envisaged to go to silver-
plated, but F. Caspers insisted on Gold. On the same
subject, L. Bottura reminded that no major issue was
found in the contact. The excessive resistance was
localized in another part, so there is not real need to
change the material.

• S. Redaelli asked if it is envisaged to step back in en-
ergy from 4 TeV to 3.5 TeV in case of excessive num-
ber of quenches. A. Siemko confirmed that in case we
reached the number of 5-6 quenches, were will prob-
ably have to review the situation

OPTICS OPTIONS (M. GIOVANNOZZI)
• R. Assmann commented on the request to shift the col-

lision point in CMS that this should not be a problem
in vertical plane from collimators point of view as in
principle TCTs can be moved further in (no risk of
asynchronous dump in V plane). Maria reported that
CMS do not have such a request anymore.

• J. Wenninger reminded that the 25 ns bunch spacing
beam is not compatible with a β∗ of 60 cm, so to test
the 25 ns, we will have to use trains of 72 bunches
maximum. R. Assmann replied that we need anyway a
different crossing angle for 25 ns beam and G. Arduini
added that the test is planned with train of 72 bunches
with smaller emittance.

• P. Collier pointed out that in the last step form 70 to
60 cm β∗ you gain less and less in terms of luminos-
ity because of the geometric factor. So he asked if it
is worth trying to go to 60 cm compared to 70 cm. M.
Giovannozzi replied that it is true that the 60 cm β∗

optics will be difficult because of tight collimators set-
tings, impedance, ...

• R. Schmidt asked which crossing angle is used in the
predictions and if we could gain by reducing it. W.
Herr answered that the crossing angle used is OK and
that the emittance is more important for the beam-
beam effects.

• R. Assmann mentioned that even if 10 % gain in lu-
minosity is not huge, it is anyway significant and it is
worth to try. P. Collier added this is providing the fact
that a 10 % increase on the peak luminosity do not
have an affect on the machine availability.

• E. Shapochnikova asked if a longer bunch length is as-
sumed because of potential impedance effect. M. Gio-
vannozzi answered that the 25 ns beam need longer
bunch length.

• S. Fartouk mentioned that two types of σ are used in
the presentation, first the σ of the beam and then the
σ used for collimators settings and he wondered if the
collimators settings assumed the same position in mm
in the calculation. R. Bruce answered that the position
in mm is not the same but the protection is the same.
He added that because of the long range beam-beam
effect, they took a larger crossing angle.

• O. Bruning asked when the 500 m optics is planned.
Benedetto answered that the 90 m optics in IP1 and
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5 is enough for ALFA, it has to be discussed with
TOTEM if the 500 m optics is needed before LS1.

COLLIMATION SETTINGS AND
PERFORMANCE (R. BRUCE)

• P. Collier asked why we could not insert the tight col-
limators settings only when arriving to 90 cm β∗. R.
Bruce answered that the tight collimators settings are
scraping about 1 % of the beam and to avoid a flash in
losses it is better to gently introduced them during the
ramp lower energy.

• V. Kain wondered how important are the assumed
2.5 μm emittance at flat top. W. Herr recalled that it
is very important to avoid long range beam-beam ef-
fects. V. Kain then asked if it is then setting a limit on
the acceptable emittance. R. Assmann answered that
it is not an important parameter for collimators and
that the limit will be set by the beam-beam parame-
ters which are just above design values.

• S. Fartouk noticed that the are 10 cm gained on the β∗

value due to the reduced crossing angle and another
10 cm mentioned in the talk. R. Bruce clarified that
this comes form the gain in emittance.

• S. Fartouk commented on the margin calculation that
with an off-momentum β-beating of 0.015 per mil,
you are not very well protected if the error are quadrat-
ically added as with ± 10 % beating, you already lose
1 σ in the 1.5 σ retraction margin. R. Assmann an-
swered that for for the margin on the dump kicker, you
just really care of the core of the beam, not the tails.
So as long as the beam is centered, you are protected.

• R. Assmann commented that a test of slowly moving
in collimators was performed at the end of a physics
fill without any problem. He also added that an-
other test with reduced beam-beam separation made
the ramp a bit more rocky, but they are confident that
this could be improved. Adding linearly all the errors
would mean that all the errors are going in the same
direction.

• R. Schmidtmentioned that a large emittance would
mean a reduction of dynamic aperture, inducing losses
in the tails. V. Kain answered that the 2.5 μm emit-
tance were achieved last year.

PERFORMANCE REACH IN THE LHC
FOR 2012 (GIANLUIGI ARDUINI)

• L. Rossi questioned if we expect some impedance ef-
fect (single bunch) with the 25 ns bunch spacing beam.
G. Arduini answered that it depends on the type of
impedance as presented by E. Metral in the previous
session.

• E. Metral mentioned that for the 25 ns beam is lim-
ited to the 3.5 μm emittance in the SPS because of
the impedance with 4 batches, but this problem can be
overcome with 1 batch.

• E. Shapochnikova asked what will be the strategy with
bunch length in case of heating, as it was push to the
maximum (1.35-1.4) for physics, if it will put a limit
on maximum total current. E. Metral answered that a
new MKI will be put in place in August and vacuum
modules exchange during Christmas break, so they do
not expect problems with heating.

• R. Garoby recalled that the luminosity life-time is bet-
ter with 25 ns bunch spacing beam. G. Arduini an-
swered that it could help but that we are also introduc-
ing tight collimators settings, so at the end, the Hubner
factor will determine the gain in luminosity.

• A. Ball asked if we see any issue for the 25 ns bunch
spacing operation which have not yet been addressed
and that should be during 2012 run in order to plan in-
tervention for LS1. G. Arduini answered that mainly
the information on the e-cloud behavior and the heat-
ing effects are the most important.

MD PLANS IN 2012 (RALPH WOLFGANG
ASSMANN)

• Benedetto asked if the high pile-up test could be done
in STABLE BEAM during physics time.

• E. Metral commented that the beam heating was never
a limit in 2011, only the MKI heating is problem-
atic and the only solution there is to reduce the bunch
length. R. Assmann added that even though it was not
a limitation, we have to establish a limit to avoid dam-
aging equipment.

• B. Goddard mentioned that even though one hour of
waiting time for the MKI cooling is acceptable but that
it could be far longer.

• S. Fartouk recalled that a limitation of momentum
aperture could be a serious limitation so the large Pi-
winski angle MD time should be first priority. R. Ass-
mann confirmed that it is.

• A. Ball asked if the luminosity leveling could be tried
during physics time instead of MD time as it would be
important to test it early in the run, even manually.

• A. Siemko is commented on the request for quench
tests. For the time being, quenches are not an opera-
tional issues but bench mark data are needed for mod-
eling and interpolation for higher energy.

• S. Redaelli noticed that the combined ramp and
squeeze should also be added to the list of MD request
for 2012.
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• R. Tomas reminded that an effort should be put on the
commissioning of non-linear correctors in the IR as
they could be needed sooner.

IONS IN 2012 (JOHN JOWETT)
• O. Bruning asked where the gain of factor 2 in lumi-

nosity comes from. J. Jowett answered that it is the
result of the reduced emittance and β∗.

• D. Manglunki reminded that the SPS ion run is frag-
mented over the year. In September. Protons are
stopped for the North Area physics, but will still be
available in the complex for p-Pb run.
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SUMMARY OF SESSIONS 5 AND 6: LONG SHUTDOWN 1 (LS1) 2013-2014
F. Bordry, K. Foraz, CERN, Geneva, Switzerland

Abstract
This paper summarizes the sessions devoted to Long 

Shutdown 1 (LS1) in the LHC, injectors and experiments. 
The time frame and start date were discussed, with the
main activities from powering tests prior to warm-up up 
to physics were presented. The session finished with a 
discussion on the maximum reasonable energy.

GENERAL FRAME
Long Shutdown 1

The present start date is fixedfor the 17th November 
2012..

It would be very difficult to start earlier, considering the 
large collaboration from outside institutes, as well as 
contractors. Moreover, as stated by the experiments, some 
components will be delivered in 2013. For this reason, the 
CMS experiment will be ready for beam on 1st September 
2014.

The question of pushing the start date forward was also 
raised. Despite the impact on resources, as emphasized by 
M. Nessi, the results of physics in 2012 will drive this
decision. Two break points (end of June and end of 
August 2012) were set to review the start date of LS1 
depending on the accumulated luminosity (15 fb-1 in 
2012)

The minimum time needed from “beam off” to “beam 
on” is 20 months. It will be followed by the cold check-
out and beam commissioning, meaning that physics can 
start by the end of 2014. As such, the 2014-2015 
Christmas Break shall be cancelled and machines will be 
kept in standby mode during one week. However, the risk 
of injectors operation for 2 years was raised.

The actual draft schedule of LS1 is represented in 
Fig. 1.

Figure 1: LS1 schedule

10 Years Draft Plan

Figure 2: 10 years draft plan

LS1.5 at the end of 2016 could enable the connection of 
LINAC4 and the exchange of the CMS pixel tracker 
(ready in June 2016). The results of physics during the 
second operation period (OP2) could change this picture. 
However, it will be difficult for experiments to move the 
dates of the following shutdowns because of budgets, 
resources, and the readiness of components.
ALICE and LHCb mentioned that the actual length of 
LS2 is not long enough (1 year). More details will be 
given after the LHCC in June 2012.

PREPARATION
Approval Process

The approval process both for the machines and 
experiments is progressing well and the programmes of 
the experiments have been approved by the collaboration 
and the LHCC. The prioritization of activities is well 
under way in the LHC and injectors, where the following 
rule was defined:

Priority 0: Safety
Priority 1: Beam to 6.5-7 TeV, nominal performance;
Priority 2: Reliable operation improvement;
Priority 3: CERN approved projects;
Priority 4: non-CERN approved projects.

This will enable conflicts or overloads to be detected
and decide what is compulsory, what we can afford and
what can be postponed until LS2. Special attention must 
be paid to requests which implicate the support from other 
groups.

Resources
Indeed, human resources are a key aspect for the 

success of LS1. The effort to find the missing external 
resources will continue (20% of the resources in charge of 
the splices consolidation are missing). The re-orientation 
of internal resources will be finalized early this year.

Preparation
Preparation is crucial and should not be 

underestimated: procedure to place contracts, safety 
analysis, Engineering Change Requests and integration. 
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The detailed logistics and schedules will be prepared this 
year for the LHC, injectors, and experiments. 

MAIN WORKS IN THE INJECTORS
Two normal Christmas shutdowns are foreseen at the 

end of 2012 and 2013 to carry out the usual maintenance 
programme. In addition, this time will be taken used to 
perform consolidation and upgrades in the different 
injectors. The detailed programme will be discussed 
during the IEFC workshop in March 2012. During the 
Chamonix session two major activities were presented:

The RF upgrades and consolidation programme;
Installing the new access system in the PS and SPS 
primary and secondary areas. They will be installed
during the fourth quarter of 2012, lasting 2 to 4 
months per zone. The commissioning will last two 
months early 2014 to be ready for the injectors run 
in April 2014.

Support groups, i.e.  EN-CV, EN-EL, and TE-VSC,
also highlighted that works induced by other groups have 
to be known as soon as possible in order to check whether 
resources are available.

MAIN WORKS IN THE EXPERIMENTS
ATLAS will install the new pixel layer (Insertable 

B-Layer (IBL) detector. It will be ready for beam by 1st

August 2014.
ALICE and LHCb both need around 15 months to 

perform various upgrades, consolidation, and 
maintenance.

The CMS programme is described in the Technical 
Proposal for the Upgrade of the CMS detector through 
2020. The complete programme of all desirable activities 
would require 23.5 months, but CMS can be ready for 
beam on 1st September 2014. By concentrating on critical 
items, the total duration can be reduced to 20 months, but 
the shutdown cannot end before September 2014, because 
of critical delivery dates locking the sequence.

MAIN WORKS IN THE LHC MACHINE
Typical Sequence 

The typical sequence in each sector is the following:
1. Powering tests prior to warm-up;
2. Warm-up to room temperature, including a one 

week standby, to better localize vacuum leaks;
3. Consolidation, upgrades, and maintenance;
4. Preparation for and cool-down;
5. Powering tests.

Powering Tests Prior to Warm Up
It is essential to commission all the circuits, except the 

main ones, up to 7 TeV to detect any eventual issues and 
be able to consolidate faulty circuits. In particular, the 
following circuits will be tested: RD3.R4, RD4.R4, 
RD2.R8, and RQX.L5, as well as all the missing 600 A 
circuits and all the circuits in sector 34.

Full support by experts (QPS, EPC) during the testing 
phase is essential and nMP3 should quickly analyze
critical cases. To reduce the impact on other activities (i.e. 
ElQA), powering tests will have to be performed during 
the evening/night for the high voltage circuits.

The plan is well-defined and a strategy will be set up in 
2012 with respect to the performance needed for each 
circuit.

Consolidation of the Superconducting Circuits
Last September, an external committee reviewed:

The final design for the consolidation of the main 
13 kA interconnection splices;
The status and risk analysis of all the 
superconducting splices in the LHC;
The quality control procedures and plans;
The update of the plans for the work organization, 
quality control, resources, and schedules.

The preparation for the consolidation of the 
superconducting circuits is in good progress:

The functional specification has been edited;
A final design for shunt and insulation is available;
The qualification criteria have been found adequate;
The consolidated “shunt” design has been endorsed 
by the Review Committee;
The installation of a single shunt on the quadrupole 
circuit has been endorsed by the Review Committee 
under certain conditions.

The possible use of Copper Stabilization and 
Continuity Measurements (CSCM) to qualify the 
consolidation of the splices for 7 TeV operation and 
validate the whole bypass circuit was raised. A type test 
will be done in one sector at the end of the run (sector 34 
in January 2013). A global CSCM campaign in all the 
sectors has not been decided yet and will last about one 
month.

In addition to the splices consolidation, the list of 
special interventions has been defined: cryogenic magnets 
exchange (19), remaining DN200 installation, etc.

It has also been decided to consolidate the 13 kA 
splices inside the DFBAs, in order to avoid failure in the 
DFBA which could lead to a very long repair time. 
Important differences exist with respect to the arc splices,
which is why the specific design has to be quickly 
initiated (mock-ups are necessary to define and test 
tooling and procedures).

Around 220 people are needed, 80% of which have
been identified (not all CERN and experienced). The 
external reviewers noted that training will be challenging,
and 2012 will be a key year for preparation.

There are still some open issues: DFBA, known circuit 
non-conformities, one undulator exchange with a spare 
one, the reinforcement of spider insulation, new thermal 
shield design, etc. Decisions will be taken in 2012. These 
issues could have an impact on the (already) ambitious 
schedule.
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Radiation to Electronics (R2E) Mitigation 
Measures

The foreseen improvements to mitigate the effects of 
radiation to electronics were detailed. This will allow the 
beam dumps to be reduced from 600 to 20 due to single 
event effects.

The workload is huge and works will be performed in 
parallel in 4 points. It mainly concerns the relocation of 
equipment and shielding installation. The integration of 
equipment and schedule has been done for points 1, 5,
and 8. The study of point 7 is in progress. A decision on 
the relocation of the safe-room is to be taken in March
2012, to be ready for LS1.

Vacuum
The vacuum activities will be centred on three axes:

Safety: All the consolidation related to the Safety of 
personnel and of the accelerator will be completed;
Performances: the vacuum system will be prepared 
for 7 TeV operation with high bunch populations up 
to ultimate. The Electron Cloud will be mitigated 
whenever feasible (at reasonable cost: resources and
budgets). The sources of background to experiments 
are a priority: HOM, RF inserts, ferrite heating, etc.
Review all the vacuum devices that have RF 
impedance fingers (redesign or repair);
Reliability: the vacuum systems and instrumentation 
reliability will be increased.

An operation margin will be kept in order to give room
for additional mitigation solutions.

Cryogenics
The consolidation for nominal performance recovery of 

the cryogenic systems is well advanced. 
Measures have already been taken to improve the 

cryogenic availability (the 2012 target is 95%). Certain
long cryogenic stops were avoided thanks to 
cannibalization and operation sharing of non-used 
cryogenic plants. This will no longer be possible at 
nominal intensity. For this reason, a strategy for the spares 
of the warm compressors has been proposed (~7-8 MCHF
and manpower to be found). 

The improvement of the sectorization in between 
sectors has also been proposed and discussed. This will 
optimize the time needed for splice-diode repair, the 
interventions on Stand Alone Magnets, Cold masses, and 
magnet removal.

Quench and Machine Protection
Major upgrades can only be smoothly implemented 

during long shutdowns: re-furbished / upgraded systems 
should be able to run without major overhaul for at least 3 
to 4 years.

There is no principal change in the functionality of the 
protection required for the LHC after LS1. Some 
protection settings need to be adapted to higher energy.

Several requests for enhanced supervision & diagnostic 
capabilities by equipment owners, experts, and users will 
be implemented.

A full re-commissioning of all the protection systems 
prior to the powering tests will be needed: a complete 
electrical quality assurance for all superconducting 
circuits, testing all the QPS instrumentation cables,
quench heater circuit qualification prior to implementing
enhanced supervision, and complete individual system 
tests: interlock tests, quench heater discharge tests, etc., 
and the verification of data transmission.

It was highlighted during discussions that a hardware 
commissioning coordinator shall be nominated, as well as 
point owners.

Electricity and Cooling and Ventilation
Four different types of activities are planned for the 

electrical engineering and cooling and ventilation:
The maintenance of the infrastructure. As the 
availability of these systems will be affected, it is 
essential to know which services are needed and 
when;
The consolidation of the infrastructure. As stated by 
F. Duval, the different systems are ageing;
Operation;
A large amount of requests from equipment groups.
Based on the last shutdown only 50% of the requests 
for LS1 are currently known.

EN-CV and EN-EL involvements during LS1 are at the 
maximum of their capabilities in terms of resources. 
Priorities will be enforced and some requests will have to 
be delayed.

ENERGY AFTER LONG SHUTDOWN
The strategy proposed by E. Todesci is the following:

Push the four initial sectors to 6.5 TeV (November
2013 to March 2014);
See if estimates are valid: 50 quenches expected in 
four sectors;
Fix 6.5 TeV as LHC energy and push the other four 
sectors to this level;
If more quenches are needed, fix 6.25 TeV as the 
LHC energy and push the other four sectors there 
( 10 quenches expected in four sectors).

SUMMARY
The minimal duration for LS1 is 20 months, meaning 

the time from physics to physics will be about 2 years. 
The actual start of LS1 is set for the 17th November 2012,
which will allow the Liquid Helium emptying from the 
machine before Christmas. However, delivery dates for
certain components are on the critical path of the 
experiments, which will allow the first beams for beam 
commissioning not before September 2014. Depending on
the results of mid-2012 physics, the start date of LS1 will 
be reviewed. The actual plan for injectors is in line with 
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the LHC plan, but the risk of running injectors for two 
years has to be assessed. 

The analysis of resources is progressing well 
throughout the complex (collaborations and internal 
mobility) and is being done according to priorities. 
Certain activities have already been postponed to LS2, 
and new requests will be carefully analyzed, as well as 
open issues.
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SUMMARY: AFTER LS1 

M.Pojer and R.Schmidt, CERN, Geneva, Switzerland

INTRODUCTIOIN 
After LS1 the energy will be about 6.5 TeV. The 

physics potential of LHC is determined by the integrated 
luminosity useful for the experiments and not only by the 
peak luminosity. The integrated luminosity is determined 
by the peak luminosity, the luminosity decay and the 
efficiency of operation (availability). In this session two 
of these parameters are addressed, the peak luminosity 
and the availability. 

 
Presentations related to peak luminosity: 
• Performance potential of the injectors after LS1, 

Heiko Damerau  
• Performance reach of LHC after LS1, Werner Herr  
 
Presentations related to availability: 
• Magnet powering with zero downtime - a dream?  

Markus Zerlauth 
• Beam systems without failures – what can be 

done?  Matteo Solfaroli and Jan Uythoven 
• Will we still see SEEs?  Marco Calviani 
• UFOs – will they take over? Tobias Baer 
• Quenches: will there be any? Arjan Verweij    

PERFORMANCE POTENTIAL OF THE 
INJECTORS AFTER LS1 

The upgrade of the injector complex will be finished 
only after LS2. This includes the replacement of Linac2 
by Linac4, the reconstruction of the PSB injection, as well 
as the upgrade of the PS Booster ejection and PS injection 
energy to 2 GeV (instead of 1.4 GeV) after LS2. These 
upgrades are required to overcome space charge 
limitations in PSB and PS. 

The full performance of Linac4 requires H- injection 
into PSB; with protons at 50 MeV, Linac4 can deliver 
only beams resulting in 50% of the luminosity compared 
to Linac2. 

Linac4 could possibly be connected with H- injection 
into PSB at 160 MeV at the end of 2015. This will require 
about seven months of installation and commissioning. 

In case Linac2 breaks down an emergency connection 
of Linac in two months would be possible. This would 
allow operating with protons at 50 MeV, but accepting 
reduced performance. It is therefore favoured to continue 
using Linac2 until LS2. 

RF manipulations in the PS  can increase the brightness 
from the injector complex, but batches will have less 
bunches (slightly reducing the number of bunches in 
LHC). 

Several options of these manipulations are promising to 
generate beams with very low transverse emittance. The 
intensity can then be increased by merging bunches. 

Emittance conservation of such transversely small beams 
along the injector chain remains to be demonstrated. 

Longitudinal coupled bunch instabilities require a new 
feedback system for an intensity above about 1.9*1011 
protons/bunch at PS ejection. Installation of a feedback 
system is planned for 2015. 

Can the low emittance be transported to LHC? 
Scrubbing in SPS should help to suppress electron cloud 
effects for very low emittance beams. This takes time and 
should be scheduled before LHC starts operating in 2014. 
The development of the Q20 optics in the SPS is also 
expected to improve beam parameters that can be 
transferred to LHC. 

Filling time will increase and optimum filling is 
important (such as dedicated LHC filling), not only to 
gain time, but also to reduce emittance growth in LHC at 
injection energy. 

Q&A 
Paul: we will have pre-commissioning of Linac4 with 

protons, so it should take less than 2 months. 
Heiko:  we will have to test as well the transfer lines. 
Steve: does not sound worth at all. For a connection in 

LS1.5 (in case that there will be such stop), how long will 
it take? 

Heiko: 7 months. 
John: if there will be no protons, we could operate with 

ions. 
Ralph: which is the optimum brightness? 
Heiko: the one indicated +/-15%, but this is not a hard 

limit. Low emittance in the SPS could be tried this year; 
for 2012 we could have already the batch compression, to 
be tested in MD. 

Caterina: commented on the situation of the H- source: 
The design is done and it is under construction; first beam 
is expected at the end of August. 

PERFORMANCE REACH OF                
LHC AFTER LS1 

It is assumed that the LHC will operate at 6.5 TeV and 
that the emittances from the injector can be preserved. 

No limit is expected from head-on beam-beam effects, 
as it has been demonstrated that high intensity bunches 
can be collided. 

Long-range beam-beam effects are more relevant than 
head-on beam-beam effects and reduce the dynamic 
aperture. The dependence on intensity is unknown, 
extrapolations are not obvious. 

A beam separation of 10-12 sigma is required and 
depends on beam parameters (in the following a 
separation of 10 sigma is assumed). 

Finally, what is required for optimising the luminosity 
is: 
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• Small emittances and small beam sizes 
• Sufficient bunch intensity 
• Sufficient number of bunches 
• Sufficient long range separation 
• Possibly luminosity levelling to reduce pile-up for 

the experiments to an acceptable level. 
Three scenarios were considered: pessimistic, realistic 

and optimistic. Even with conservative parameters 
nominal luminosity is clearly in reach. With low 
emittance beams (e.g. 1.4 µm), bunch intensities of 
1.15*1011 and 2552 bunches, the nominal luminosity 
would be exceeded by a factor of 2.3.  

Further improvements might be possible with unequal 
beta functions for the horizontal and vertical planes 
(0.5 m and 0.3 m), similar to what has been done in the 
SppbarS collider. 

Twice nominal luminosity could be a target, but even 
four times nominal luminosity could be achieved, 
although this is very ambitious. The exact filling scheme 
will then slightly change these numbers. 

The preservation of the emittance is also very 
important. If the event pile-up is too high, luminosity 
levelling is an option. 

Several tests are proposed for 2012:  
• scaling of long range beam-beam effects with 

intensity   
• impact of noise on beam-beam effects 

The reduction of the dynamic aperture due to beam-beam 
effects to, say, five sigma, might not be a disadvantage 
since the beam tails would be scraped off. 

Q&A 
Rudiger: could we use the crossing angle to scrape 

beam tails, as with an electron lens? 
Frank: the parameters that Werner proposed is beyond 

what Heiko proposed. 
Werner: the only number that is not in Heikos 

presentation is 1.7e11 p/bunch. 
Heiko: 1.7e11 p/bunches is not expected before LS2. 
Steve: the preservation of the emittance is important. 

The highest luminosity is with a pile up of 63 and we 
need to separate the beams --> more luminosity than 
25 ns? 

Werner: with levelling for 50 ns we would lose a 
factor 2. 

Stephane: we should not forget IBS for low emittance. 
Small emittance scheme cannot give interesting integrated 
luminosity. 

Werner: at 7 TeV there is not much problem for IBS 
Elena: In the SPS we can expect an emittance of 

1.4 mm for 1.15e11; 2 mm for 1.7e11 is difficult 
Austin: it is difficult for the experiments to reach high 

pile-up. 
Ralph: we need an MD to prove that 5e34 is feasible 

this year; single bottleneck is SPS RF 
John: we need to watch out IBS through injection! 

MAGNET POWERING WITH ZERO 
DOWNTIME - A DREAM? 

The LHC magnet powering system is very complex and 
includes power converters, quench protection, cryogenics, 
powering interlocks and electrical distribution. We have 
today about six years of experience with its operation.  

50% of all premature beam dumps are from failures in 
the magnet powering system that includes several 
ten-thousand interlock channels protecting the machine 
from an accidental release of the energy stored in the 
magnets (10 GJ at 7 TeV). 

Potential gains by increased availability could be about 
35 days of luminosity operation. 

The number of faults increases with beam intensity and 
integrated luminosity due to SEE. During ion runs much 
less faults were observed, since equipment failures are 
dominated by SEE. The R2E work is expected to lead to 
large improvements. 

All equipment groups are undertaking serious efforts to 
further enhance the availability (see presentations by 
R.Denz and L.Tavian).  

Power converters: many improvements were already 
applied during 2011. For the future, some fault states will 
be changed to warning states, FGC lite and rad tolerant 
diagnostics modules are being developed. 

The remaining weak auxiliary power supplies in 60 A 
converters will be changed during LS1. A study of 
redundant power supplies for 600 A is being performed 
(two power modules providing redundancy with one 
FGC). 

QPS: an improved monitoring is required, many other 
mitigation measures are proposed and an improved 
handling of thresholds is planned alongside other 
operational diagnostic tools (see presentation by R.Denz). 

Cryogenics: the implementation of redundant PLCs for 
Cryo controls during LS1 is considered. The time-out for 
loss of Cryo-maintain could be increased from 30 s to 
2-3 min. Long-term availability depends also on upgrades 
and spare strategy (see presentation by L.Tavian).  

Powering interlocks: one false trigger/year was 
expected, in six years no HW fault was observed. With 
the relocation of the PLCs during the recent Christmas 
stop to mitigate the observed SEEs, the number of failures 
should become very small. 

It is considered to reduce the number of circuits that 
request to dump the beams in case of failure, by 
configuring individual circuit to dump the beams rather 
than all circuits of a given family. This requires a 
thorough analysis of the consequences in case of a circuit 
trip. 

Electrical distribution: the different systems can survive 
minor perturbations. For larger perturbations the FMCM 
triggers, in particular the unit installed for the D1 circuits 
(normal conducting magnets close to insertion 1 and 5). A 
possible improvement of the active filter will be tested 
during HWC. An option after LS1 is the installation of a 
switched mode power converter type that is less sensitive 
to perturbations. 
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General remarks. 
After LS1 the number of failures is expected to 

substantially decrease, due to R2E activities and other 
improvements. Already for 2012 we expect ~30% less 
beam dumps from the magnet powering system; after LS1 
this number should further decrease by 25-30% when 
scaling from present operation. Since the systems will 
operate after LS1 at 6.5-7 TeV with much higher power, 
this expectation might be too optimistic.  

In the framework of the ITER collaboration, a thorough 
study of interlock architectures was performed, 
demonstrating that 2oo3 logic increases both availability 
and safety significantly. For the LHC, critical systems 
could be redesigned to use such logics. 

During the design of the machine protection systems a 
Working Group on Safety and Availability across the 
protection systems ensured coherence between the 
systems. This had been very successful and the downtime 
due to failures in protection system is better than 
predicted. It is proposed to create a Working Group on 
Availability to ensure a coherent approach between the 
LHC equipment systems. 

Q&A 
Ralph: collimators are for passive protection; with tight 

collimators settings the losses might be faster. 
Jorg: with tight collimator settings we will be more 

sensitive to orbit excursions--> we might have losses as 
well in ramp and squeeze. 

Steve: if you calculate the average to peak luminosity, 
your data results in more availability due to identification 
of major problems --> we can expect sizeable increase in 
machine availability in 2012. 

Freddy: 30% improvement for the power converters is 
ok for this year, but 30% improvement after LS1 is too 
optimistic: ATLAS (presented as a comparison) is 
working in steady state, the LHC power converters are 
changing their current. Doubling the current, the power 
increases by 4. A reasonable objective is to maintain the 
present reliability when increasing the energy towards 
7 TeV. 

BEAM SYSTEMS WITHOUT 
FAILURES – WHAT CAN BE DONE?   

In general, there are less beam dumps from beam 
related systems than from systems for magnets powering. 

Vacuum system: there are no fundamental issues. After 
LS1, new effects when operating with 25 ns bunch 
spacing are expected. 

Beam monitoring (BGIs): unavailability stems from 
operational error and failure of equipment. 

Injection and extraction: most failures are due to power 
converters that will be improved. A slightly enlarged 
current tracking window for the MKB is proposed. 

Collimators: several SEE were observed, but there are 
no fundamental issues. A new PXI chassis with higher 
availability will be available after LS1. The position of 
the collimator jaws will be tighter, and buttons to measure 

the beam position in some of the collimator jaws will help 
to improve the measurement and increase the availability. 

Operation (beam dumps due to mistakes): significant 
improvement from 2010 to 2011 with only three beam 
dumps, all in non-standard operation. 

RF: improvements are on the way (see talk E. Jensen). 
BLM thresholds will decrease and the noise level will 

become closer to the thresholds. This is an issue that 
should be addressed during 2012. 

There were only a few beam dumps from other systems 
(access, controls, …), but it needs to be watched that this 
number does not increase. Depending on the required 
effort, even the work for avoiding a single beam dump per 
year might be justified. The effect of integrated radiation 
(radiation dose) and aging needs to be watched. 

Q&A 
Pierre: for beam dumps due to equipment systems it 

would be useful sending an SMS to the system owner. 
Matteo: while signing the PM, we could automatically 

send a notification. 
Alick: when there is a fault involving a system, the 

owner is always contacted by the EIC. 
Ralph: the integrated radiation and aging should be ok 

for 10 years for the collimators --> we should start being 
worried in 5-6 years. 

Massimiliano: one category of dumps is related to 
interlocks: wouldn’t be better to implement a system that 
informs about a possible dump before actually dumping? 

Steve: We should record if people have taken actions, 
for follow up on systems. 

WILL WE STILL SEE SEES?   
The objective of R2E is to reduce the MTBF to more 

than one week after LS1 for high luminosity operation. 
Some improvements are already expected for 2012, since 
a lot of work has been done during this Christmas stop. 

During LS1 additional shielding for UJ14 and UJ16 
will be installed and the relocation of critical systems is 
planned. 

For the electronics installed in the tunnel (and to some 
extend in the RRs) there is not sufficient space for 
shielding. Relocation of the tunnel electronics is not 
feasible. This is in particular critical in dispersion 
suppressors. Most critical is the electronics for the QPS, 
for 60 A power converters, for cryogenics and for beam 
instrumentation. 

Predictions are not obvious since the number of SEE 
depends on several factors: cross-section for the radiation-
induced failures, beam losses, vacuum pressure. In 
particular the vacuum pressure in the arcs, for 25 ns 
bunch spacing, is a parameter that is not precisely known. 
Expert from VAC expect that the pressure should not be 
much higher than today after a sufficient period of 
scrubbing. 

The prediction of the number of SEEs will become 
more accurate after 2012, by following up beam 
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operation, performing radiation test campaigns and by 
improving radiation monitoring. 

Power converters (1700 in total):  
• Long term R&D to develop radiation tolerant 

power converters (or part of the converters) has 
started (e.g. FGClite, tests planned). 

• Relocation of power converters.  
• A complete redesign of 600 A converters is being 

considered, to replace the converters in the critical 
areas. The superconducting link option might 
become available for LS2. 

Major improvements after LS1 are expected, although, for 
60 A converters, there is some uncertainty. Radiation 
testing before installation is mandatory. The final solution 
for rendering the power converter system insensitive to 
radiation will be hybrid between radiation tolerant 
converters, relocation etc. A review is planned for 2013. 

QPS: certain systems will always remain in tunnel and 
critical areas; radiation tolerant systems to be installed in 
LS1. Estimation of the expected number of failures 
requires radiation testing. Some equipment will be 
relocated in LS1. 

EN/EL and CRYO: should be ok.  
Scrubbing run for operation with 25 ns beams is very 

important and should allow reducing the pressure to a 
similar level as for 50 ns. 

The collimation settings will be tighter, but the 
behaviour of integrated losses should not change 
(function of intensity). The conclusion is that an MTBF of 
more than one week after LS1 can be achieved, but   
needs continuous effort. 

Q&A 
Lucio: the horizontal superconducting links should be 

ready before LS2; if there is LS1.5, we could profit. For 
the RRs, they could be ready for LS2. The SCL is an 
expensive but effective solution to radiation faults. 

Tiziano; power converter implementations could be 
deployed during LS1 and LS2. 

Marco: yes, some installations are compatible with 
technical stops. 

Bernd: how much will be the radiation in the arcs? 
Marco: few Gy per year, but estimates with 25 ns are 

not precise; we need 25 ns scrubbing. 
Rudiger: wouldn’t be better to spend more time for 

scrubbing? 

UFOS – WILL THEY TAKE OVER? 
In 2010 and 2011, 35 beam dumps were triggered by 

beam losses from UFOs. The impact on LHC availability 
could be mitigated for the second half of 2011 by large-
scale increases and optimizations of the BLM thresholds. 
UFOs are believed to be dust particles entering into the 
LHC beam. 

In total, 16000 UFOs below the BLM dump thresholds 
were observed in 2011. UFOs were observed all around 
the LHC. Throughout 2011, the rate decreased by about a 
factor of 5. 

A large number of UFOs occur in the area around the 
injection kicker magnets (MKI). These contributed with 
11 dumps in 2011 (8 at 3.5 TeV). For UFOs in this area 
no conditioning was observed. MKI UFOs occurred 
mainly within 0.5h after injection. Additionally, many 
MKI UFOs occur very shortly (ms) after pulsing the 
MKIs, some with a very short delay to the MKI pulse (too 
short to be explained by dust particles only accelerated by 
the gravitational field). 

Based on FLUKA simulations it is calculated that the 
minimum dust particle size needed to explain the beam 
losses from the large MKI UFO event on 16.07.2011 is 
about 40 um. 

The MKI kicker was opened in the lab and many 
particles were detected in the filter, with a size between 
1-100 μm. Typically the material is Al2O3 and it is 
assumed that the dust comes from the ceramic (Al2O3) 
beam screen support tubes surrounding the injected beam. 
A metallisation of the MKI is considered, but the rise time 
and power deposition would increase, making such 
solution not optimum. 

During the short run with 25 ns bunch spacing an even 
larger number of UFOS was observed including multiple 
events (12 UFOs at the same location within 20 s).  

Due to the energy dependence, the UFO-induced BLM 
signal at 6.5 TeV is expected to increase by about a factor 
of three, the UFO rate is expected to be similar as today. 
Taking into account the reduced thresholds of the BLMs, 
81 beam dumps are expected for operation at 6.5 TeV 
from UFOs in the arc and 27 from UFOs in the MKI. This 
assumes a bunch spacing of 50 ns and conservative BLM 
thresholds; with 25 ns bunch trains the number could be 
higher. 

This year should be used to further improve the 
understanding of UFOs: add BLMs in some locations, 
perform FLUKA simulations of beam-UFO interactions, 
use bunch-by-bunch diagnostics, observe UFOs during 
25 ns operation, perform MDs for UFOs at the MKI and 
possibly install a shaker device to generate UFOs. 

 When operating at 4 TeV there is still some margin to 
increase the BLM thresholds if there are too many UFOs 
triggering beam dumps. For 6.5-7 TeV, it is uncertain if 
UFO-induced beam losses can quench a magnet. Quench 
tests can address this question, such as a wire scanner test. 

A proposal for 2012 is to increase the BLM thresholds 
in sectors with acceptable interconnections by a factor of 
3. In case of a quench, the thresholds would be reduced.  

Q&A 
Rudiger: at 7 TeV we do not know the number of 

UFOs for the operation with 25 ns beams. 
Lucio: from your graph, it seems that we have more 

events in S34, around the zone of the incident. Can we 
think about cleaning? In LS1? 

Tobias: not really clear correlation with cleaned 
magnets and non-cleaned magnets. Could be sparking in 
the RF fingers. 

Steve: UFOs might be a show-stopper! We need to 
attack this problem. For the increase of threshold, are you 
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sure we have enough energy to quench a magnet? 
Wouldn’t be better to do a wire scanner test? 

Tobias: such a test has been proposed, but it is low in 
the priority list. 

Volker detailed his comments in the session by email: 
The observed increase of dust content in the ceramic 
chamber between “as received” and “as found after use” 
by a factor 500 is one of the last outstanding “MKI dust 
investigations”. Hypothesis is that the insertion of wires 
or their regular movement during the pulses scratch off 
particles. 

The operational MKI were assembled in a semi-clean 
room, and the tubes blown through with nitrogen. 
Alternative “post-assembly” cleaning methods have 
drawbacks: brushes leave deposits which are bad for HV 
or vacuum, liquids leave also traces which much be 
removed before tank closure (typically by firing at 800 
degrees back at the producer which will introduce new 
dust). For the MKI in August 2012 we plan to use 
extensive blowing with nitrogen to improve on that front 
(apart the lower heating the 24-wire version should 
provide). We also look into spraying dry ice bubbles, a 
technology used to clean (usually much smaller) surfaces: 
this is difficult because of the length of the chamber and 
may be risky because of the cooling effect. 

We have also a parallel development going on for a 
chamber where the wires are lodged fully inside the 
ceramics, such that the inner surface is “smooth”, and 
thus easier to clean. If we manage finally to produce such 
a chamber (after by now 2 years of prototyping) this 
needs first qualification for HV, vacuum and impedance 
before applying it in the LHC. 

Bernd: a decrease of rate during the year was observed: 
which is the saturation value? 

Tobias: we don’t know 
Bernd: we expected beam losses closed to quads; we 

could relocate part of the BLMs during LS1 to other areas 
Ralph: relocate could help in distinguishing the 

difference of losses. Nevertheless BLM thresholds are 
adapted to other type of losses. It is not surprising that we 
do not quench. 

Gianluigi: have you tried to normalize your chart to the 
normalized intensity? 

Tobias: done, but not really concluding 

QUENCHES: WILL THERE BE ANY?  
Quenches are part of normal operation of a 

superconducting magnet, although they should be avoided 
due to efficiency, downtime and a small risk during every 
quench. 

There are several mechanisms for quenches: beam 
induced quenches, false triggers firing quench heaters, 
quenches during ramp down of a magnets, etc. 

Quenches at low current (corresponding, for the main 
dipole and quadrupole magnets, to about 760 A) can be 
“quenchinos” that recover after a short time (order of a 
second). Recovery is not expected when operating at or 

above 3.5 TeV, any resistive transition will lead to a 
quench an a beam dump. 

At 7 TeV, the time to recover from a quench will 
increase to about 10 h. 

For high energy operation it will be required to train the 
main dipole magnets. It is proposed to limit the number of 
quenches to 50-100 during the first training after LS1, 
since there is always a small risk for damage due to a 
quench (for RB, this risk is estimated to be in the order of 
10-4). 

The parameters for triggering quenches by beam loss 
are not well understood. There is an uncertainty due to 
position of beam losses, due to the quench mechanisms 
and due to the time scale for beam losses. 

Studies of quench thresholds in the laboratory are not 
easy to perform and the extrapolation to LHC is not 
obvious. 

Quenches of the dipole magnets should be avoided 
before consolidation of the interconnections in LS1. After 
the consolidation of splices (improved interconnections) 
and CSCM tests (to demonstrate the correct functioning 
of the current by-pass including the diode), there will be 
less worries in case of quench. 

It is proposed to set the BLM thresholds to the quench 
threshold and to increase or decrease the threshold when 
gaining experience. The objective is finding an optimum 
between number of quenches and number of beam dumps. 

Quenches for main dipoles and quadrupole magnets 
will be during training and from beam losses. Other 
mechanisms such as fast ramp-down are not expected for 
the main magnets, but for other magnets this is very 
common. 

After LS1, quenches are expected during the period of 
hardware commissioning. After this period there will be 
hopefully only (few) quenches due to beam losses and    
de-training. 

Q&A 
Lucio: The quench test proposed on Monday, are they 

useful? 
Arjan: only for sake of knowledge… 
Lyn: each individual magnet will quench once… 
Mariusz: The BLM threshold is 30% below quench 

level. It would be better to start with improved knowledge 
from 2012. 

Rudiger: There are many different loss patterns; in 
autumn a workshop will be organized to discuss and 
understand beam induced quenches. 

Steve: If you have a quench, you must analyse the type 
of loss. 

Arjan: Yes. 
Ralph: at 3.5 TeV, we had 550 MW deposited for 

about one second on collimators and we did not quench. 
What about 7 TeV? 

Arjan: the information can be extracted from the chart 
shown in the presentation. 

Bernd: In order to analyse the situation, we need to 
know the impacted intensity and therefore the  conditions 
--> quench test are required. 
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Ezio: 50 mW/cm3, the upgrade is for 4 mW/cm3, much 
conservative. Quench tests are important to assess 
whether we are on the low side or on the high one and we 
can also do measurements in SM18. 

Walter: Could we perform tests with the SPS beam 
extracted on a dipole? 

Lucio: we could do such tests in HIRADMAT, but we 
do not have cryogenics there. Another option might be the 
North area. 

CONCLUDING REMARKS 
The peak luminosity after LS1 could exceed nominal 

luminosity by a factor of two; being optimistic and 
pushing some parameters even a factor of four is not 
excluded. To reach optimum performance will take some 
time. 

Availability is a concern, but it is very reassuring to see 
that all teams are working on improvements of their 
systems to increase availability. An additional motivation 
to improve the availability come from LHC HL that 
requires more than seven hours stable beams per fill. 

After consolidation of splices and of testing the circuits 
with the CSCM the risk of damage as in 2008 after 
quenching a dipole magnet should be very small. 

UFOs and, as a consequence, beam induced quenches 
are the most important threat for efficient operation at 
6.5…7 TeV, and 2012 should be used to improve our 
understanding and to find mitigation methods.  

It is suggested to organise a workshop on beam induced 
quenches in autumn 2012, with the different players, to 
come to a coherent view of beam-induced quenches. 

Proceedings of Chamonix 2012 workshop on LHC Performance

30



LHC RELATED PROJECTS AND STUDIES – PART(I) 

R. Garoby (Chair), L. Ponce (Scientific Secretary), CERN, Geneva, Switzerland. 

Abstract 
This session was the first of the two sessions dealing 

with future projects and the associated studies. Starting 
with descriptions of the plans and needs of the LHCb and 
ALICE experiments which are less extensively 
documented than those of ATLAS and CMS, it addressed 
the plans for the High Luminosity LHC and for the 
upgrade of the injectors, both for protons and other ions.  

WILL ALICE BE RUNNING DURING THE 
HL-LHC ERA? 

(J. Wessels, Westfaelische Wilhelms-Universitaet 

Muenster) 

The ALICE collaboration is actively preparing plans for 
upgrading the detector and make it capable to operate at 
about 5 times the nominal luminosity (Lead-Lead 
collisions at 6 1027 cm-2s-1 in view of collecting 10 nb-1 
during the HL-LHC era, after LS3). Until 2020, the main 
goal is to accumulate ~1 nb-1 with Lead-Lead collisions, 
including potentially a run with Proton-Lead. A run with 
Argon-Argon is foreseen immediately before LS3, using 
the beam characteristics achievable by the injectors 
without specific modifications. After LS3, the option of 
other ions than Lead is open (e.g. Uranium). To meet the 
luminosity expected with Lead-Lead collisions, the 
baseline proposal is to increase the number of bunches in 
LHC by a factor between 2 and 3. 

Discussion 
H. Burkhardt: Would ALICE continue also with p-p 

collisions during HL-LHC? The problem could be that the 
background will increase together with the signal. 

J. Wessels: It is difficult to estimate the background in 
these conditions, but p-p collisions are necessary in any 
case for every observable mentioned with Pb-Pb 
collisions. Estimations were done up to LS2 for p-p 
collision, and the background seems to be under control. 
Statistics will be sufficient with collisions from the 
“natural” satellites. 

M. Mangano: For the jet quenching one needs high 
luminosity. Moreover, high-b tagging efficiency, as J/Ψ 
tagging could be better done by ATLAS and CMS? 

J. Wessels: Jet quenching is still the priority and 
ATLAS and CMS could also help. Still, in particular for 
the J/Ψ, measurements at low transverse momentum are 
needed, with also minimum bias events. It will not be 
sufficient to have only triggered events, in particular for 
the J/Ψ polarization. 

 

WILL LHCb BE RUNNING DURING THE 
HL-LHC ERA? 
(B. Schmidt, PH/DT) 

There is a strong case for continuing to run the LHCb 
experiment after LS2 and even LS3. The physics case for 
upgrading the detector and integrating up to 50 nb-1 has 
been endorsed by the LHCC in June 2011. The upgrade is 
planned during LS2 (2018), with data taking during the 
following 10 years of run. For that purpose, the levelled 
luminosity is expected to be brought up to 2 1033 cm-2s-1 
(10 times nominal). Bunch spacing of 25 ns is 
fundamental for running at this luminosity with an 
acceptable pile-up (μ=4). Rotation of the beam-screen in 
the triplet is requested to facilitate using an external 
vertical crossing angle, preferably during LS1. 

Discussion 
S. Fartouk: The required integrated luminosity, and the 

peak luminosity with levelling are not consistent. 
Applying the same arithmetic than for the high luminosity 
experiments 1033 cm-2s-1 is sufficient for LHCb to 
integrate 50 fb-1 during the HL-LHC decade. 

B. Schmidt: In the LOI, 1033 cm-2s-1 was asked but after 
further analysis 2 1033 cm-2s-1 is now preferred as peak 
luminosity after the upgrade. 

S. Fartouk: This could be a problem for the ATLAS and 
CMS luminosity burn out. 

J. P. Tock: It is not possible to turn the triplet beam 
screens to optimise the aperture during LS1 because it 
would require removing the triplets and transporting them 
to the surface. 

B. Schmidt: It is desirable if feasible. If not, it should 
then be planned during LS2. 

L. Rossi: A new TAS will probably not be necessary, 
adjusting the BLM thresholds more precisely. Even 
though D1 and D2 are superconducting magnets, the 
quench levels are probably large enough to cope with 
2 1033 cm-2s-1. 

HL-LHC OPERATION WITH PROTONS 
AND IONS 

(O. Bruning, BE/ABP) 

Among the multiple constraints to be faced in the LHC 
for reaching the HL-LHC goals, recent experience has 
shown that the head-on beam-beam interaction is much 
less harmful than previously estimated. However, the 
limitations resulting from beam energy, collective effects 
and electron clouds remain. The present set of parameters 
for the HL-LHC is designed to maximize the integrated 
luminosity per year while respecting these constraints. 
Luminosity levelling using crab cavities at the level of 
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5 1034 cm-2s-1 in IP1 and IP5, is the aim for limiting pile-
up in the detectors. The baseline option assumes a β* of 
15 cm with 25 ns bunch spacing, 2 1011 p/b, 
2.5 mm.mrad. Alternatively, if electron-clouds remain an 
issue after scrubbing, 50 ns bunch spacing would be an 
alternative option, with 3.3 1011 p/b and 3 mm.mrad. 

Based on present experience, a transverse emittance 
blow-up of 10 to 20 % should be accounted for between 
injection and collision. 

Reaching an integrated luminosity of 200-300 fb-1/year 
is extremely challenging and requires an average 
turnaround time smaller than 5 h and an average fill 
duration of more than 7 h. 

Meeting the needs of the ALICE experiment with ions 
after LS3 is within reach in the LHC, provided that the 
injectors can fill the collider with between two and three 
times  as many bunches as in 2011. 

Discussion 
Q: The Luminosity reduction factor comes only in the 

crossing plane. Could one change the optics then in the 
other plane to increase the luminosity? 

O. Bruning: The option of getting flat beams through 
optics is open. 

R. Brinkmann: Is there any option without crab 
cavities? 

O. Bruning: The baseline is to use crab cavities. Flat 
beams through optics is an alternative option which 
remains under study. 

S. Fartouk: Crab cavities are needed to reach such high 
luminosity. 

R. Schmidt: Reliability deserves a lot of work for 
reaching the availability needed for long fills and short 
turnaround times in HL-LHC. 

S. Redaelli: If the crab cavities do not work, how will 
the HL-LHC goals change? 

O. Bruning: Flat beams should allow reaching one half 
of the luminosity. In addition, shorter bunches or even 
smaller transverse emittances could be contemplated. 

L. Rossi: Shorter bunches will increase heat deposition 
on the beam screen. Tests are necessary to estimate how 
much the cooling capacity of the beam screen could be 
increased. 

O. Bruning: The analysis of the hardware systems that 
would limit the beam current is the subject of a special 
work package. Concerning the cooling system, the 
cryoplants themselves represent a hard limit. The abort 
dumps are other potential limitations. 

S. Fartouk: Cooling in the arcs could be just enough for 
operation with shorter bunches. How optimistic is the 
goal of 200-300 fb-1/y? 

O. Bruning: 200 fb-1/y seems reachable. It is not clear if 
the e-clouds will constitute a serious limit. The 
detrimental effects of e-clouds are not limited to the 
heating of the beam screen. They can also trigger beam 
instabilities and degrade beam quality. 

E. Chapochnikova: IBS at injection could be an issue 
which may be mitigated with a controlled bunch-by-
bunch blow-up. Concerning the total beam current, the 

LHC RF power would have to be upgraded for dealing 
with more than 1.7 1011 p/b with 25 ns spacing. 

J. Jowett: how did you estimate the number of days of 
run per year? 

O. Bruning: based on experience until now, it is 
reasonable to expert runs of 150 d/y. A commissioning 
period will continue to be necessary every year, because 
of the very high beam power in HL-LHC. 

 

CAN THE PROTON INJECTORS MEET 
THE HL-LHC REQUIREMENTS AFTER 

LS2? 
(B. Goddard, TE/ABT) 

The beam specifications for HL-LHC are very 
demanding, especially when a degradation of the 
brightness of 20 % is taken into account in the LHC itself, 
as mentioned in the previous talk. Taking into account 
reasonably optimistic emittance blow-up and beam loss in 
the injectors and estimating the benefit expected from the 
planned upgrades for fighting the known limitations in 
these machines, the beam characteristics at injection in 
the LHC do not meet the HL-LHC requirements. With 
25 ns bunch spacing (resp. 50 ns) the SPS could deliver 
2.3 1011 p/b within 3.6 μrad (resp. 2.7 1011 p/b in 
2.7 μrad). This has to be compared with HL-LHC 
specifications of 2.2 1011 p/b in 2.3 μrad (resp. 
3.7 1011 p/b in 2.7 μrad). A number of optimistic 
assumptions are necessary for reaching the HL-LHC 
figures, concerning the success of measures against space 
charge, instabilities, e-clouds and to minimize beam loss. 

The timeline of the LIU project foresees the 
implementation of most modifications and upgrades 
during LS2. A commissioning period of adequate duration 
(some months) will be necessary to re-obtain similar 
beam performance than before LS2 and to be able to 
resume physics in LHC. 

Discussion 
Y. Papaphilippou: There are reasons to expect that with 

the Q20 optics, the SPS could operate with a Laslett space 
charge tune-shift of -0.19. Past measurement at 14 GeV/c, 
have shown that it could reach -0.2. That would bring the 
50 ns bunches at the edge of the SPS possibilities. 

V. Chohan: The duration of the re-commissioning but 
also the duration of LS2 should be clearly analysed. 

R. Garoby: The durations mentioned in the presentation 
do not include the connection of LINAC4 which is 
assumed to take place before LS2. If this is not the case, 
the stop of the injectors could be longer. 

R. Steerenberg: To reduce the effect of space charge in 
the PS, the length of the injection flat bottom might be 
reduced, typically from 1.2 s to 0.9 or even 0.6 s. 

S. Gilardoni: This possibility is known but not yet fully 
studied. The 0.6 s repetition rate will not be possible due 
to a limitation of the injection elements of the PSB with 
the Linac4. 
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G. Arduini: Longitudinal stability in the PS is a crucial 
limit. How much is it known? Is there a feedback 
foreseen? 

H. Damerau: The impedance of the cavities themselves 
is sufficient to explain longitudinal instabilities. A 
powerful wide-band feedback system is planned for 
installation during LS1. 

S. Gilardoni: The space-charge tune shift of -0.26 
mentioned in the PS is not an absolute limit, but the 
observed space-charge for the existing operational LHC 
beams. Still, studies are on-going to determine the 
maximum tolerable tune shift, i.e., the real limit. 

R. Garoby: With 25 ns bunch spacing, the feasible 
emittance results from space charge in the PS. It could be 
brought to the level expected by HL-LHC using batch 
compression schemes like those described by H. Damerau 
in Session 7. 

NECESSAY LIU STUDIES IN THE 
INJECTORS DURING 2012 

(G. Rumolo, BE/ABP) 

MDs during 2011 and 2012 will be instrumental in 
defining the performance goals and specifying the 
equipment to be installed or upgraded during the LIU 
project. Although significant progress was made in 2011, 
a lot of subjects deserve more beam time and simulations 
in 2012. These include collective effects in longitudinal 
and transverse phase planes due to space charge, e-clouds, 
and impedances in all machines, and the diagnostic of 
emittance blow-up and beam loss up to injection in the 
LHC. 

Discussion 
E. Métral: Could a larger space-charge tune-shift be 

acceptable in the PS by optimizing further the optics? 
S. Gilardoni: This possibility is indeed under study. 
L. Rossi: 25 ns is the baseline for the upgrade. It is 

especially important to assess the space-charge limit of 
the PS, which seems for the moment to be the bottleneck. 

R. Garoby: This subject is given an important priority 
for the MDs in 2012. 

SPS: SCRUBBING OR COATING? 
(J.M. Jimenez, TE/VSC) 

The operation of the SPS with high intensity bunched 
beams is limited by electron cloud build-up in both the 
arcs and long straight sections. Amorphous Carbon (aC) 
coating has now progressed enough to be considered as a 
viable cure and to be confirmed as baseline solution for 
the SPS. Scrubbing still deserves more experiments and 
simulations but has not been discarded as an alternative. It 
will in any case remain a mitigation measure, limited by 
the specific characteristics of stainless steel to a 
secondary electron yield of ~1.3. Wide band feedback is a 
challenging solution which is worth to continue pursuing 
because of its wide potential interest. 

Discussion 
E. Jensen: The trend of a slow increase of the SEY in 

the SPS can be observed over the years. Is there a model 
and is saturation expected? 

M. Jimenez: There is presently no model. Saturation 
seems however to be present, hopefully below 1.3. A 
check of the surfaces will be done after LS1 and before 
LS2. 

L. Rossi: Is there enough time between LS1 and LS2 to 
fully validate the solution(s) against e-clouds? 

M. Jimenez: Yes. For coating, the studies are already 
well mature. Scrubbing will require more effort and 
beam-time to reach the same maturity. 

L. Rossi: Is one year sufficient to coat all SPS vacuum 
chambers? 

M. Jimenez: Yes, but only if no any other major activity 
is foreseen in the LHC. The coating will be done in-situ, 
without the need of opening the magnets. 

L. Rossi: If all chambers cannot be coated during LS2, 
priority should be given to the MBB chambers. 

E. Jensen: What is the expected lifetime of the SEY? 
Could you repeat the process of coating again? 

M. Jimenez: Coating is expected to be done only once. 
M. Taborelli: No aging was observed on the coated 

chambers. A slow deterioration was seen only on some 
samples which were not in direct view of beams. No 
aging was observed on cut parts of the e-cloud monitors. 
Concerning the intervention in-situ, the magnets will be 
removed from their positions and transported to an 
underground cavern where the chamber will be coated. 
No coating will be done on too radioactive MBs.  

G. Arduini: Alternatively, inserts could be used for 
magnets that cannot be removed. 

Y. Papaphilippou: With the Q20 optics, experiment 
shows that the threshold for e-cloud instability is raised.  

M. Jimenez: Compared to the LHC, heat deposition in 
the SPS arcs is not an issue because the SPS magnets are 
normal conducting. 

L. Evans: In the LHC, the worse vacuum with 25 ns 
bunch spacing is likely to damage electronics because of 
radiation. 

M. Jimenez: Pressure transients are expected during the 
scrubbing run when desorption is pretty large. The limit 
would then be given by beam stability rather than the 
electron-induced heat.  

PLANS FOR IONS IN THE INJECTOR 
COMPLEX 

(D. Manglunki, BE/OP) 

The overall performance of the ion injector complex is 
exceeding expectations for the “intermediate” scheme 
where 200 ns spaced bunches (nominal: 100 ns) are 
provided by the SPS. Batches of 24 bunches with an 
average intensity of 1.4 108 ions/b  in 0.85 μm  have been 
regularly injected in the LHC (expected: 0.9 108 ions/b in 
1.2 μm). Doubling or possibly tripling the number of 
bunches circulating in LHC would meet the requirements 
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of ALICE during the HL-LHC era. This implies 
generating bunches with 50 ns spacing in the PS and 
decreasing the SPS injection kicker rise-time. The goal 
will be attained if the PS injectors (LEIR + Linac3) can be 
upgraded to deliver twice as much intensity per pulse 
within the same transverse emittances. This is likely to 
require significant developments which should begin as 
soon as possible. 

The delivery of Argon and Xenon ions will be possible 
after LS1, using the equipment prepared for fixed target 
experiments. Other species will need specific R&D, 
concerning source and pre-accelerator, plus the analysis 
of specific safety measures (e.g for Uranium). 

Discussion 
J. Jowett: Beam characteristics of the injectors, in their 

present state, are only a factor of 2-3 away from long-
term ALICE requirements. More work and MDs are 
needed to assess the difficulty of bridging this 
performance gap. 

R. Garoby: This workshop is the opportunity to collect 
a formal request in terms of beam parameters, luminosity 
and ion species. 

J. Jowett: Until 2019, the detectors will be the limit, 
constraining the peak luminosity. 

O. Bruning: Is the installation of the 100 MHz system 
in the SPS compatible with HL-LHC? 

E. Chapochnikova: Such an additional system will 
increase impedance and make it more difficult to 
approach the beam characteristics of HL-LHC. In any 
case, it will be expensive because amplifiers and 
electronics have to be rebuilt. 
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LHC RELATED PROJECTS AND STUDIES – PART(II) 

L. Rossi (Chair), R. De Maria (Scientific Secretary), CERN, Geneva, Switzerland. 

 
Abstract 

The session was devoted to address some aspects of the 
HL-LHC project and explore ideas on new machines for 
the long term future. 

INTRODUCTION 
The session had two parts. The former focused on some 

of the key issues of the HL-LHC projects: beam current 
limits (R. Assman), evolution of the collimation system  
(S. Redaelli), R&D plans for the interaction region 
magnets (G. Sabbi) and crab cavities (R. Calaga). The 
latter explored the ideas for the long term future projects 
(LHeC and HE-LHC, F. Zimmermann) and how the 
current R&D program for magnets (L. Bottura) and RF 
structures (E. Jensen) could fit in the envisaged scenarios. 

BEAM CURRENT LIMIT FOR HL-LHC. 
R. ASSMAN. 

The speaker reminded the sources of the beam current 
limitations in the LHC and discussed their relevance in 
the final picture. Systems and topics were analyzed one 
by one: RF, vacuum, e-cloud, cryogenics, magnets, 
injection and protection, collimation, radiation to 
electronics, radiation protection. In summary a plot in the 
plane of bunch intensity and number of bunches was 
produced to show the accessible region of the parameter 
space, showing that the 25ns goal of the HL-LHC 
(2.2 10^11 ppb) is within reach with some effort. 

Discussions 
O. Bruening, asked what has to be invested on and with 

which priority to reach 1.1A, for instance the TAS and 
TAN for IR2 and IR8. R. Assman replied that definitely 
the IR cryogenics cooling capacity and the robustness of 
the protection devices is to be revised. J-P. Koutchouk 
asked whether the smaller than nominal emittances 
envisaged for the HL-LHC will reduce the damage limits. 
R. Assman replied that experiments using the HiRadMat 
facility are foreseen to address this issue.  

P. Baudrenghien reminded that the control on transient 
beam loading, now enforced at the expenses of power, is 
not strictly required for operations and, in addition, it 
makes operations less sensitive to klystron failures. 
J. Tuckmantel observed that, at injection, the transient 
beam loading must be controlled although, as 
P. Baudrenghien repeated, requires less power. 

R. Schmidt stressed that high current has an effect on 
the machine availability which is one the key ingredient 
for making luminosity levelling effective. 

DO WE REALLY NEED AN UPGRADE OF 
THE COLLIMATION SYSTEM FOR 

HL-LHC? S. REDAELLI. 
The speaker was asked to elaborate whether the 

collimation system needs to be upgraded to meet the HL-
LHC goals. The affirmative answer was supported by an 
illustration of the goals of the upgrade plans on several 
fronts: collimation efficiency, extended lifetime, 
operational efficiency, safe maintenance, compliance with 
new layouts. An important question mark left was 
whether collimating in the dispersion suppressor is really 
needed or not. Today IP2 seems more critical, followed 
by IP1 and IP5 and then IR3 and IR7. In any case a strong 
program for renovation and renewal of the existing 
system is needed in view of the higher intensity and 
integrated luminosity. The talk concluded with an 
illustration of the recent and past experiences, the staged 
plans for the upgrade, their associated benefits and an 
overview on promising new directions.  

Discussions 
R. Steinhagen asked to comment on how the long range 

beam-beam compensation wires can contribute to the 
collimation efficiency. L. Rossi commented that the long 
range effects, as often mentioned by W. Herr, may 
provide a good cleaning mechanism for the tails. 
S. Redaelli recalled that one operational problem comes 
from the fact that the mechanism is responsible for big 
spikes because occurs all of a sudden when the two beams 
are put in collision. R. Assman reminded that in the tails 
there are still MJoules of energy that poses concerns for 
machine protections. 

J. Wenninger reminded that BPM in collimator will be 
very useful also in the transfer lines for operational 
reasons. 

J. Jowet commented to mind that during ions runs there 
are several MGy/nb-1 of losses in the dispersion 
suppressor area of the insertions. 

NEW MAGNETS FOR THE IR: HOW FAR 
ARE WE FROM HL-LHC TARGET? 

G. SABBI. 
The speaker illustrated the past, present and future of 

the Nb3Sn development for the LHC triplet quadrupoles 
focusing on the aspects related to the steps from 
prototypes to technology demonstrators, the choice of the 
conductor from available cables to optimized solutions for 
accelerators and the impact on HL-LHC specifications of 
aperture and length. The excellent performance reached in 
prototypes and models, 170T/m at 4.2K in 120mm 
aperture, is already 40% better than the NbTi reach. Big 
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efforts are underway in the US-LARP collaboration to 
further improve these results and establish accelerator 
quality magnets. The conclusions called for a stronger 
integrated effort among the collaborating institutes and 
CERN. 

Discussions 
J-P. Koutchouk asked whether the conductor stress 

sensitivity poses constraints on the aperture 
specifications. G. Sabbi replied that this is not a hard limit 
and that 150mm apertures are possible with appropriate 
design choices, such as wider cables to distribute the coil 
stress over a larger surface. 

L. Rossi asked how much operating at 4.2K would 
compromise the performance. G. Sabbi replied that Nb3Sn 
performance is less sensitive than NbTi and changing the 
temperature from 1.9K to 4.2K drops the maximum 
gradient by about10%. L. Bottura added that, at constant 
temperature margin, the enthalpy margin is bigger at 4.2K 
with respect to 1.9K. 

S. Fartoukh asked what the status on field quality is, 
reminding that fractions of units are probably needed for 
the HL-LHC project. G. Sabbi replied that magnetic 
measurements performed on the latest 120 mm models 
indicate the geometric errors within a  few units, which is 
a good starting point. E. Todesco added that the current 
models incorporate design variations among different 
coils and  much better results can be expected during 
series production. The speaker also added that Nb3Sn 
technology suffers from persistent current and dynamic 
effects but they are less critical for the present 
application. L. Rossi reminded that also Nb3Sn does not 
suffer from snapback. 

J-P. Koutchouk asked to comment concerning the low 
field instability shown in some early prototypes. The 
speaker answered that the instability issue can be 
addressed by proper design choices and construction 
processes. 

CRAB CAVITIES: FROM VIRTUAL 
REALITY TO REAL REALITY? 

R. CALAGA 
The talk illustrated the status and plan for crab cavities 

with emphasis on the hardware prototyping activities. The 
speaker reminded the justification for their installation, 
the proposed specifications, the operating principle and 
the hardware solutions. Among the many possibilities 
investigated in the last three years, the R&D is now 
converging on three compact cavity designs that look all 
very promising. Both in the UK (Lancaster) and in the US 
(LARP thorough ODU-SLAC and BNL) are building real 
prototypes that are advancing well. The plan is to have 
cryogenic test in late spring both in Europe and the US. 

Discussions 
S. Fartoukh commented that 6MV per side per IP are 

not sufficient with the current optics and aperture 
constraints for full crab crossing with the present 

HL-LHC proposed parameters and suggested for a third 
module to be foreseen in the layout. E. Chapochnikova 
added that one has to check for the total impedance 
budget. 

L. Rossi asked whether operating at 4.2K is a viable 
option, but E. Jensen replied that 1.9K is much more 
preferable for many reason including microphonics.  

J. Wenninger wanted to remind that, as far as machine 
protection is concerned, the crab cavities are the most 
dangerous element after the beam dump. R. Calaga 
assured that the R&D program on these aspects has the 
top priority and in addition using multiple cavity modules 
mitigates dangerous effects. 

LHEC AND HE-LHC: ACCELERATOR 
LAYOUT AND CHALLENGES. 

F. ZIMMERMANN 
F. Zimmermann illustrated the layout, main accelerator-

physics and technology challenges, required LHC 
modifications, global schedules with decision points for 
the proposed new machines LHeC and HE-LHC. For the 
LHeC important decisions need to be made in the close 
future, in particular the choice between the ring-ring and 
linac-ring option, the choice of the IP for the e-p 
collisions, and a ramp up of pertinent R&D (e.g. SC RF 
development and ERL test facility). For the HE-LHC, the 
priority is to decide by 2016 whether to base the magnets 
on high temperature superconductors or stay with a lower 
field provided by Nb3Sn. The speaker also reviewed other 
machines based on the exploitation of the LHC tunnel: a 
Higgs-factory (LEP3) which could share the storage ring 
with the ring-ring LHeC, and for the long-distant future 
combinations of options like HL-HE-LHC, and an HE-
LHeC using CLIC technology for a 150 GeV straight 
energy recovery linac. 

Discussions 
R. Garoby commented that also a new longer tunnel 

could be a viable option compared to the cost of high field 
magnets. F. Zimmermann agreed, although he cautioned 
about geological constraints. L. Rossi commented that all 
costs scale with the accelerator length including, beside 
the tunnel itself and the main magnets, cryogenics, 
vacuum, beam diagnostics, etcetera, and that, therefore, it 
is not granted that a larger tunnel will cost less. 

 Concerning LEP3, F. Giannotti pointed out that the 
Higgs-Higgs coupling will be out of reach. M. Nessi 
recalled that detectors need 20 years to be constructed. F. 
Zimmermann replied that large parts of the existing 
ATLAS and CMS might conceivably be reused for the 
e+e- collisions. L. Rossi asked whether pipetron magnets 
could be used for LEP3 as well. F. Zimmermann replied 
that this is not necessary since a much smaller field of 
only 0.2 T would be needed. W. Sylvain asked whether 
the Hirata-Keil limit is a hard limit. H. Burkhardt 
commented that studies are possible to explore this limit. 
M. Mangano commented that high energy p-p collider 
does not need a strong physics case due to the exploratory 

Proceedings of Chamonix 2012 workshop on LHC Performance

36



nature of the investigation. F. Giannotti agreed on the 
general statement, but she suggested that at least some 
indication for physics to explore at the planned c.m. 
energy would be needed, as had been the case for the 
LHC the energy that had been decided based on 
fundamental reasons for new physics.  

 

ACCELERATOR MAGNET R&D IN THE 
PERSPECTIVE OF A LHEC AND A 

HE-LHC: SYNERGY OR COMPETITION? 
L. BOTTURA 

 
L. Bottura illustrated how the current R&D activities on 

accelerator magnets can contribute to the LHeC and the 
HE-LHC project. For the LHeC the magnets of the ring 
option present the challenges of low field, low mass, low 
cost magnets to be installed in the LHC tunnel while 
running an aggressive accelerator programme. Moreover 
the mechanics of fly-by half IR quadrupoles and the heat 
extraction are not trivial. For the HE-LHC, the focus was 
given not only to the 20T dipole but also to the 500T/m 
quadrupoles. As a general remark the competition with 
the scheduled LHC activities was stressed. 

Discussions 
S. Fartoukh asked whether single bore larger aperture 

dipole for p-pbar collisions can make the design of 
dipoles easier with respect to the twin apertures. 
L. Bottura replied that limitations are really related to the 
cold bore aperture, which is especially true when 
increasing the field and L. Rossi added that luminosity 
maybe limited by the pbar total intensity as in the 
Tevatron. 

E. Todesco reminded that field quality and beam 
dynamics are easier at 20T. L. Bottura wanted to stress 
that the first question is still whether the magnets can be 
built or not.  L. Rossi asked why NbTi was considered for 
the LHeC IR magnets (with high field). As discussed after 
the presentation, the values quoted are the envelope of the 
requirements for the IR quadrupoles, and should not be 
considered simultaneously. 

 

SC CAVITY R&D FOR LHEC AND 
HE-LHC. E. JENSEN 

E. Jensen placed the LHeC and HE-LHC SC RF needs 
in the general landscape of SC cavity R&D activities. 
Emphasis was given to the energy recovery linacs option 
for the LHeC, which represents a very exciting frontier 
for the SC accelerator cavity technology with synergies 
either with the 700 MHz (SLS, ESS, eRHIC, SPL) or the 
1.3 GHz (ILC, X-FEL) technologies. Beam stability 
requirements seem to favour the lower frequency. For the 
LHeC ring-ring option and HE-LHC, the RF requests are 
standard although any improvement carried out for the 
LHC (e.g. 800MHz cavities for bunch length 
manipulations) will have immediate benefit for the future 
projects. The HE-LHC RF system is essentially identical 
to the existing LHC RF system; the synchrotron radiation 
losses are still small, and the RF system requirements are 
dictated by beam stability. 

Discussions 
M. Jimenez commented that the NbCu coating program 

needs resources for infrastructure. L. Rossi added asking 
why CERN is pushing the copper coated technologies for 
the high gradient cavities, a road that has been abandoned 
by others (ILC and proton drivers) in favour of the bulk 
Nb. E. Jensen replied that CERN will gain a lot in 
restoring the leadership in a technology with promising 
potential reach and whose limits have not been asserted. 
R. Losito added that Nb on copper is a no-back 
technology, simply has not so developed and pursued as 
the bulk technology. 

CONCLUSION 
 
In summary there are no outstanding issues with the beam 
current and collimation system for the HL-LHC goals. 
The development of the key hardware elements for the 
HL-LHC is well in progress, although 10 years for R&D 
and construction is a relatively short time for a program 
that has to run in parallel with the LHC consolidation and 
many other interesting projects. The LHC tunnel 
demonstrates to be the cross-road for any foreseeable 
machine even beyond 2040, with many collaborating and 
or competing projects. 
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LHC 2011 OPERATION - AS VIEWED FROM THE EXPERIMENTS

M. Ferro-Luzzi, CERN, Geneva, Switzerland

Abstract

The 2011 LHC run is reviewed from the experiments’
perspective. The LHC achievements directly related to
physics production are summarized. This includes high lu-
minosity p-p and Pb-Pb running, special activities (such as
intermediate energy p-p physics, 90 m optics, luminosity
calibrations) and other experiments (for example satellite-
main bunch collisions in IP2, 25 ns stable beams tests, etc.).

INTRODUCTION

First, a brief review of the 2011 LHC run is presented,
with emphasis on physics operation. Second, the 2011 spe-
cial physics runs are reviewed. Lessons from the 2011 run,
as seen by the experiments, are discussed in the third sec-
tion, where some comments and suggestions for 2012 op-
eration are also made.

SUMMARY OF 2011 RUN

LHC operation started on February 21 and stopped on
December 7. There were five techical stops (TS), starting
on March 28, May 9, July 4, September 29, November 7.
Just before each TS (except TS1) there was a machine de-
velopment (MD) session. The LHC physics run can be di-
vided in several phases:

• Phase 1: Intensity ramped up to ∼ 200 bunches at
3.5 TeV/beam with 75 ns spacing and with optics
β∗ = 1.5/3/10 m in IP1&5 / IP8 / IP2, followed by an
intermediate energy run (1.38 TeV/beam) just before
the first technical stop (TS1).

• Phase 2: Switched to 50 ns spacing and ramped up the
intensity to ∼ 800 bunches by TS2.

• Phase 3: Continued ramping up the intensity, reaching
1380 bunches by TS3.

• Phase 4: Integrated luminosity with 1380 bunches un-
til TS4, while pushing down the transverse emittance
from ∼ 2.5 to ∼ 2 μm (deployment of 50 ns ‘double-
batch’ injection).

• Phase 5: Reduced β∗ = 1 m in IP1&5 and integrated
luminosity with 1380 bunches till TS5.

• Phase 6: Ion run (Pb-Pb) from TS5 to end of opera-
tion, with reduced β∗ = 1 m in IP2.

Tables 3 to 8 (at the end of this contribution) list all the
physics fills for these six phases. The state of the LHCb
dipole spectrometer and of the ALICE dipole and solenoid
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LHC 2011 PROTON RUN (3.5 TeV/beam)
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ATLA 5.63

C 5.71

LHCb 2 1.22

AL C 200 .

PRELIMINARY

Figure 1: Overview of the 2011 proton run. The top (bot-
tom) graph shows the evolution of the peak (integrated) lu-
minosity in the four interaction points.

spectrometers are indicated in the tables. The polarity (‘+’
or ‘−’) refers to the power converter polarity (‘0’ means
‘off’).

In order to facilitate operation with bunch trains, all IPs
were set up with an external (full) crossing angle from
the beginning: 240 μrad vertical (horizontal) in IP1 (IP5),
500 μrad horizontal in IP8, giving a net angle of 1040 μrad
(40 μrad) for the + (-) LHCb polarity, and ±160 μrad ver-
tical in IP2, giving a net angle of ±440 μrad.
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LHC 2011 Pb RUN (3.5 ZTeV/beam)
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LHC 2011 Pb RUN (3.5 ZTeV/beam)

TOTAL

ATLA 16

C 150
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PRELIMINARY

Figure 2: Overview of the 2011 Pb run. The top (bottom)
graph shows the evolution of the peak (integrated) luminos-
ity in the three interaction points.

Summaries of the peak and integrated luminosity as a
function of fill number are displayed in figures 1 (p-p)
and 2 (Pb-Pb). Other yearly summary plots are avail-
able at the LHC Programme Coordinations web site [1].
The peak proton luminosity achieved in IP1&5 was ∼
3.6 · 1033 cm−2s−1, while the luminosity was leveled at
IP2 and IP8 to the target value chosen by the ALICE
(0.5...2 · 1030 cm−2s−1) and LHCb experiments (2...3.5 ·
1032 cm−2s−1). Luminosity leveling was made by trans-
verse separation in the non-crossing plane. The total de-
livered luminosity was approximately 5.7 fb−1 in IP1&5,
1.2 fb−1 in IP8 and 4.9 pb−1 in IP2.

As in 2010, the LHC ion run benefited from the oper-
ational and commissioning experience of the proton run.
Ion operation started in MD4 and stopped on December 7.

The beam rigidity remained untouched (E = 3.5 ZTeV).
Only the IP2 squeeze was changed, going down from 10 m
to 1 m. The crossing angle in IP2 was chosen such as to
give the smallest possible net angle, in this case 60 μrad,
limited by the understanding of the aperture in IR2. The
TCTVB collimators in IR2 were opened enough to not cre-
ate any shadow on the ALICE ZDC during physics. The
LHCb dipole was switched off during the ion run. The
average bunch intensity varied between 0.6 and 1.2 · 10 10

charges (7.3...14.6 · 107 Pb ions) at the start of STABLE
BEAMS (for more details on LHC and injector perfor-
mance with Pb beams see reference [2]). The number of
bunches was rapidly increased to 358 with the newly im-
plemented 200 ns bunch spacing. The peak and integrated
luminosity were increased by a factor 16 relative to 2010.
The peak luminosity reached about 4.5 · 1026 cm−2s−1,
while the total delivered luminosity was about 160 μb−1

per IP.
As summarized in table 1, in total, the LHC operated

1565 hours in STABLE BEAMS (1361 hours with p and
204 hours with Pb), out of about 205 days of actual physics
operation (181 days of p and 24 days of Pb), i.e. not in-
cluding the main setup and scrubbing time. The ratio of
STABLE BEAMS time to scheduled physics time amounts
to about 31.8% on average (31.3% for p and 35.4% for
Pb). The 1361 hours of p physics include 35 hours spent
at 1.38 TeV/beam. Figure 3 shows the time spent in STA-
BLE BEAMS throughout 2011. Note that these numbers
include all special physics runs and their setup time (some
of which did not request STABLE BEAMS, e.g. some ro-
man pot physics).

Physics time in scheduled ratio
type STABLE physics

BEAMS time

Any 1565 h 4920 h 31.8%
p 1361 h 4344 h 31.3%
Pb 204 h 576 h 35.4%

Table 1: Summary of STABLE BEAMS and overall
physics times (includes all special physics).

These formidable achievements of LHC 2011 operation
have brought ATLAS and CMS on the verge of discover-
ing or excluding the Standard Model Higgs boson [ 3, 4].
Meanwhile, LHCb continued pushing down the limits on
the FCNC decay channel Bs → μμ [5]. LHCb also ob-
served an intriguing CP violating asymmetry in the charm
sector [6], not accounted for by state-of-the-art SM calcu-
lations. The 2012 run’s highest priority goal should be to
make these results unambiguous.

SPECIAL PHYSICS

Three main ‘special physics’ activities (i.e. activities
that were not directly related to luminosity integration at
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Figure 3: Time spent in stable beams throughout 2011. Left
scale is for the daily result (yellow bar chart), the right scale
is for the integrated result (blue curve).

3.5 TeV/beam) were planned and successfully carried out.
They are summarized here.

Van der Meer (VDM) scans:
Luminosity calibration experiments were performed in

different conditions:

• March 2011: p-p at 1.38 TeV/beam, β ∗ =
11/10/11/10 m (IP 1/2/5/8). All four experiments per-
formed VDM scans at this intermediate beam energy
during normal physics production fills.

• May 2011: p-p at 3.5 TeV/beam, 1.5/10/1.5/3 m. Due
to detector modifications, the 2010 ATLAS calibration
could not be ported to 2011 with full accuracy. In or-
der to recover the full precision, ATLAS requested an
early re-calibration. A dedicated fill for VDM scans
was inserted and all four experiments used it.

• June 2011: p-p at 3.5 TeV/beam, 1.5/10/1.5/3 m.
Scans were done during a normal physics production
fill by CMS only, as a verification of their May 2011
results.

• October 2011: p-p at 3.5 TeV/beam, 90/10/90/10 m.
Here, ALICE and LHCb took advantage of the injec-
tion optics (large β∗) to perform high precision lumi-
nosity calibration experiments in a dedicated fill. AT-
LAS scans were also planned, but unfortunately left
out in the end due to a premature beam dump.

• December 2011: Pb-Pb 3.5 ZTeV/beam, 1/1/1/3 m. A
re-calibration of the ion luminosity was performed in
ALICE, ATLAS and CMS, all during normal physics
production fills.

Length scale calibrations were performed during the same
fills or during standard physics production fills. The results
of these experiments and their consequences have been ad-
dressed in details at the 2012 LHC LUMI DAYS work-
shop [7]. Substantial improvements on the bunch current

normalization uncertainty were achieved which opened the
door to cross section measurements at the level of about
2%. We refer the reader to the proceedings of the LUMI
DAYS workshop for further information.

In total, approximately 30 h of dedicated machine-
available time (19 h of STABLE BEAMS time) was in-
vested in these luminosity calibration experiments, includ-
ing TCT setup/validation time and LHC turn-around time.

Intermediate energy run:
The request to plan an early p-p run at the equivalent

heavy-ion energy per nucleon (thus 1.38 TeV/beam) was
expressed by ALICE and recommended by the LHCC [8].
The LHCC stressed the importance of scheduling a run “as
early as convenient in order to ensure a speedy analysis
and publication of the heavy-ion results”. ALICE and the
LHCC stressed that without such a reference run, the ion
results would be hampered by large systematic errors from
the energy interpolation. The run was inserted just before
TS1. The external angle was set to zero at all IPs and ade-
quate filling schemes were devised with 525 ns spacing and
with about 80 high-intensity bunches of ∼ 1011p each. The
luminosity per bunch was in the order of 5·1028cm−2s−1 at
the start of fill. After a few initial difficulties with setting up
the machine, successful and stable operation was achieved
(increasing the transverse emittance was a key change), in
time to deliver a total of 34.3h of STABLE BEAMS time
just before the start of TS1. This fully satisfied the AL-
ICE request. The total machine-available time invested was
about 3.5 days (∼ 90 h).

Roman pots and 90 m optics:
The Roman Pot (RP) detectors are designed principally

for special physics runs at low luminosity. For this scope,
special LHC optics were developed and needed to be com-
missioned in order to achieve β∗ ≈ 90 m at IP1 and IP5
(while keeping 10 m at IP2 and IP8). The RPs were also
commissioned and tested in stages prior to their use in the
dedicated 90 m fills. In 2011, 24 TOTEM RPs (4 V and
2 H on each side of the IP, at 220 m and 147 m) and 8
ALFA/ATLAS V-RPs were available for use (H stands for
horizontal motion, V for vertical motion).

Interlock tests of TOTEM/ALFA pots without beam
were required and were carried out on 14 Apr [ 9] at the
cost of about 2 h of machine-available time. Mid-May
2011, RP beam-based alignment exercises with squeezed
optics were performed with one 8 · 1010p bunch and nine
probes of 1 ·1010p. After some initial hiccups, eight ALFA
RPs (45 min/pot) and twelve TOTEM H-RPs (30 min/pot)
were aligned, working on the two rings simultaneously (fill
1788) [10]. A short period of (∼ 3 h) data-taking with the
TOTEM V-RPs at ∼ 5σnom, H-RPs at ∼ 7σnom and the
ALFA RPs at ∼ 14σnom was allowed (in ADJUST mode).
Subsequently, these RPs were brought to ‘nominal’ set-
tings for squeezed physics optics (V at ∼ 14σnom and H
at ∼ 17σnom) and the positions were validated with loss
maps. This enabled routine operation of the pots at these
‘nominal’ positions during ulterior squeezed physics fills.
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In total, approximately 27 h of machine-available time
was used, including the various operational hiccups (3 un-
wanted dumps caused by ‘forgotten’ interlocks). With-
out the hiccups, this would have amounted to about 16 h.
The amount of time spent with the RPs moved in during
squeezed physics was 6 hours (3 h during the alignment fill
and 3 h on 13 Oct).

Note that the validity of these squeezed optics RP set-
tings needed to be extended during the regular loss maps
throughout the year (simply by including the RPs in the
loss maps).

The 90 m optics were first tested in ‘dry’ runs. Then,
a first study with beam was performed in MD1 (one 8 h
shift) [11]. The test was successful and demonstrated the
feasibility of these optics. First global optics measurements
were made with the AC dipole. Later studies had to be
taken from physics time.

A second study was performed on Jun 28, just before
MD2 with two low-intensity bunches per beam [12]. The
main points in this study were the introduction of parallel
separation bumps to allow for collisions and the introduc-
tion of optics corrections based on the first study. The test
was partly successful. The optics corrections established in
the first study were applied and tested locally by measur-
ing β∗ with K-modulation. Unfortunately, the AC dipole
was not working, which precluded new global optics mea-
surements. Collisions were established and measured. The
220 m TOTEM RPs and the 8 ALFA RPs were moved in
to about 10σnom and the experiments collected each 100
to 150 thousand triggers (the raw inelastic rate was about
∼ 50 Hz, the elastic ∼ 10 Hz). Data were taken for only
about one hour, but their excellent quality allowed already
the first measurement of the total p-p cross-section at LHC
using the Optical Theorem [13]. The cost of this study was
about 10 h of machine-available time.

A third study was carried out on Tue 23 Aug. Time was
lost at injection due to the mixing of high and low inten-
sity bunches in the ring (bad readings of the BPMs near
threshold). This was known and documented by BE-BI
since MD2, but escaped our attention. The low-intensity
bunches must be well below the threshold (which is around
2 · 1010 p). In the end, three 7 · 1010 p bunches per beam
were used, the first two with ∼ 3 μm emittance, the third
with reduced emittance (screen removed at SPS). One ramp
was dumped by the inadequate reboot of a front-end card.
A second ramp worked, but the defocusing caused a dump
(at around 30 m) due to an non-smooth incorporation of
settings from the last test, which could have been avoided
by an emulation. The third ramp made it all the way to
90 m and collisions. In one hour the TCTs were aligned in
IP1, IP5 and IP8. Then, in three hours all 220 m TOTEM
V-RPs were aligned. Unfortunately the beams were pre-
maturely dumped by a warm compensator trip. The ALFA
RPs could not be aligned due to an issue with a PXI. This
whole study costed about 20 h of machine-available time.

A fourth study took place between 7:00 on Sep 30 to
7:30 on Oct 1 (gracefully stopped by a VIP visit). A first

ramp was dumped after defocusing due to a faulty TCT at
IP5. A second ramp was lost due to an LVDT interlock
limit on an ALFA RP. Priority was then given to the op-
tics measurements. A first ramp with three low-intensity
bunches was lost due to a magnet trip, a second one due to
a UPS trip in UJ56.

Finally, a fifth study was performed from 9:30 on Oct 18
to 22:30 Oct 20. After a laborious start at injection plateau,
a first ramp was achieved (2227) with two high-intensity
and twelve low-intensity bunches. Beam-based alignment
was completed: all ALFA and all 220 m TOTEM RPs were
aligned. Data-taking was attempted, but given the poor
beam conditions it was decided to perform loss maps and
refill. A second ramp for beta-beat and K-modulation mea-
surements was made (2228). A third ramp (2229) was lost
due to an LBDS self-trigger. In a fourth attempt (2230) the
beams were lost due to a power converter trip in Point 4,
when reaching 4σnom with the primary collimators. The
fifth attempt (2231) was dumped by an SIS limit in the de-
focusing (a forgotten adaptation of SIS limits for the or-
bit correctors). The sixth and last attempt (2232) was suc-
cessful. Two medium-intensity (6 · 1010p) and twelve low-
intensity (8·109p) bunches were used. Several hours of data
taking (in ADJUST) were used, with the RPs and collima-
tors in different positions. Multistage cleaning was tried
(TCS-V & TCLA-V in Point 7 and on ring 1) and seemed
to give a reduction of the background seen by TOTEM.
The reduction was possibly due (also ?) to the fact that
one secondary collimator was inadvertently moved closer
to the beam (thus scraping the beam) and then retracted. In
the end, the following positions were reached (approximate
values): V TCPs to 4.6σnom, V TCSs to 5.2σnom, TOTEM
V-RPs to 4.8σnom ALFA RPs to 6σnom. For this last study,
about 63 h of machine-available time were used.

In total, the machine-available time invested in RP activ-
ities and 90 m physics was of the order of 140 h.

Assuming a machine availability of about 60%, 140 h
correspond to about 5.5 % of the total machine-available
time in the 2011 p run. The other activities, namely the
E = 1.38 TeV run and the VDM scans, used respectively
90 h and 30 h, i.e. 3.5% and 1.2%. The sum of the three
activities amounted to about 10%.

In addition to these, one should add that two shifts (about
16 h) of machine-available time were invested in two high
pile-up tests (requested by ATLAS and CMS), one shift as
an MD (fill 2201) and one shift taken from physics time
(fill 2252), and one shift of machine-available time was in-
vested in a 25 ns test (fill 2186) as requested by all four
large experiments.

An overview of the yearly break down of the 2011 LHC
run is shown in table 2.

2011 LESSONS

Modus operandi, schedule:
In 2011, MD’s were introduced as 5-day blocks, planned

just before each TS (except before TS1, when the interme-
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ACTIVITY SCHEDULED CALENDAR DAYS
As presented LHC Actually Notes

in ref. [14] and schedule scheduled
LHC schedule v1.0 v3.2

TS days ∼ 24 23 23
TS recovery ∼ 6 5 5
MD days ∼ 20 20 22
Set up / commission protons 20 - 30 21 24 (a)
Scrubbing run ∼ 10 10 7
p intensity ramp up (to ∼ 900 bunches) 30 - 40 30

75 ns, to 200b 10
50 ns, to 912b 20

Post-TS intensity recoveries (ramp-up) 11 (b)
‘High luminosity physics’ 144 - 124 121

p intensity ramp up (50 ns, to 1380 bunches) 35
1380b physics 86

Other physics ∼ 10 19
RP + 90 m 9.7 (c)
E=1.38 TeV 6.3 (c)
VDM 2 (c)
High Pile-Up & 25 ns 1 (c)

All proton physics 184 - 174 183 181

Total proton run 264 262 262 (d)

Set up ions 4 4
Ion physics 24 24

Total ion run 34 28 28 (d)

Total days 295 290 290

Table 2: Break down of 2011 run (21 Feb - 7 Dec). Number of days are approximate and include the
machine non-availability, which is inhomogeneously spread over the different activities.
(a) Includes 2 days set up time of β∗ = 1 m (after TS4) and 1 day for ALICE polarity reversal.
(b) A ramp-up of intensity (nr. of bunches) to reach a previously achieved intensity.
(c) Machine-available time converted to calendar days with an assumed machine availability of 60%.
(d) All Technical Stops (TS) and machine developments (MD) were arbitrarily counted in the proton run.

diate energy run took place). Two extra ‘floating’ days of
MD were introduced in p operation and an 8 h quench test
for ion collimation was added in the last week of operation.
Overall, this new modus operandi worked well.

Scheduling of special physics could be improved by re-
ducing the number of blocks of such activities (perhaps two
blocks of a few days per year ?). This could reduce the im-
pact on operational efficiency.

The reduction of the number of TS (to five), with-
out much reduction of the total number of TS days (23),
worked well. The draft 2012 schedule foresees to explore
this even further with four TS (total of 20 days). The im-
pact of TS’s in 2011 is discussed in reference [15].

Overal LHC efficiency in physics:

Phase 4 was entirely focused on luminosity production
and is therefore representative of a long period of time
without interference from special activities. If we define

H (the ‘Hübner factor’) as

H =

∫
L(t) dt

Tphysics Lpeak (1)

and apply it to phase 4 (φ4) with the average peak luminos-
ity at IP1&5 〈Lpeak,φ4〉 ≈ 1.8 ·1033cm−2s−1 one finds the
factor (for IP&5)

Hφ4 ≈ 1.4 fb−1

45 days · 1.8 · 1033cm−2s−1
= 0.2 . (2)

Out of the 45 days (1080 hours), there were 307 hours of
STABLE BEAMS (∼ 28% of the actual time). The rest,
i.e the ratio 0.2/0.28 ≈ 0.7, is to be attributed to lumi-
nosity decay (and to the low luminosity fills of the post-TS
intensity ramp-up).

A more detailed analysis of LHC operation and perfor-
mance can be found in reference [16].
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Increasing stored beam energy:
The increase of beam intensity (stored energy) in the

LHC machine to 1380 bunches (about 100 MJ) was car-
ried out in 3.5 months, following a strict procedure (at least
3 fills with at least 20 h of STABLE BEAMS per step, and
in steps of 144 bunches). After that, a fast ramp-up proce-
dure was used when recovering from a TS: about 4 steps of
each one fill with incremental stored energy. For 2012, it is
important to realize that the achievements of the previous
year (2011) will stress even more the need for a fast ini-
tial ramp-up. Given that the changes will be less significant
(compared to the changes between 2010 and 2011), a faster
ramp-up after recommissioning seems possible, for exam-
ple using the model of the 2011 post-TS ramp-up. If no
new difficulties are encountered, full beam intensity (1380
bunches) could be available after a few days of physics op-
eration. Clearly, vigilance (i.e. monitoring) must remain
the motto for machine protection in 2012.

If dynamic vacuum issues are expected (due to interven-
tions during the winter stop), it seems adequate to schedule
a scrubbing run before starting high luminosity physics op-
eration.

Luminosity production filling schemes:
The LHC currently hosts many experiments with diverse

requirements on beam conditions. Filling the LHC in such
a way that all experiments are adequately served is a chal-
lenge. For 2011, 50 ns operation was the workhorse. A
scheme was devised for maximum number bunches fulfill-
ing the following requests or requirements (in decreasing
priority):

1. Last injectable bucket = 31181. This injection protec-
tion requirement comes from the Abort Gap Keeper
(AGK) system.

2. Keep a space of at least 370 buckets (925 ns) between
the last already filled bucket and the bucket assigned
to the first bunch of the to-be-injected batch (injection
protection requirement).

3. Always start with a pilot, then with a 12b train, then
continue with ‘physics’ batches (injection protection
requirement).

4. Maximize the number of colliding pairs at IP1&5 (but
see 6 below) and at IP8 (which is longitudinally dis-
placed!).

5. Accommodate enough collisions to satisfy the ALICE
luminosity request, while minimizing the impact on
IP1&5 and IP8.

6. Include at least one non-colliding bunch (per beam)
with a ‘sufficiently long’ collision-free period before
the arrival of this non-colliding bunch (ATLAS and
CMS request). The length of the quiet space depends
on the crossing angle and the possible presence of
ghost bunches. A space of 150 ns was found adequate

and well matched to the maximization of the number
of colliding pairs at IP8.

A first 1380b scheme1 was devised that included main
bunch collisions (‘main-main’) in IP2, which required
transversely separating the beams at IP2 to keep the pile-
up and luminosity at acceptable levels. Later in the year,
after proving that ‘satellite-main’ collisions provided a vi-
able solution, a second scheme2 was devised which avoided
main-main collisions at IP2 (see below). For this scheme, a
gap of 250 ns between PS trains is used in the SPS (instead
of 225 ns). This, combined with the requirement of the
AGK, precludes keeping the pilot bunch (it must be ‘over-
injected’). In order to keep it, the AGK limit should be
raised to at least 31191 (which might be possible).

Many other schemes were produced for the intensity
ramp-up, for special physics run, for the ion run, etc.
These can all be found in the LHC Injection Scheme
Display (a java/web application from BE-OP) or at the
http://cern.ch/lpc web site (under ‘Filling schemes’).

Injection:
Injection of batches with more than 1.5 MJ (144 bunches

of 1.5 ·1011p at 450 GeV) became routine in the summer of
2011, which was an important achievement. Nevertheless,
much of the turn-around time is still spent at injection (typ-
ically 2 hours) [17]. Dedicated LHC filling was generally
not used. On average, the used SPS supercycle allowed one
to inject every 40-45 seconds, while the design goal is to
achieve one injection every 21 s and an LHC filling time of
about 15 minutes [18]. This loss of machine-available time
integrates over all fill attempts (not only to the fraction of
fills which makes it into STABLE BEAMS).

The use of a permanent intermediate intensity batch
(∼ 1012p or less) is still mandatory which affects the max-
imum possible number of collisions (1380 vs 1404). The
Abort Gap Keeper (AGK) window length was set to pre-
vent any injection of the first bunch of a batch beyond RF
bucket 31181. If this could be pushed back by 10 buckets,
it would allow keeping the pilot bunch in the scheme with
satellite-main collisions in IP2.

Spectrometers, polarity reversals:
In the 2011 proton run the LHCb dipole polarity was re-

versed 11 times. One reversal was made on request of the
LHC as the ‘-’ polarity had been hypothesized to be the
source of an LHC performance degradation (around end
of July). The suspicion was on the long-range collisions
of the 12-bunch batches in IR8 with a small net crossing
angle. This turned out not to be related to any LHC issue.
The LHCb reversal had little impact on LHC operation, ow-
ing to the fact that LHCb has a single spectrometer magnet
and used a fixed external angle. This latter feature turned
out to be inconvenient from the physics point of view (two
drastically different net angles). For 2012, operation with
a vertical external crossing angle has been proposed [19]
and should be explored, as it would bring benefits to LHCb

150ns 1380b+1small 1318 39 1296 144bpi13inj.
250ns 1380b 1331 0 1320 144bpi12inj.
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physics (identical net angle amplitude for the two polari-
ties, with the center-of-mass boost being just mirrored in
the vertical plane).

The ALICE dipole and solenoid polarities were reversed
once in the p run. The ALICE reversals involve two mag-
nets and a changing external angle (when present) which
required more effort (compared to IP8). The solenoid in-
troduces a trajectory change in the horizontal plane which
is not compensated by dedicated magnets (contrary to the
dipole spectrometer fields). The crossing angle bump in-
cludes injection protection devices (TDI), which need to be
re-aligned and checked when reversing the external angle.
The single change in IP2 was done around September 4-7
and costed approximately 18 h of machine-available time
(plus some hours to understand an issue with the TCLI). In
detail, the time was invested in

• 4h at injection to check/correct the orbits before and
after the reversal,

• 7h at injection for IR2 TDI/TCLI alignment and vali-
dation,

• 1h at injection for IR2 TCTs alignment/validation,

• 5h to bring the beams to flat top, check the orbits, align
the IR2 TCTs at flat top and after the optics squeeze.

• 1h to do betatron loss maps in collisions and one off-
momentum loss map, followed by a ramp-down.

For the Pb run, a trick was developed to switch the exter-
nal angle on the fly after squeezing (see fill 2319). This
avoided the need to re-align the injection protection de-
vices. Therefore, the ALICE polarity could be reversed
at a smaller beam time cost. First considerations indicate
that this trick cannot be applied to p operation at 50 ns. A
second, closer look might be useful.

In addition, ALICE, ATLAS, CMS and LHCb requested
‘field off’ collisions (see tables 3 to 8). In field 2204, a
test with a reduced ALICE solenoid field was attempted
(∼ 40% of nominal field), which resulted in enhanced
background rates probably due to insufficiently scrubbed
areas (scrubbing was suppressed by the continuous pres-
ence of the B field).

Luminosity scans and leveling:
In early 2011, a new mode of operation, called ‘luminos-

ity leveling’ was developed and deployed. Automatic lumi-
nosity leveling by transverse separation in the non-crossing
plane was tested at the end of fill 1711 and again during fill
1712 (in IP8). Later the same method was deployed for
IP2.

For IP8, the leveling separation was typically in the
range of 0 to 2 σbeam (σbeam is the average beam trans-
verse size at the IP). For IP2, in the range of 2 to 4 σbeam

(0 to 2 σbeam) when colliding main bunches on main (satel-
lite) bunches.

Operation with separation-based luminosity leveling
proved to be very effective and was crucial to reach (and

even exceed) the 1 fb−1 integrated luminosity in IP8. No
issue with this method of luminosity leveling has been ob-
served throughout 2011.

Note that, in 2012, inclined crossing might be used in
IP8, which will require an upgrade of the leveling applica-
tion (now limited to the H or V plane).

The Luminosity Scan application was again extensively
used for luminosity optimization for physics, for VDM
scans, for IP steering, for length scale calibrations, etc.
Some of these use cases required extensive manual actions.
A proposal for an upgrade (more flexible) application for
such IP trim sequences has been written down [20].

Offline data from the experiments:
Offline data on luminosity and luminous region imaging

were stored as compressed text files in a dedicated storage
space on AFS [21]. For 2012, it is recommended to up-
grade this facility to a more professional and more easily
maintainable infrastructure. A functional specification has
been written [22].

Satellite-main collisions in IP2 (ALICE):
In order to satisfy the low pile-up requirements of AL-

ICE and, at the same time, reduce the number of main
bunch collisions taken away from IP1, 5 and 8, it was
proposed to use main-satellite collisions at IP2. Normal
50 ns fills exhibited a small (yet visible) satellite distribu-
tion with a 5 ns spacing (every second LHC RF bucket).
In a first step, the spontaneous satellites at 25 ns from the
main bunches were made to collide with a main bunch at
IP2. In this filling scheme, no main-main collision occurred
at IP2 and the transverse separation could be switched off.
First tests of this idea were carried out in fill 1787 and in
the summer (August, fills 1844 to 1961), however in sub-
optimal conditions. The achieved luminosity was just about
too small to satisfy the ALICE request. The luminosity
could have been increased by squeezing in IP2, though at a
considerable cost in setup time. Instead of that, an RF trick3

in the PS was developed to enhance the 25 ns satellites
without further degrading the global distribution of satel-
lites in other buckets. In this way, the relevant satellite pop-
ulation could be adjusted manually to a few percent of the
main bunch population. This trick was successfully applied
to fill the LHC in fills 2261, 2266 and 2267. The ALICE
luminosity could be tuned at will up to ∼ 8 ·1030cm−2s−1,
without any risk of suddenly blasting the ALICE detector
with head-on main-main collisions.

Figures 4 and 5 show the population of the 25 ns satel-
lites relative to the main bunches for fills 2219 and 2222
(both with spontaneous satellites), measured with the LHC
Longitudinal Density Monitors. The measurements were
taken 10 minutes after reaching the flat top energy. The
figures 6, 7 and 8 show the same for the fills 2261, 2266
and 2267 (which had enhanced satellites). The compari-
son clearly shows the success of the satellite enhancement.
Figure 9 shows the full longitudinal distribution within

3Many thanks to Steve Hancock for the impressive work on this sub-
ject, and to Thomas Weiler for the associated SPS adjustments and checks.

Proceedings of Chamonix 2012 workshop on LHC Performance

44



500

400

300

200

100

0

N
um

be
r 

of
 b

un
ch

es

7x10
-3

654321
Population of 25 ns satellite as proportion of main bunch

Mean 0.0013724
Sdev 0.0007159

400

300

200

100

0

N
um

be
r 

of
 b

un
ch

es

10x10
-3

8642
Population of 25 ns satellite as proportion of main bunch

Mean 0.0026726
Sdev 0.00089309

Figure 4: Population of the 25 ns satellites relative to
the 50 ns nominally filled bucket populations for fill 2219
(spontaneous satellites). Top: beam1, bottom: beam2.
Courtesy of Adam Jeff.

400

300

200

100

0

N
um

be
r 

of
 b

un
ch

es

10x10
-3

8642
Population of 25 ns satellite as proportion of main bunch

Mean 0.0019775
Sdev 0.0012249

400

300

200

100

0

N
um

be
r 

of
 b

un
ch

es

12x10
-3

108642
Population of 25 ns satellite as proportion of main bunch

Mean 0.0031053
Sdev 0.0011751

Figure 5: Population of the 25 ns satellites relative to
the 50 ns nominally filled bucket populations for fill 2222
(spontaneous satellites). Top: beam1, bottom: beam2.
Courtesy of Adam Jeff.
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Figure 6: Population of the 25 ns satellites relative to the
50 ns nominally filled bucket populations for fill 2261 (en-
hanced satellites). Top: beam1, bottom: beam2. Courtesy
of Adam Jeff.
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Figure 7: Population of the 25 ns satellites relative to the
50 ns nominally filled bucket populations for fill 2266 (en-
hanced satellites). Top: beam1, bottom: beam2. Courtesy
of Adam Jeff.
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Figure 8: Population of the 25 ns satellites relative to the
50 ns nominally filled bucket populations for fill 2267 (en-
hanced satellites). Top: beam1, bottom: beam2. Courtesy
of Adam Jeff.

[−12.5, + 37.5] ns of a nominally filled slot, averaged
over all filled slots.

In general, this test was a success. The conditions for
ALICE were improved (less pile-up, no risk of excessive
luminosity, reduced separation), and the number of col-
lisions at IP1&5 and IP8 was increased by 1% and 2%
respectively. This type of operation also requires 250 ns
gaps between PS trains in the SPS, instead of the tighter
(and more demanding) 225 ns gaps for the standard filling
scheme used previously. A more detailed analysis by AL-
ICE can be found in reference [23].

For 2012 operation, ALICE prefers to choose the cor-
rect β∗ squeeze such as to not need the enhancement of the
25 ns satellites. The trick of satellite-main collisions could
perhaps also be used to satisfy an ATLAS/CMS request of
low pile-up data (depending on the amount of data needed).

Finally, the production of controlled (enhanced) 25 ns
satellites in the PS was demonstrated and could poten-
tially become useful if, for example, the high luminosity
LHC upgrade branches off on the 50 ns spacing. In this
case, beam-beam effects could complicate LHC operation
with IP1, IP5 and IP8. Given the upgrade luminosity re-
quirements of LHCb (2 ·1033cm−2s−1), one could perhaps
escape the beam-beam issues by producing satellite-main
collisions in IP8.

Vacuum and background issues:
Several vacuum and background issues were observed

throughout 2011. All vacuum pressure rises were due to
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Figure 9: Longitudinal charge distribution within
[−12.5, +37.5] ns of a nominally filled slot, averaged over
all filled slots, for fills 2219 and 2222 (spontaneous satel-
lites) and fills 2261, 2266 and 2267 (enhanced satellites).
Top: beam1, bottom: beam2 (2266 missing). Courtesy of
Adam Jeff.

dynamic effects (beam related). Large pressure increases
were observed in the vicinity of the D1 magnets and TDIs
(IR2 and IR8), and at 18 m right of IP5. Data taking in
ALICE and CMS was occasionally hampered by beam-gas
background from such pressure rises. See reference [ 24]
for more details on the vacuum pressure observations.

25 ns test:
On 7 October fill 2186, with 25 ns spacing, was brought

to physics conditions (STABLE BEAMS). A filling scheme
with 60 bunches (12+24+24) was used. The bunch intensi-
ties were around 1.1 · 1011, with ∼ 3 μm emittance. The
experiments are still evaluating the data, but no major issue
was observed online.

High pile-up tests:
On ATLAS and CMS request, two high pile-up fills were

scheduled. In fill 2201, a scheme with a single main bunch
colliding in IP1 and IP5 was prepared. A pile-up of about
31 was reached, if one assumes an inelastic cross section of
73.5 mb (bunch pair luminosity of about 4.7·10 30 cm−2s−1

at the start of fill). A second high pile-up test was per-
formed in fill 2252 (following the 25 ns scrubbing MD and
taking advantage of the 1 m squeeze) with 10 main bunches
per beam (Single 11b+1small 10 1 1 HighPileUp). This
time, a pile-up of almost 35 was obtained (the luminosi-
ties per bunch varied between 4.4 and 5.3 · 1030 cm−2s−1
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at the start of fill). The experiments concluded from this
test that physics data can be acquired at such high pile-up,
though some slight degradation of various physics quan-
tities becomes visible and should be studied further (such
as the combinatoric background affecting photon identifi-
cation efficiency, or a degradation of vertex reconstruction
due to pile-up) [25].

CONCLUSION

Cooperation between machine and experiments was
again very constructive. The LHC produced pp physics
collisions at

√
s = 7 TeV with a peak luminosity reaching

about 3.6 · 1033 cm−2s−1 and delivering more integrated
luminosity than expected (∼ 5.7 fb−1 in IP1&5, 1.2 fb−1

in IP8).
Thanks to this excellent LHC performance, ATLAS and

CMS came close to discover or exclude the SM Higgs bo-
son, while increasing further the pressure on supersymmet-
ric models. LHCb was able to set unprecedented limits on
the branching ratio of Bs → μμ and to observe an intrigu-
ing CP violating asymmetry in charm decay.

An intermediate energy pp run was successfully carried
out to complement the heavy ion physics data. Further-
more, an impressive 16-fold increase in peak and integrated
luminosity with Pb beams was realized (4.5·1026 cm−2s−1

and about 160 μb−1 per IP). ALICE, ATLAS and CMS
produced a wealth of new heavy ion physics results that
will sharpen the understanding of the quark-gluon plasma.

A first TOTEM measurement of the total pp cross section
was realized and more diffractive physics results obtained
with Roman Pots (TOTEM and ALFA/ATLAS).

Luminosity calibration measurements with van der Meer
scans and beam-gas imaging were further improved, to the
point that cross sections could be measured with about 2%
accuracy.

A detailed list of facts, observations and suggestions for
possible improvements was presented.

ACKNOWLEDGEMENTS

I would like to express my gratitude to all the people
in the CERN machine departments, LHC experiments and
CERN management for their support and collaboration,
and for making my six years of LHC Programme Coor-
dination a delight. I wish at least as much pleasure to the
new LHC Programme Coordinator, Benedetto Gorini, and
his deputy, Emilio Meschi.

Special thanks to
- Colin Barschel for his help in organizing the data ex-

change with the experiments and for his excellent work on
the DCCT calibration studies,

- Delphine Jacquet, Giulia Papotti and Werner Herr for
not complaining about the more than 65 physics filling
schemes,

- the LHC and Injector Complex Operators, Engineers
in Charge, Machine Coordinators, rMPP members and the

many LPC contact persons for their kind patience with me
(I would name you all explicitly, were I not afraid of for-
getting one name),

- the BCNWG members (in particular Jean-Jacques
Gras) and all luminosity calibration addicts for the inter-
esting discussions,

- Helmut Burkhardt for looking after many aspects of the
high β∗ optics, VDM scans and background-related issues.

REFERENCES

[1] https://cern.ch/lpc and links therein.

[2] “Ions in 2012”, J. Jowett, and “Plans for ions in the injector
complex”, D. Mangluki, contributions to these proceedings.

[3] “Combined search for the Standard Model Higgs boson us-
ing up to 4.9fb−1 of pp collision data at

√
s = 7 TeV

with the ATLAS detector at the LHC”, ATLAS Collabora-
tion, arXiv:1202.1408v2 [hep-ex].

[4] “Combined results of searches for the standard model Higgs
boson in pp collisions at

√
s = 7 TeV”, CMS Collaboration,

arXiv:1202.1488v1 [hep-ex].

[5] “Search for the rare decays B0
s → µ+µ− and B0 → µ+µ−,

the LHCb Collaboration, Phys. Lett. B 699 (2011) 330-340,
arXiv:1103.2465v2 [hep-ex]; ibid., to be published in Phys.
Lett. B, arXiv:1112.1600v3 [hep-ex].

[6] “Evidence for CP violation in time-integrated D0

→ hh+ decay rates”, the LHCb Collaboration,
arXiv:1112.0938v1 [hep-ex].

[7] 2012 LHC LUMI DAYS Workshop, 29 Feb - 1 Mar 2012,
CERN, see
http://cdsweb.cern.ch/record/1401783?ln=en.

[8] Minutes of the 104th Large Hadron Collider Committee,
CERN/LHCC 2010-018, LHCC 104, 18 November 2010.

[9] “The TOTEM Interlock Logic in 2011: Specification and Test
Results ”, M. Deile et al., CERN EDMS Nr. 1141699.

[10] “Position Settings and Limits for the Roman Pots of
TOTEM (RP 220 Station) and ALFA in 2011”, M. Deile et
al., CERN EDMS Nr. 1146722.

[11] “Un-squeeze to 90m”, H. Burkhardt et al.,
CERN-ATS-Note-2011-032 MD, May 2011,
http://cdsweb.cern.ch/record/1353514.

[12] “90 m optics commissioning”, S. Cavalier et al., in
Proc. of the 2nd International Particle Accelerator Confer-
ence (IPAC 2011), San Sebastian, Spain, 4-9 Sep 2011,
http://cdsweb.cern.ch/record/1382027.

[13] “First measurement of the total proton-proton cross-section
at the LHC energy of

√
s = 7 TeV”, The Totem Collabora-

tion, (G. Antchev et al.9, EPL 96 (2011) 21002.

[14] M. Meddahi in proc. of the Chamonix 2011 Workshop on
LHC Performance, Chamonix, France, 24 - 28 Jan 2011,
pp.286-290.

[15] “Input from Evian”, M. Lamont, contribution to these pro-
ceedings.

[16] “2011 availability analysis”, A. Macpherson, contribution to
these proceedings. See also ‘Performance Reach in the LHC
for 2012 ”, G. Arduini, contribution to these proceedings.

Proceedings of Chamonix 2012 workshop on LHC Performance

47



[17] “Turn-around improvements”, S. Redaelli, contribution to
these proceedings.

[18] ‘The Nominal Operational Cycle of the LHC with Beam”,
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Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

1613 Sun 13.03 18:05 Mon 14.03 01:09 3.5 Single 3b 2 2 2 wp + -/- 1.5 / 10 / 1.5 / 3
1615 Mon 14.03 05:13 Mon 14.03 07:21 3.5 Single 3b 2 2 2 wp + -/- 1.5 / 10 / 1.5 / 3
1616 Mon 14.03 10:40 Mon 14.03 15:57 3.5 Single 3b 2 2 2 wp + -/- 1.5 / 10 / 1.5 / 3
1617 Tue 15.03 01:59 Tue 15.03 04:54 3.5 Single 3b 2 2 2 wp + -/- 1.5 / 10 / 1.5 / 3
1622 Wed 16.03 02:09 Wed 16.03 08:30 3.5 Single 3b 2 2 2 wp + -/- 1.5 / 10 / 1.5 / 3
1634∗ Fri 18.03 15:05 Fri 18.03 21:05 3.5 75ns 32b+4small 34 26 28 8bpi8inj + -/- 1.5 / 10 / 1.5 / 3
1635∗ Fri 18.03 23:30 Fri 18.03 23:35 3.5 75ns 32b+4small 34 26 28 8bpi8inj + -/- 1.5 / 10 / 1.5 / 3
1636∗ Sat 19.03 04:37 Sat 19.03 10:37 3.5 75ns 32b+4small 34 26 28 8bpi8inj + -/- 1.5 / 10 / 1.5 / 3
1637∗ Sat 19.03 13:18 Sat 19.03 20:00 3.5 75ns 64b+4small 66 52 56 8bpi12inj + -/- 1.5 / 10 / 1.5 / 3
1638∗ Sat 19.03 22:44 Sun 20.03 05:50 3.5 75ns 64b+4small 66 52 56 8bpi12inj + -/- 1.5 / 10 / 1.5 / 3
1639∗ Sun 20.03 11:41 Sun 20.03 18:01 3.5 75ns 64b+4small 66 52 56 8bpi12inj + -/- 1.5 / 10 / 1.5 / 3
1640∗ Sun 20.03 21:31 Mon 21.03 06:05 3.5 75ns 136b+4small 138 102 105 24bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1642† Mon 21.03 15:13 Mon 21.03 21:46 3.5 75ns 136b+4small 138 102 105 24bpi11inj 0 0/0 1.5 / 10 / 1.5 / 3
1644† Tue 22.03 12:11 Tue 22.03 18:08 3.5 75ns 136b+4small 138 102 105 24bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1645 Tue 22.03 21:15 Wed 23.03 06:12 3.5 75ns 200b 194 178 188 24bpi9inj + -/- 1.5 / 10 / 1.5 / 3
1646 Wed 23.03 09:18 Wed 23.03 09:32 3.5 75ns 200b 194 178 188 24bpi9inj + -/- 1.5 / 10 / 1.5 / 3
1647 Wed 23.03 22:18 Thu 24.03 10:19 3.5 75ns 200b 194 178 188 24bpi9inj + -/- 1.5 / 10 / 1.5 / 3
1650 Fri 25.03 06:11 Fri 25.03 08:59 1.38 525ns 80b+4small 68 64 32 8bpi14inj + -/- 11 / 10 / 11 / 10
1651 Fri 25.03 19:02 Fri 25.03 21:36 1.38 525ns 80b+4small 68 64 32 8bpi14inj + -/- 11 / 10 / 11 / 10
1653‡ Sat 26.03 18:20 Sun 27.03 16:55 1.38 525ns 72b+4small 64 48 16 8bpi9inj - -/- 11 / 10 / 11 / 10
1658‡ Sun 27.03 21:16 Mon 28.03 05:32 1.38 525ns 72b+4small 64 48 16 8bpi9inj + -/- 11 / 10 / 11 / 10

Table 3: All fills with STABLE BEAMS during phase 1 of the 2011 LHC proton run. Magnets: IP8 =
LHCb dipole, IP2 = ALICE dipole & solenoid.
∗ATLAS solenoid and toroids off.
†ATLAS toroids off.
‡VdM scans and length scale calibrations.

Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

1704 Wed 13.04 14:57 Wed 13.04 16:38 3.5 50ns 1164b 36x2bpi 18inj scrub∗ 0 0/0 1.5 / 10 / 1.5 / 3
1711† Fri 15.04 01:58 Fri 15.04 12:12 3.5 50ns 228b+1small 214 12 180 36bpi8inj - -/- 1.5 / 10 / 1.5 / 3
1712 Fri 15.04 15:49 Fri 15.04 19:18 3.5 50ns 228b+1small 214 12 180 36bpi8inj - -/- 1.5 / 10 / 1.5 / 3
1713 Sat 16.04 00:19 Sat 16.04 05:16 3.5 50ns 228b+1small 214 12 180 36bpi8inj - -/- 1.5 / 10 / 1.5 / 3
1716 Sat 16.04 17:38 Sat 16.04 19:09 3.5 50ns 336b+1small 322 12 288 36bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1718 Sun 17.04 03:19 Sun 17.04 12:29 3.5 50ns 336b+1small 322 12 288 36bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1721 Mon 18.04 22:46 Tue 19.04 00:21 3.5 50ns 336b+1small 322 12 288 36bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1722 Tue 19.04 05:28 Tue 19.04 11:12 3.5 50ns 336b+1small 322 12 288 36bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1727 Wed 20.04 23:56 Thu 21.04 07:42 3.5 50ns 336b+1small 322 14 288 72bpi7inj - -/- 1.5 / 10 / 1.5 / 3
1728 Thu 21.04 11:14 Thu 21.04 20:09 3.5 50ns 480b+1small 424 12 468 36bpi15inj - -/- 1.5 / 10 / 1.5 / 3
1729 Thu 21.04 23:52 Fri 22.04 06:54 3.5 50ns 480b+1small 424 12 468 36bpi15inj - -/- 1.5 / 10 / 1.5 / 3
1730 Fri 22.04 11:36 Fri 22.04 16:09 3.5 50ns 336b+1small 322 14 288 72bpi7inj - -/- 1.5 / 10 / 1.5 / 3
1731 Fri 22.04 19:09 Sat 23.04 07:41 3.5 50ns 480b+1small 424 12 468 36bpi15inj - -/- 1.5 / 10 / 1.5 / 3
1732 Sat 23.04 12:25 Sun 24.04 06:23 3.5 50ns 480b+1small 424 12 468 36bpi15inj - -/- 1.5 / 10 / 1.5 / 3
1733 Sun 24.04 16:27 Sun 24.04 16:37 3.5 50ns 480b+1small 424 14 468 72bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1735 Sun 24.04 20:59 Mon 25.04 13:34 3.5 50ns 480b+1small 424 14 468 72bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1736 Mon 25.04 16:20 Mon 25.04 20:40 3.5 50ns 480b+1small 424 14 468 72bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1737 Mon 25.04 23:42 Tue 26.04 04:51 3.5 50ns 480b+1small 424 14 468 72bpi11inj - -/- 1.5 / 10 / 1.5 / 3
1739 Tue 26.04 23:28 Wed 27.04 07:08 3.5 50ns 480b+1small 424 14 468 72bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1743 Wed 27.04 23:17 Thu 28.04 09:20 3.5 50ns 624b+1small 598 16 576 72bpi11inj b + -/- 1.5 / 10 / 1.5 / 3
1744 Thu 28.04 16:15 Thu 28.04 16:58 3.5 50ns 624b+1small 598 16 576 72bpi11inj b + -/- 1.5 / 10 / 1.5 / 3
1745 Thu 28.04 21:41 Fri 29.04 11:05 3.5 50ns 624b+1small 598 16 576 72bpi11inj b + -/- 1.5 / 10 / 1.5 / 3
1748 Sat 30.04 06:35 Sat 30.04 08:20 3.5 50ns 624b+1small 598 16 576 72bpi11inj b + -/- 1.5 / 10 / 1.5 / 3
1749 Sat 30.04 13:38 Sun 01.05 05:27 3.5 50ns 624b+1small 598 16 576 72bpi11inj b + -/- 1.5 / 10 / 1.5 / 3
1753 Sun 01.05 19:01 Sun 01.05 20:30 3.5 50ns 768b+1small 700 16 756 72bpi15inj b + -/- 1.5 / 10 / 1.5 / 3
1755 Mon 02.05 06:13 Mon 02.05 12:11 3.5 50ns 768b+1small 700 16 756 72bpi15inj b + -/- 1.5 / 10 / 1.5 / 3
1756 Tue 03.05 13:45 Tue 03.05 14:03 3.5 50ns 768b+1small 700 16 756 72bpi15inj b + -/- 1.5 / 10 / 1.5 / 3

Table 4: All fills with STABLE BEAMS during phase 2 of the 2011 LHC proton run. Magnets: IP8 =
LHCb dipole, IP2 = ALICE dipole & solenoid.
∗Only first 10 injections (228b+1small), special fill to check scrubbing effect with no collisions in IP2 and
IP8, ATLAS & CMS magnets all off.
†CMS solenoid at 2 T for part of the fill, then ramped to 3.8 T.
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Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

1782 Sun 15.05 07:23 Sun 15.05 08:40 3.5 Single 2b 1 1 1 wp + -/- 1.5 / 10 / 1.5 / 3
1783∗ Sun 15.05 12:32 Sun 15.05 23:20 3.5 Single 38b+1small 14 16 22 4bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1785∗ Mon 16.05 11:26 Mon 16.05 14:56 3.5 50ns 228b+1small 214 12 180 36bpi8inj + -/- 1.5 / 10 / 1.5 / 3
1787 Wed 18.05 03:24 Wed 18.05 05:22 3.5 50ns 480b+1small 424 3 468 72bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1795 Thu 19.05 23:34 Fri 20.05 07:43 3.5 50ns 768b+1small 700 16 756 72bpi15inj b + -/- 1.5 / 10 / 1.5 / 3
1796 Fri 20.05 15:52 Fri 20.05 16:47 3.5 50ns 768b+1small 700 18 756 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1798 Sat 21.05 03:17 Sat 21.05 11:55 3.5 50ns 768b+1small 700 18 756 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1799 Sat 21.05 20:33 Sun 22.05 07:10 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1800 Sun 22.05 14:11 Sun 22.05 15:43 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1801 Sun 22.05 20:40 Sun 22.05 21:27 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1802 Mon 23.05 02:13 Mon 23.05 05:24 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1803 Mon 23.05 09:34 Mon 23.05 19:47 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1804 Tue 24.05 02:13 Tue 24.05 12:19 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1805 Tue 24.05 23:26 Wed 25.05 02:43 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1806 Wed 25.05 08:21 Wed 25.05 11:20 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1809 Fri 27.05 22:40 Sat 28.05 00:25 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1812 Sat 28.05 08:17 Sat 28.05 18:59 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1813 Sun 29.05 03:15 Sun 29.05 04:45 3.5 50ns 912b+1small 874 20 864 108bpi11inj + -/- 1.5 / 10 / 1.5 / 3
1815 Sun 29.05 10:53 Sun 29.05 21:20 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1816 Mon 30.05 02:14 Mon 30.05 11:11 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1822 Tue 31.05 04:55 Tue 31.05 06:22 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1823 Tue 31.05 09:10 Tue 31.05 10:38 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1835 Wed 01.06 19:31 Wed 01.06 20:38 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1836 Thu 02.06 02:03 Thu 02.06 16:58 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1839 Thu 02.06 21:46 Thu 02.06 21:50 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1841 Fri 03.06 05:55 Fri 03.06 13:30 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1844 Fri 03.06 20:55 Fri 03.06 21:18 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1845 Sat 04.06 02:17 Sat 04.06 07:56 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1846 Sat 04.06 13:24 Sat 04.06 16:19 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1848 Sat 04.06 23:29 Sun 05.06 00:15 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1851 Sun 05.06 06:31 Sun 05.06 06:56 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1852 Sun 05.06 09:25 Mon 06.06 00:32 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1854 Mon 06.06 07:30 Mon 06.06 07:39 3.5 50ns 1092b+1small 1042 35 1008 108bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1855† Mon 06.06 15:55 Tue 07.06 07:26 3.5 50ns 1104b+1small 1042 35 1008 108bpi ob + -/- 1.5 / 10 / 1.5 / 3
1856 Tue 07.06 22:34 Wed 08.06 09:21 3.5 50ns 1104b+1small 1042 35 1008 108bpi ob + -/- 1.5 / 10 / 1.5 / 3
1859 Thu 09.06 01:10 Thu 09.06 05:05 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1862 Thu 09.06 13:39 Fri 10.06 00:52 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1863 Sat 11.06 03:41 Sat 11.06 13:16 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1864 Sun 12.06 00:29 Sun 12.06 07:17 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1865 Sun 12.06 13:56 Mon 13.06 03:22 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1866 Mon 13.06 10:36 Mon 13.06 10:56 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1867 Mon 13.06 13:25 Mon 13.06 21:52 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1868 Tue 14.06 07:30 Tue 14.06 22:38 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1871 Thu 16.06 07:22 Thu 16.06 14:50 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1873 Fri 17.06 01:13 Fri 17.06 02:07 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1875∗ Fri 17.06 06:14 Fri 17.06 14:04 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1880 Sat 18.06 06:59 Sat 18.06 07:48 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1883 Tue 21.06 00:15 Tue 21.06 18:12 3.5 50ns 1092b+1small 1042 35 1008 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1889 Fri 24.06 11:04 Fri 24.06 13:46 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1890 Fri 24.06 22:53 Sat 25.06 13:00 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1893 Sun 26.06 01:01 Sun 26.06 01:40 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1894 Sun 26.06 04:23 Sun 26.06 06:33 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1895 Sun 26.06 09:38 Sun 26.06 09:55 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1898 Sun 26.06 14:57 Sun 26.06 16:50 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1900 Mon 27.06 02:27 Mon 27.06 22:22 3.5 50ns 1236b+1small 1180 37 1152 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1901 Tue 28.06 02:16 Tue 28.06 16:07 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3

Table 5: All fills with STABLE BEAMS during phase 3 of the 2011 LHC proton run. Magnets: IP8 =
LHCb dipole, IP2 = ALICE dipole & solenoid.
∗VdM scans and/or length scale calibrations.
†No STABLE BEAMS from 22:28 to 23:41 (RF klystron test).
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Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

1936 Wed 13.07 09:29 Wed 13.07 11:39 3.5 Single 2b 1 1 1 wp - -/- 1.5 / 10 / 1.5 / 3
1944 Thu 14.07 16:45 Thu 14.07 19:21 3.5 50ns 48b+1small 10 0 36 36bpi3inj∗ - -/- 1.5 / 10 / 1.5 / 3
1945 Fri 15.07 00:32 Fri 15.07 03:34 3.5 50ns 264b 249 0 240 36bpi8inj - -/- 1.5 / 10 / 1.5 / 3
1952 Sat 16.07 19:15 Sun 17.07 01:07 3.5 50ns 840b 807 0 816 108bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1953 Sun 17.07 04:36 Sun 17.07 10:17 3.5 50ns 840b 807 0 816 108bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1954 Sun 17.07 19:34 Sun 17.07 23:00 3.5 50ns 1092b+1small 1042 35 1008 108bpi - -/- 1.5 / 10 / 1.5 / 3
1955 Mon 18.07 03:42 Mon 18.07 09:50 3.5 50ns 1092b+1small 1042 35 1008 108bpi - -/- 1.5 / 10 / 1.5 / 3
1956 Mon 18.07 15:23 Mon 18.07 15:41 3.5 50ns 1380b 1331 0 1320 144bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1958 Mon 18.07 22:19 Mon 18.07 22:41 3.5 50ns 1380b 1331 0 1320 144bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1960 Wed 20.07 04:42 Wed 20.07 05:52 3.5 50ns 1380b 1331 0 1320 144bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1961 Wed 20.07 12:51 Wed 20.07 14:59 3.5 50ns 1380b 1331 0 1320 144bpi12inj - -/- 1.5 / 10 / 1.5 / 3
1962 Wed 20.07 22:30 Thu 21.07 13:57 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1966 Fri 22.07 14:28 Fri 22.07 23:03 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1967 Sat 23.07 02:01 Sat 23.07 13:27 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1968 Sat 23.07 18:25 Sat 23.07 19:11 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1970 Sun 24.07 01:36 Sun 24.07 03:13 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1971 Sun 24.07 05:41 Sun 24.07 06:50 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1972 Sun 24.07 11:32 Sun 24.07 12:20 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1974 Mon 25.07 00:15 Mon 25.07 05:31 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1975 Mon 25.07 08:01 Mon 25.07 10:27 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1979 Mon 25.07 22:25 Tue 26.07 04:28 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
1982 Wed 27.07 03:34 Wed 27.07 06:04 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1985 Wed 27.07 17:18 Thu 28.07 04:41 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1986 Thu 28.07 09:56 Thu 28.07 12:25 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1990 Fri 29.07 01:13 Fri 29.07 08:57 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1991 Fri 29.07 17:48 Fri 29.07 22:43 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1992 Sat 30.07 11:50 Sat 30.07 12:46 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1993 Sat 30.07 22:57 Sat 30.07 23:54 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1994 Sun 31.07 03:51 Sun 31.07 04:37 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1996 Sun 31.07 10:15 Sun 31.07 11:24 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1997 Tue 02.08 01:39 Tue 02.08 04:26 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1998 Tue 02.08 08:00 Tue 02.08 14:54 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
1999 Tue 02.08 19:15 Wed 03.08 06:37 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2000 Wed 03.08 08:43 Thu 04.08 06:19 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2001 Thu 04.08 08:44 Thu 04.08 11:33 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2005 Fri 05.08 02:40 Fri 05.08 03:12 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2006 Fri 05.08 07:24 Sat 06.08 09:23 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2007 Sat 06.08 14:29 Sun 07.08 07:42 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2008 Sun 07.08 19:11 Sun 07.08 19:40 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2009 Mon 08.08 02:48 Mon 08.08 18:07 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2010 Mon 08.08 23:33 Tue 09.08 18:19 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2011 Wed 10.08 05:49 Wed 10.08 14:30 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2022 Fri 12.08 05:40 Fri 12.08 10:40 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2025 Fri 12.08 19:05 Fri 12.08 03:37 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2028 Tue 16.08 23:53 Wed 12.08 02:58 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2029 Wed 17.08 05:40 Wed 12.08 09:48 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + -/- 1.5 / 10 / 1.5 / 3
2030 Wed 17.08 13:58 Wed 17.08 15:37 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
2031 Wed 17.08 22:11 Wed 17.08 23:03 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
2032 Thu 18.08 01:10 Thu 18.08 06:22 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
2037† Sun 21.08 06:41 Sun 21.08 14:41 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3
2040 Mon 22.08 00:26 Mon 22.08 18:03 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - -/- 1.5 / 10 / 1.5 / 3

Table 6: All fills with STABLE BEAMS during phase 4 of the 2011 LHC proton run. Magnets: IP8 =
LHCb dipole, IP2 = ALICE dipole & solenoid.
∗Misnamed 50ns 48b 9 0 36 36bpi2i wp.
†About 1.5 h spent for a tight collimation test after STABLE BEAMS.
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Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

2083∗ Wed 07.09 14:36 Wed 07.09 20:37 3.5 50ns 264b+1small 250 25 216 36bpi9inj - +/+ 1 / 10 / 1 / 3
2085† Wed 07.09 23:58 Thu 08.09 06:04 3.5 50ns 480b+1small 424 14 468 72bpi11inj - +/+ 1 / 10 / 1 / 3
2086‡ Thu 08.09 08:56 Thu 08.09 19:12 3.5 50ns 912b+1small 874 20 864 108bpi11inj - +/+ 1 / 10 / 1 / 3
2090 Fri 09.09 05:39 Fri 09.09 06:51 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2091 Fri 09.09 12:05 Fri 09.09 14:26 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2092 Fri 09.09 20:53 Sat 10.09 03:12 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2093 Sat 10.09 10:46 Sat 10.09 11:27 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2094 Sat 10.09 17:08 Sat 10.09 17:43 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2101 Mon 12.09 13:15 Mon 12.09 16:39 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2103 Tue 13.09 00:56 Tue 13.09 09:07 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2104 Tue 13.09 17:42 Tue 13.09 21:04 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2105 Wed 14.09 02:39 Wed 14.09 19:13 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2110 Thu 15.09 19:57 Fri 16.09 02:15 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2117 Fri 16.09 18:38 Sat 17.09 03:28 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2124 Mon 19.09 01:44 Mon 19.09 11:04 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2126 Mon 19.09 22:22 Mon 19.09 22:41 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2127 Tue 20.09 03:40 Tue 20.09 04:18 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2129 Tue 20.09 10:04 Tue 20.09 20:23 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2135 Wed 21.09 10:35 Wed 21.09 21:53 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2138 Thu 22.09 04:30 Thu 22.09 11:00 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2140 Thu 22.09 15:00 Thu 22.09 20:53 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2143 Fri 23.09 03:22 Fri 23.09 03:29 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2144 Fri 23.09 07:30 Fri 23.09 09:42 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2147 Fri 23.09 17:48 Fri 23.09 22:14 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2150 Sat 24.09 14:32 Sat 24.09 19:19 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2151 Sun 25.09 00:07 Sun 25.09 00:23 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2152 Sun 25.09 02:37 Sun 25.09 04:53 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2155 Sun 25.09 15:10 Sun 25.09 15:46 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2156 Sun 25.09 19:04 Mon 26.09 07:28 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2157 Mon 26.09 12:48 Mon 26.09 14:35 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2158 Mon 26.09 17:43 Mon 26.09 22:32 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2160 Tue 27.09 05:09 Tue 27.09 07:02 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2165 Wed 28.09 04:35 Wed 28.09 10:23 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2168 Thu 29.09 02:56 Thu 29.09 07:01 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2171 Thu 29.09 20:01 Fri 30.09 06:05 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2177 Sat 01.10 22:00 Sun 02.10 13:01 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2178 Sun 02.10 18:43 Mon 03.10 09:25 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2180 Mon 03.10 20:34 Mon 03.10 20:48 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2181 Mon 03.10 23:57 Tue 04.10 12:13 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2182 Tue 04.10 20:37 Wed 05.10 05:31 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj - +/+ 1 / 10 / 1 / 3
2186 Fri 07.10 05:23 Fri 07.10 08:15 3.5 25ns 60b+1small 58 36 36 24bpi4inj + +/+ 1 / 10 / 1 / 3
2194 Sat 08.10 04:33 Sat 08.10 05:10 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2195 Sat 08.10 11:42 Sun 09.10 04:57 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2197 Sun 09.10 11:11 Sun 09.10 18:02 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2199 Mon 10.10 01:45 Mon 10.10 02:15 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2200 Mon 10.10 05:27 Mon 10.10 09:51 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2201♠ Mon 10.10 15:27 Mon 10.10 19:19 3.5 Single 2 1 1 1 wp (but no 2nd main bunch) + +/+ 1 / 10 / 1 / 3
2204• Wed 12.10 04:21 Wed 12.10 17:22 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2208 Thu 13.10 02:54 Thu 13.10 16:44 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2210 Thu 13.10 22:53 Fri 14.10 05:00 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2215 Sat 15.10 03:04 Sat 15.10 04:33 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2216 Sat 15.10 09:28 Sat 15.10 20:44 3.5 50ns 1380b+1small 1318 39 1296 144bpi13inj + +/+ 1 / 10 / 1 / 3
2217 Sun 16.10 01:47 Sun 16.10 02:54 3.5 50ns 1380b 1331 0 1320 144bpi12inj + +/+ 1 / 10 / 1 / 3
2218 Sun 16.10 05:30 Sun 16.10 08:09 3.5 50ns 1380b 1331 0 1320 144bpi12inj + +/+ 1 / 10 / 1 / 3
2219 Sun 16.10 15:13 Mon 17.10 06:59 3.5 50ns 1380b 1331 0 1320 144bpi12inj + +/+ 1 / 10 / 1 / 3
2220 Mon 17.10 14:11 Mon 17.10 15:45 3.5 50ns 1380b 1331 0 1320 144bpi12inj + +/+ 1 / 10 / 1 / 3
2222 Mon 17.10 22:11 Tue 18.10 02:12 3.5 50ns 1380b 1331 0 1320 144bpi12inj + +/+ 1 / 10 / 1 / 3
2234� Fri 21.10 06:26 Fri 21.10 14:29 3.5 Single 36b 4 16 16 4bpi9inj + +/+ 90 / 10 / 90 / 10
2239 Sat 22.10 06:45 Sat 22.10 07:45 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2240 Sat 22.10 11:14 Sun 23.10 01:45 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2241 Sun 23.10 06:31 Sun 23.10 08:54 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2242 Sun 23.10 18:48 Mon 24.10 05:09 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2252♠ Tue 25.10 16:22 Tue 25.10 19:38 3.5 Single 11b+1small 10 1 1 HighPileUp - +/+ 1 / 10 / 1 / 3
2254 Wed 26.10 06:22 Wed 26.10 09:30 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2256 Wed 26.10 22:54 Wed 26.10 23:03 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2258 Thu 27.10 03:52 Thu 27.10 04:33 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2261♥ Fri 28.10 20:51 Fri 28.10 02:02 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2266♥ Sun 30.10 07:28 Sun 30.10 09:49 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3
2267♥ Sun 30.10 12:59 Sun 30.10 17:10 3.5 50ns 1380b 1331 0 1320 144bpi12inj - +/+ 1 / 10 / 1 / 3

Table 7: All fills with STABLE BEAMS during phase 5 of the 2011 LHC proton run. Magnets: IP8 =
LHCb dipole, IP2 = ALICE dipole & solenoid.
∗ATLAS toroids off for muon alignment.
†ATLAS toroids trip off at the end of the fill.
‡ATLAS toroids ramping up during the fill.
•Tested 40% reduction of ALICE solenoid.
�VdM scans and length scale calibrations.
♠High pile-up test.
♥Enhanced satellites test.
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Fill Stable beams E Filling Magnets β∗

nr. start stop (TeV) scheme IP8 IP2 (m)

2290 Sat 12.11 06:41 Sat 12.11 11:48 3.5 Single 2b 1 1 1 0 -/- 1 / 1 / 1 / 3
2292 Sun 13.11 14:40 Sun 13.11 21:38 3.5 Single 9b 8 8 0 1bpi9inj IONS 0 -/- 1 / 1 / 1 / 3
2294 Tue 15.11 01:30 Tue 15.11 08:24 3.5 200ns 170b 168 144 0 24bpi9inj IONS∗ 0 -/- 1 / 1 / 1 / 3
2297 Tue 15.11 18:22 Wed 16.11 00:05 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2300 Thu 17.11 00:20 Thu 17.11 08:59 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2301 Thu 17.11 12:57 Thu 17.11 20:00 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2302 Fri 18.11 00:34 Fri 18.11 06:08 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2303 Fri 18.11 09:34 Fri 18.11 14:48 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2304 Fri 18.11 22:42 Sat 19.11 05:15 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2305 Sat 19.11 08:11 Sat 19.11 14:24 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2308 Sun 20.11 02:49 Sun 20.11 09:25 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2309 Sun 20.11 12:54 Sun 20.11 17:29 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2314 Mon 21.11 23:30 Mon 21.11 23:50 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2315 Tue 22.11 04:33 Tue 22.11 11:49 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2316 Tue 22.11 19:35 Tue 22.11 22:24 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2317 Wed 23.11 13:15 Wed 23.11 18:13 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2318 Wed 23.11 21:53 Thu 24.11 03:30 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2319† Wed 23.11 09:02 Thu 24.11 18:06 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2320 Thu 24.11 22:44 Fri 25.11 04:08 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2325 Sat 26.11 08:04 Sat 26.11 13:46 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2327 Sat 26.11 19:59 Sat 26.11 20:31 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2328 Sun 27.11 00:02 Sun 27.11 06:12 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2329 Sun 27.11 12:29 Sun 27.11 18:48 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2330 Sun 27.11 22:04 Mon 28.11 05:13 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 -/- 1 / 1 / 1 / 3
2332 Mon 28.11 19:11 Mon 28.11 20:22 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2334 Thu 01.12 04:59 Thu 01.12 10:44 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2335‡ Thu 01.12 15:26 Thu 01.12 21:11 3.5 200ns 352b 344 324 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2336 Fri 02.12 04:20 Fri 02.12 10:33 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2337‡ Fri 02.12 13:18 Fri 02.12 17:29 3.5 200ns 352b 344 324 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2338 Sat 03.12 00:29 Sat 03.12 08:09 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2339 Sat 03.12 14:06 Sat 03.12 20:01 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2340 Sat 03.12 22:54 Sun 04.12 05:52 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2341‡ Sun 02.12 11:48 Sun 02.12 14:55 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2342 Sun 02.12 18:25 Sun 02.12 23:59 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2343 Mon 05.12 03:15 Mon 05.12 09:34 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2344• Mon 05.12 22:53 Tue 06.12 05:57 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2349 Tue 06.12 21:02 Tue 06.12 22:37 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2350 Wed 07.12 02:57 Wed 07.12 03:42 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3
2351 Wed 07.12 08:41 Wed 07.12 10:17 3.5 200ns 358b 356 336 0 24bpi15inj IONS 0 +/+ 1 / 1 / 1 / 3

Table 8: All fills with STABLE BEAMS during the 2011 LHC ion run. Magnets: IP8 = LHCb dipole, IP2
= ALICE dipole & solenoid.
∗Filling scheme wrongly named 200ns 170b 168 168 0 24bpi9inj IONS
†Part of fill (15:02-17:43) in ADJUST to test ALICE external angle reversal on the fly.
‡VdM scans and/or length scale calibrations.
•ATLAS toroids partly off (till 01:00) as recovering from a glitch.
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Input from Evian 2011

M. Lamont, CERN, Geneva, Switzerland

Abstract

The LHC Beam Operation workshop 2011 took place
from 12th to 14th December. The principle aims of the
workshop were to review 2011 LHC beam commissioning
and beam operations experience, and to look forward to
the operation of the LHC in 2012. Issues covered include:
availability; injection; operational performance; beam loss
and machine protection; system performance; limitations;
and the outlook for 2012.

A concise summary of the workshop is presented and po-
tential performance issues for 2012 are highlighted. Where
material is covered in more depth at this workshop appro-
priate reference will be made.

INTRODUCTION

The 2011 LHC beam operation workshop took place in
Evian from the 12th to 14th December. The principle aims
of the workshop were to review 2011 LHC beam commis-
sioning and beam operations experience with a eye to per-
formance in 2012. The operations plans for 2012 were pre-
sented and discussions addressed the strategies for lumi-
nosity delivery and machine development priorities. The
conclusions are summarized below. A provisional parame-
ter list for 2012 was discussed and was used as input to the
numbers presented at this workshop [1].

2011 - A BRIEF RECAP

The baseline operational scenario for 2011 unfolded as
more-or-less as planned. Re-commissioning with beam af-
ter the Christmas technical stop took around 3 weeks. The
exit condition from this phase was stable beams with low
number of bunches. There was a ramp-up to around 200
bunches (75 ns) taking about 2 weeks. Multi-bunch injec-
tion commissioning also took place during this phase. A 5
day intermediate energy run (beam energy 1.38 TeV) took
place towards the end of March. (Here the proton-proton
collision energy is equivalent the nucleon-nucleon collision
energy in the 3.5 Z TeV lead ion run.)

There was then a scrubbing run of 10 days which in-
cluded 50 ns injection commissioning After an encourag-
ing performance the decision was taken to go with 50 ns
bunch spacing. A staged ramp-up in the number of bunches
then took place with 50 ns bunch spacing up to a maximum
of 1380 bunches. Luminosity levelling in LHCb via trans-
verse displacement of the beams at the IP8 collision point
was operational.

Having raised the number of bunches to 1380, perfor-
mance was further increased by reducing the emittances of

the beams delivered by the injectors and by gently increas-
ing the bunch intensity. The result was a peak luminosity of
2.4×1033 cm−2s−1 and some healthy delivery rates which
topped 90 pb-1 in 24 hours.

The next major step up in peak luminosity followed
a reduction in β∗ in points 1 and 5 to a value of 1 m.
This was made possible by careful measurements of the
available aperture in the interaction regions concerned [2].
These measurements revealed excellent aperture consistent
with a very good alignment and close to design mechani-
cal tolerances. The reduction in β∗ and further gentle in-
creases in bunch intensity produced a peak luminosity of
3.8× 1033 cm−2s−1, well beyond expectations at the start
of the year.

In conclusion, the LHC has reaped the benefits of ex-
ploiting: total beam intensity via bunch spacing and bunch
intensity; reduced beam size by injecting smaller emittance
beams; and by reducing β∗.

OPERATIONAL EFFICIENCY

It should not be imagined that the year’s operation was
easy. In general it was a continual battle as the LHC teams
wrestled with the effects of high beam intensity and ma-
chine availability. Issues included: single event effects
(SEEs); UFOs; vacuum instabilities and beam induced
heating. These issues were directly addressed in this work-
shop.

In general the overall efficiency was pretty good consid-
ering that this is the LHC in the first full year of operation.
The overall time in Stable Beams was 34% of the scheduled
time for proton physics. However, the issues cited above
caused a large number of premature dumps that meant that
50% of all Stable Beam fills lasted less than 3 hours. Con-
certed efforts to address the causes were made in the Christ-
mas technical stop that followed the Evian workshop.

Turnaround

Turnaround is largely dominated by machine availabil-
ity. When there are no faults, the injection phase is the
dominating factor. In the injection phase time is lost to:
beam preparation in injectors; transfer line stability; and
beam loss during the injection process. Potential improve-
ments at injection and in the ramp, squeeze, and pre-cycle
for 2012 were enumerated [3].

Operational robustness

Following an intense effort in 2010, the nominal opera-
tional cycle (pre-cycle, injection, 450 GeV, ramp, squeeze,
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collisions, stable beams) proved to be robust. Improve-
ments in automation and sequencing have lead to a largely
rock solid process of driving the beam through the nomi-
nal sequence, which is now safer with much less scope for
human error. There were some issues but in general the
following may be noted.

• The injection process was sometimes challenging but
once the beam was injected, baring any hardware
problems, it made its way through the ramp and
squeeze and into collisions without problems.

• A strict pre-cycling policy ensured excellent repro-
ducibility and stability.

• There is very good transmission through the cycle,
and beam lifetimes remain good throughout. Well
over nominal bunch intensity with smaller that nom-
inal emittances are taken through the cycle without
problems. Beam parameter control (tune, orbit, chro-
maticity and coupling) is well mastered either with
feed-back systems or feed-forward.

As always none of this comes for free and is the result of
loving care and attention.

Machine protection
The year’s operation was unpinned by superb perfor-

mance of machine protection and associated systems. In-
deed this had to be taken as given to even before starting
the intensity ramp-up. The machine protection team has
ensure rigorous machine protection follow-up, qualifica-
tion and monitoring (Post Mortem analysis, MPP, rMPP).
The beam dump, injection and collimation teams have pur-
sued well-organized programs of set-up and validation tests
which have permitted routine collimation of 110 MJ beams
without a single quench from stored beams.

System performance
The LHC has enjoyed a excellent and mature system per-

formance across the board. Systems include: Power con-
verters; RF; Transverse feedback; Beam Instrumentation
and feedbacks; LHC beam dump system (LDBS); Injec-
tion systems; Collimators; Vacuum; Magnets, magnet pro-
tection and associated systems; Cryogenics; and Technical
infrastructure.

The performance is marked by: attention to detail,
painstaking measurements, set-up, continued system devel-
opment, improvements, optimization, and refinements.

Also of note is the maturity of tools, procedures and soft-
ware.

• Software (LSA, Sequencer, Software Interlock Sys-
tem, etc) has been key in the effective exploitation of
the LHC.

• Controls has seen limited problems and high avail-
ability of a very extended set of systems. Even the
ergonomics in the CCC are getting better.

• A special mention should be made of the LHC
databases which underpin operations and post-run
analysis. Of particular note are the on-line LSA
database and the miracle of the measurement and log-
ging databases and Timber - their very widely used
interface.

These tools, and others, couple with vigorous machine
development to allow an impressive level of understanding
of beam dynamics, the interplay between beam and beam
related systems and of the various limitations briefly out-
lined above. They also bring, importantly, confidence in
the operational process.

• Transverse feedback has successfully taken care of:
Injection oscillations; Injection gap cleaning; Abort
gap cleaning; Emittance preservation; Coherent insta-
bilities. The systems is clearly implicated in all phases
of operations.

• Collimation has seen the proton cleaning efficiency
of 99.97% for 2010 maintained in 2011. Semi-
automatic tool has improved collimator operation dur-
ing alignment (reduced set-up time and eliminated
beam dumps during set-up). The aim is for tight col-
limator settings in 2012 which should improve effi-
ciency by factor 8, but reduce the TCP-TCSG mar-
gin by factor 1.5 at 4 TeV. Qualifications should be
performed every 3 months, complemented by on-line
monitoring.

• Orbit and tune feedbacks are clearly essential to
operations. Most of the dumps (∼33) we had in
2011 related to these systems should be avoided in
2012 thanks to: change of QPS thresholds to avoid
RQTs trips; and hardware modifications to avoid BBQ
saturation. Proposals to improve tune measurement
should be tested at the beginning of the run. These
include ADT gating in combination with BBQ gating.

• Beam instrumentation has had a great performance
overall and allowed a profound understanding of the
machine and paved the way for the impressive per-
formance increase. By pushing performance we are
the pushing demands on the systems. Of note is the
emittance growth of 20% from SPS extraction to LHC
collisions, understanding of which demands accurate,
bunch by bunch measurement of beam size through
the cycle with cross-calibration between the different
measurements [4]. The are tight constraints on orbit
stability and thus BPM stability and accuracy. LSS
BPMs should be more reliable and improvements for
2012 are in the pipeline [5].

Beam from the injectors
The bunch spacings on offer from the injectors are shown

in table 1. 50 ns proved a good choice in 2011 opening the
way to an increased number of bunches and the excellent
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performance in terms of emittance and bunch intensity. The
best that was taken into collisions in 2011 was around 1.45
×1011 protons per bunch with less than 2 μm at extraction
from SPS with around 2.3 μm going into collision. Both
intensity and emittance clearly folded directly into lumi-
nosity.

Table 1: 2011 beam parameters for various bunch spacings
at exit of SPS.

Bunch From Protons emittance
spacing [ns] booster per bunch [μm]

150 Single batch 1.1× 1011 1.6
75 Single batch 1.2× 1011 2.0
50 Single batch 1.45× 1011 3.5
50 Double batch 1.6× 1011 2.0
25 Double batch 1.2× 1011 2.7

Optics and aperture
LHC optics and aperture are in good shape and this rep-

resents a major achievement for the teams involved. The
LHC has reached performance beyond expectations and be-
yond design with the successful squeeze commissioning
and operation in 2011. There were many improvements
from 2010 allowing a shorter squeeze with more robust op-
eration.

Commissioning of new optics has become routine and
the optics behaves well and beta beating is correctable to
within approximately 10% of design. The LHC aperture is
good. The aperture at 450 GeV is greater that 12σ indicat-
ing nominal aperture is achieved (with margins). In 2011
first gentle interaction region aperture measurement at 3.5
TeV allowed a 50% step in peak luminosity via a squeeze to
β∗ of 1 m in points 1 and 5. In 2012 the orbit stability in the
squeeze must be improved to allow operational use of tight
collimator settings and the aperture must be re-measured at
injection and at top energy. Given this a squeeze to β∗ of
0.6 m in points 1 and 5 is possible [6].

LIMITATIONS
The high beam and bunch intensities achieved in 2011

revealed a number of issues.

• Impedance effects on beam stability Head-tail (sin-
gle bunch & coupled bunch) instabilities and coupled
bunch coherent modes have been combated with Lan-
dau damping octupoles and the transverse damper.
Experience with tight collimator settings with high
bunch intensity have led anticipation of needing oc-
tupoles to a high current (∼550 A) and stricter chro-
maticity control in 2012.

• Beam induced heating There have been numerous in-
cidents of beam induced heating [7]:

– injection kickers (with the potential to delay in-
jection while they cool);

– the double bellow module VMTSA (broken
spring, dangling fingers);

– the primary collimator in IR7 (1 dump, interlock
increased);

– TCTVB collimator in IR 2 & 8;

– TDI collimators;

– beam screens (all, longer bunch length and
scrubbing eased operation);

– Q6R5 which has limited cooling margin.

Mitigation measures were taken, where possible, in
the Christmas technical stop.

• e-cloud and vacuum instabilities The scrubbing
campaign was clearly effective globally, however vac-
uum instabilities dogged operations throughout 2011.
Some locations were found to be faulty interconnects
where bad design or poor installation had led to prob-
lems (e.g. points 2 & 8, CMS, TDI). [8]

• Radiation to electronics (R2E) [9] and UFOs [10] are
covered elsewhere in these proceedings.

AVAILABILITY AND OTHER ISSUES
Despite the inherent complexity of the LHC, availability

remains acceptable. However, machine availability is dic-
tated by the exposure to the intersecting failure space of a
number of complex systems with huge number of compo-
nents. Some very extensive equipment systems performed
above expectations (considering mean time between fail-
ures etc.), but the failure space has been clearly inflated by
high intensity effects.

Running with higher total beam intensity has provoked a
number of issues including: UFOs; the effects of radiation
to electronics in the tunnel; and increased vacuum activity
possibly related to residual electron cloud. The RF team
has had to carefully monitor the effects of higher beam in-
tensity and adapt its interlock policy accordingly. Beam in-
duced heating of injection kickers, beam screens, and colli-
mators has been observed with a clear dependence on total
intensity and bunch length.

One key factor in 2011 was the cost of premature dumps.
These dragged the mean length of fill down considerable
and had an important impact on the year’s performance.

QPS
The QPS has demonstrated its reliability and capabil-

ity to ensure the integrity of the protected superconducting
elements. While most of the radiation induced faults are
transparent to LHC operation, the number of beam dumps
caused by spurious triggers is close to the maximum ad-
missible limit [11]. None of the observed faults caused a
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total loss of magnet and/or circuit protection. Consolida-
tion measures over the Christmas technical stop will not
lead to zero radiation induced trips, but limit the number of
faults despite increased luminosity. A comprehensive pro-
gram of mitigation and consolidation was executed (DAQ,
nQPS splice protection, IPQ/IPD/IT, 600 A).

Cryogenics
The major issues of 2010 (Cold Compressors - sub atmo-

spheric filters - instrumentation) have been corrected and
the cryogenics team have done their best to provide a cor-
rect availability in 2011 despite serious issues (degraded
QRL45 or bearings/compressors). For beams, cryogenics
availability for 2011 (89.7%) has reduced by mostly: var-
ious types of SEU, treatment to be completed; and cryo-
genics equipment (Compressors and diagnostics). Bad luck
has resulted in the concentration of problems at P8 with the
longest recovery. Both of these issues will be addressed in
the Christmas technical stop. The electrical network (ex-
ternal and internal) have seen increased failures in 2011.

With beams, interesting tuning for beam induced effects
and interactions with beam vacuum (beam screen cooling
loops) has been performed, to be continued with increased
luminosity. Very positive signs of good cryogenics perfor-
mance observed on the majority of the sectors, allowing
to consider 95% global availability reachable (Energy ≤
5 TeV). At the time of the workshop the cryogenics team
was looking forward to this intense and interesting Christ-
mas break for consolidations and training, in order to be
ready for the best integrated luminosity in 2012 [12].

Technical stops
A very nice analysis [13] concluded that there were no

systematic source of trouble over the five technical stops in
2011. It seems clear that recovery from the technical stops
is improving. The need to improve fault details recording
was noted again.

2012
The 2012 schedule, as of February 2012, foresees:

• The end of powering tests around the 7th March.
• A few days of machine checkout without beam. Some

delay at this stage is foreseen as CMS recover fully
from the unplanned vacuum intervention that took
place in January 2012. First beam is now planned for
14th March.

• 3 weeks re-commissioning with beam. The exit con-
dition from this phase is “stable beams” with a low
number of bunches.

• A 3 day scrubbing run with 25 ns beam. The timing of
the scrubbing run is flexible and is contingent on good
progress in the re-commissioning phase.

• Intensity ramp-up is planned to be reduced to 7 steps
in 2012: 3 fills and 6 hours with 48b, 84b, 264b and

624b; 3 fills and 20 hours with 840b, 1092b, 1380b.
3 weeks for 1380b and peak performance are within
reach.

• There will be four 5 day technical stops during the
year. Each stop is followed by 2 days to re-establish
peak performance.

• There are 22 days of machine development. The
length of the first MD block has been reduced to 3
days.

• Atlas foresees ZDC installation (5 days minimum)
during last technical stop which precedes the ion run.
This removes the need to discuss whether or not the
final technical stop should take place or not.

• A 4 day set-up period precedes the 4 week proton-ion
run.

For the proton physics run the 36th International Confer-
ence on High Energy Physics (ICHEP2012) in Melbourne
4 - 11 April 2012 provides a virtual constraint. The experi-
ments would like to maximize the integrated luminosity de-
livered before the middle of June to allow a healthy update
of the results presented at the winter conferences. Realisti-
cally optimistic estimates are in the 3 to 4 fb-1 range to be
delivered by the 17th June.

Table 2: Breakdown of LHC’s 2012 schedule.
Activity Time assigned
Machine check-out 2
Commissioning with beam 21
Machine development 22
Technical stops 20
Scrubbing run 3
Technical stop recovery 6
Initial intensity ramp-up 21
Proton physics running 126
Special physics runs 8
Ion run setup 4
Ion physics run 24

In the estimates presented below, 150 days for proton
physics are assumed including ramp and technical stop re-
covery time.

OPERATION IN 2012

Beam energy

At Chamonix 2011 there was lively debate regarding
the decision to run at 4 TeV (with a 50 s main dipole en-
ergy extraction time constant). One of the main arguments
against 4 TeV was the number of spurious quenches ob-
served in 2010. In 2011 the number of spurious quenches
was radically reduced. This was achieved mainly thanks
to the improvements introduced to the quench protection
system and the installation of snubber capacitors. There
have been no beam induced quenches above 450 GeV. It
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can be noted that 2011 saw: better hardware commission-
ing procedures (no quenches during this phase); better op-
erational procedures with beam; only 1 single magnet spu-
rious quench with beam (firing of quench heater probably
due to an SEU); better knowledge of the RRR (250±50) of
the copper bus bars. Given this input, and a more detailed
analysis elsewhere, there appears to be no reason to not op-
erate at 4 TeV in 2012 [15]. The decision to operate at 4
TeV was confirmed at Chamonix 2012.

Bunch spacing
The bunch spacings on offer from the injectors are shown

in table 1. Looking forward to 2012, 50 ns has proven
performance in both the LHC and the injectors. In com-
parison with 25 ns there are less long range encounters,
potentially allowing a lower β∗. There is some limited
room for increasing bunch intensity (and perhaps reduc-
ing emittance blow-up), however the high luminosity per
bunch does bring higher pile-up.

The 25 ns beam has lower bunch current and higher
emittances from injectors and would require considerably
more total current to match the equivalent 50 ns perfor-
mance. The higher 25 ns beam current could potentially
bring more problems (UFOs, SEEs, RF, vacuum instabil-
ities). There are around twice the number of long range
encounters and with larger emittances, there is reduced po-
tential to squeeze. An extended scrubbing period would
required to get 25 ns operational. On the positive side the
pile-up would be significantly lower.

A comparison of the achievable performances is given
below. However, the advantages of 50 ns for the 2012 run
are clear.

Squeeze
The collimation group has proposed the use of tight col-

limator settings in 2012. By bringing the primary and sec-
ondaries in further, the system is able to protect a smaller
aperture (expressed in beam sigma) in the experiments’ in-
teraction region thereby allowing the reduction of β∗ well
below the minimum of 1 m used in 2011.

Three options have been proposed [6]:

• A β∗ of 70 cm based on tight collimator settings and a
linear combinations of margins based on last year’s
experience. (The margins are those related to beta
beating, set-up, positioning and orbit movements.)

• A β∗ of 60 cm based on tight collimator settings and
adding the margins in quadrature.

• A back-up solution of 90 cm based on intermediate
collimator settings similar to those used operationally
in 2011. The settings represent a well-understood set-
up with proven performance.

The tight settings are not yet proven having been tried a
couple of times in 2011. An end-of-fill attempt passed off

without problems, however instability problems were ob-
served at the end of squeeze (with high intensity). Issues
to be resolved include improved orbit control in ramp and
squeeze in particular at matched points in the squeeze. In-
stability/impedance control is anticipated with high Landau
damping octupoles settings and tighter chromaticity mar-
gins during routine operation.

Tight settings offer over 20% increase in performance
but increased sensitivity to beam perturbations with a po-
tential impact on efficiency. The effects of strong octupoles
remain to be seen as does Operations’ ability to control the
chromaticity to the stated margins.

POTENTIAL PERFORMANCE
The potential performance for four scenarios are shown

in table 3. For clarity 3.5 TeV figures are suppressed. The
scenarios are:

1. 50 ns beam with β∗ = 90 cm and intermediate colli-
mator settings;

2. 50 ns beam with β∗ = 70 cm and tight collimator set-
tings, linear combination of margins;

3. 50 ns beam with β∗ = 60 cm and tight collimator set-
tings, margins combined in quadrature;

4. 25 ns beam with β∗ = 80 cm and intermediate colli-
mator settings.

Table 3: Potential performance in 2012. Collimators refers
to the choice of intermediate or tight settings. Margins to
the option of combining these linearly or in quadrature.

Option 1 2 3 4
Collimators int tight tight

Margins linear linear quad.
εN [μm] 2.5 2.5 2.5 3.3
β∗ [cm] 90 70 60 80

Crossing angle 240 268 290 380
[μrad]

Reduction factor 0.9 0.86 0.83 0.75
Colliding pairs 1331 1331 1331 2700
Protons/bunch 1.55 1.55 1.55 1.15

×1011

Peak luminosity 4.9 6.0 6.7 3.9
cm-2s-1

Pile-up 24 29 33 9
Days of physics 150 150 150 140
Int. luminosity 12.7 15.5 17.5 9.4

From the table 3, it is clear that tight settings and a
squeeze to either 70 or 60 cm are of importance if the stated
goals are to be met in good time in 2012. For this reason
it is foreseen to start with tight settings and qualify them
with reasonably high intensities bunches (48×1.4×1011)
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as soon as possible (with octupoles at an appropriate level).
Squeeze settings to 0.6 m and 0.7 m should be prepared.
Commissioning to 0.6 m initially should be performed with
the usual measurement and correction of orbit, optics, chro-
maticity at 90, 70 and 60 cm.

Integrated Luminosity

Besides table 3, estimates for the potential integrated lu-
minosity for 2012 have been presented elsewhere [17]. As-
suming 4 TeV, a β∗ of 70 cm and 148 days of physics,
the estimates were: around 16 fb-1 for 50 ns; and 10 fb-1

for 25 ns. These agree with other recent estimates based
on around 150 scheduled days for physics. (Note ramp-up
time and recovery from technical stop is included in the
quoted scheduled days.)

OTHER ISSUES

• The β∗ in IR8 will remain at 3 m in 2012.

• An inclined crossing scheme in IR8 is proposed and
under investigation. This will serve to reduced the net
crossing angle in LHCb, which is particularly large for
one polarity setting.

• The β∗ in IR2 will be reduced to 3 m in 2012. Com-
bined with satellite-main collisions, this should give
Alice their desired luminosity. Plans for artificially
induced ”enhanced” satellites are shelved.

CONCLUSIONS

Evian 2011 was a very productive workshop. It looked
back at 2011 - a remarkable year which saw excellent per-
formance and an awful lot of lessons learnt. It undoubt-
edly lays a good foundation for another challenging year in
2012. The principal goal is clearly the delivery of around
15 fb-1 to each of Atlas and CMS to allow the independent
exclusion or discovery of the Higgs. This should be possi-
ble in 2012 given:

• an increase in energy to 4 TeV;

• injector performance equal or better than that of 2011
- the hope here is to push towards an offered maxi-
mum of around 1.6 ×1011 protons per bunch with the
predicted increase in transverse emittance;

• the use of tight collimator settings allowing a reduc-
tion in β∗ to 70 or 60 cm;

• continued LHC machine availability in the same order
or better than that experienced in 20011 - the mitiga-
tion measures foreseen for key system will be critical
in this regards.
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LHC AVAILABILITY AND PERFORMANCE IN 2011 

A.L. Macpherson, CERN, Geneva, Switzerland 

Abstract 
The LHC performance and its overall machine 

availability are discussed, as well as the factors the factor 
that contributed to an excellent LHC performance in 
2011.  

 

INTRODUCTION  
In 2011, the LHC had an excellent year, with delivered 

luminosity for proton-proton running at 3.5TeV per beam 
well in excess of the target of 1 fb-1 set prior to the 2011 
run. Indeed, with both record totals for delivered 
luminosities in both proton-proton and lead-lead running, 
several special optics runs and a vigorous machine 
development program, 2011 exceeded all expectations in 
terms of machine performance. 

The LHC Run for 2011 can be summarised as follows 
• The 2011 LHC Run went from 19/02/2011 (end of 
Hardware commissioning) until 07/12/2011. A total 
264 fills reached Stable Beams. 

• For the LHC proton-proton run at 3.5TeV there 
were 219 fills that reached Stable Beams. (First stable 
Beams fill: 1613, last fill: 2267). 

• For the LHC ions run there were 39 fills that 
reached Stable Beams. (First Stable Beams fill 2290: 
last fill 2351.) 

 

LHC AVAILABILITY 
In 2011 the beam energy for the proton-proton run was 

set at 3.5TeV per beam and 50ns bunch spacing. After a 
short period of beam scrubbing with 25ns beam, to  
suppress the electron cloud effects on the beam vacuum, 
the total beam intensity was ramped up by a steady 
increase in number of bunches, and by 92 days into the 
run the machine was operating at 1380 bunches per beam, 
with an average bunch intensity of 1.1e11 protons and a 
normalised transverse beam emittance of ~2.2µm. For the 
remainder of the proton-proton run the machine operated 
with 1380 bunches, and this we label as the luminosity 
production phase of the proton-proton run. 

During the luminosity production phase, beam and 
optics improvements were made that permitted the 
machine to deliver ~72% of the total luminosity. These 
improvements were: 

 
• Reduction of the normalised transverse emittance of 
the beam from ~2.5µm to ~2µm at the start of the 
luminosity production phase. Throughout the run, 
beam 2 consistently exhibited a degraded emittance 
with respect to beam 1, particularly in the vertical 
plane, but as the blowup was not prohibitive and as 
the source not understood, no corrective intervention 
could not be taken. 

• The average bunch intensity was adiabatically 
creased by ~27% to a final value of ~1.45e11 protons. 

• Mid way through the luminosity production phase, 
the beam squeeze optics were changed so that the ß* 
at ATLAS and CMS was reduced from 1.5m to 1.0m 
(ALICE and LHCb remained at a ß* value of 10m and 
3m respectively) 

These changes are summarised in Figure 1 and 2 

Figure 1: The evolution the average bunch intensity, 
number of injected bunches, and average normalised 

emittance (as determined from ATLAS and CMS peak 
luminosities at the declaration of Stable Beams) over the 

duration of the 2011 proton run. 

Figure 2: The evolution of the average bunch Luminosity 
over the 2011 proton Run. The lower plot shows the 

evolution of the optics squeeze parameter, ß*, over the 
2011 proton run 
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DELIVERED LUMINOSITY 
With these improvements, careful attention to the beam, 

and continuous optimisation of the machine, the achieved 
delivered luminosity was pushed well beyond 
expectations, both for the proton-proton and for the lead-
lead run. While ATLAS and CMS pushed for the 
maximum delivered luminosity in the proton-proton run, 
LHCb and ALICE operated with luminosity levelling in 
order to optimise the data taking with respect to their 
detector capabilities. In addition, LHCb ran with a 
reduced squeeze of ß*= 3m and ALICE was un-squeezed 
with a ß* of 10m. On switching to Ions, ATLAS, ALICE, 
and CMS all ran with a ß* of 1m while LHCb elected not 
to take data.  

The evolution of the delivered luminosity for the proton 
and Ions Run is shown in Figure 3 and 4. These plots are 
based on preliminary off-line luminosity data published 
by the Experiments. 

Figure 3: The evolution of the delivered luminosity over 
the 2011 proton-proton Run 

Figure 4: The evolution of the delivered luminosity per 
experiment over the 2011 lead-lead Run. For the Ions 

running LHCb was not taking data. 

MACHINE AVAILABILITY 
In terms of LHC machine availability, the 2011 run   

was analysed in terms of six phases of operation that 
define the operational cycle. These phases are: 

• NB: No Beam. The machine is prepared for access 
and there is no possibility for beam. This condition is 
defined by the state of the EIS Beam safety elements 
at LHC Points 3 and 7. Having both elements are off 
is a necessary condition for access into the LHC. 

• SU: Machine setup. This is the time where the 
machine is closed but there is no beam in the machine.  

• INJ: Injection: There is at least one circulating 
beam. The mode is defined by at least one of the 
Beam presence flags to be true. 

• RE: Ramp Energy. This is the period of time that 
the beam is accelerated from injection to top energy, 
and is defined by the Beam mode. It also requires at 
least one of the Beam presence flags to be true. 

• SQ: Flat Top, Squeeze, and Adjust. This phase is for 
the period of time at flat top energy after the ramp, for 
the ß* optics squeeze, and for the adjust period when 
the beams are put into collision  (but before Stable 
beams is declared). Again, at least one of the Beam 
Presence flags has to be true is required. 

• SB: Stable Beams. This is the period when the 
beams are in collision and the LHC experiments take 
data. This is defined by the Stable Beams beam mode 
but also requires both Beam presence flags to be true. 

 
Note that the Setup time includes the time to setup the 

machine prior to injection, but also the ramp down and 
any downtime when the LHC is not prepared for access. 

With these definitions, the machine availability can be 
assessed for the different operational periods. As an 
example, Figure 5 shows the availability for the 
Luminosity production period of the 2011 proton Run. 

Figure 5: Machine performance during the 2011 
luminosity production phase of the proton-proton Run.  
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Run Days 
NB 
% 

SU 
 % 

INJ 
% 

RE 
% 

SQ 
% 

SB 
% 

2011 299.3 25.7 30.5 17.4 1.7 4.3 20.5 

2011 
no TS 

277.9 23.3 29.5 18.7 1.9 4.7 22.0 

p-p 156.6 22.0 20.4 19.2 2.2 3.8 33.8 

p-p 
LP 

81.4 23.6 19.3 18.9 2.0 3.5 32.6 

Pb-Pb 24.1 25.0 20.8 13.6 2.2 5.5 32.9 

MD 33.2 22.9 32.3 36.8 1.2 6.0 0.8 

High ß 4.2 6.2 43.7 10.3 3.2 35.4 1.1 

  

Table 1: Machine Availability for the different Run 
epochs.  Note ‘p-p LP’ refers to the luminosity production 

phase of the proton-proton Run. Also, data for all rows 
except the first do not count the periods allocated to 

technical stops (TS).  

In terms of the machine performance over the different 
phases of the 2011 run, the availability for these different 
phases is summarised in Table 1, but it can be easily seen 
that the percentage of time spent in Stable Beams, both 
for proton and Ions running, is at the level of 33%. In 
terms of performance this can be evaluated in terms of the 
Huber factor H, which is given by  

LI= 0.00864 D LP H 
LI is the integrated luminosity in fb-1, LP is the peak 

luminosity in µb/s, and D is the number of running days 
for physics assuming no unplanned stoppages.   

Figure 6: Turn around time for fills during the 2011 
Proton Run. The Luminosity production phase is defined 

as fills with 1380 bunches per beam injected. 
 

The Hubner factor is the ratio of actual delivered 
luminosity to the amount you could collect by running 
continuously at the peak luminosity, and the expected 
value was H=0.2,  (as achieved at LEP). For both the 
Luminosity production phase of the proton run, and for 
the Ions run, Hubner factors above 0.2 were achieved, 
with values of 0.22 and 0.24 respectively. 

To achieve this sort of performance, attention was paid 
to an optimisation (whenever possible) of the turnaround. 
In terms of the proton Run the turnaround is summarised 
in Figure 6, which gives a most probably turnaround time 
for the 2011 proton run of 5hrs 13.8 min. It is noted that 
average turn around times are influenced by the long tail 
of Figure 6, which is due primarily to equipment faults 
and cryogenics recovery times. 

By comparison, the duration of stable beams times is 
shown in Figure 7, where the average Stable Beams 
duration for the 2011 proton run was 5hrs 45.6 minutes.  

 

Figure 7: Distribution of stable beams durations over 
the 2011 proton Run. The average duration is 5.76 hrs. 

 
FAULTS AND DOWNTIME 

Despite the impressive machine performance there are 
several issued associated to machine turnaround time and 
down time that need to be addressed.   

LHC downtime was accrued due to system faults or 
failures, with faults defined as any incident, hardware or 
software failure, which prevented normal operation. 
Typically the shift crews register faults via the e-logbook 
interface, and this allows for fault statistics by system as 
shown in Figure 8. From this it appears that cryogenics is 
the clear leader in downtime, with a global down time of 
~21 days. However Figure 9, which is a detailed 
accounting of the cryogenics downtime shows a 
downtime of 25.9 days.  

This highlights an issue with the fault tracking in the e-
logbook, as it appears that not all faults were recorded by 
the shift crews, and some faults went undocumented or 
were hidden in the shadow of others. This can be seen by 
the inset of Figure 8, which shows the time spent in 
access during the run when there was no fault recorded in 
the e-logbook. These unaccounted faults were typically 
faults in the QPS system, and this is consistent with 
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Figure 10, where QPS dominates the MPS dump cause 
for all beam dumps at 3.5TeV. Clearly, for efficient and 
effective fault tracking and for downtime counting, fault-
tracking procedures for 2012 have to be revised. 

Figure 8: Breakdown of LHC downtime by system as 
registered in the e-logbook fault tracking. The inset shows 

the distribution of downtime events where no fault was 
recorded in the e-logbook, but for which the machine was 

in a state compatible for access. 

From Figure 10 it can also be seen that downtime due 
to radiation induced single event upsets (SEUs) was a 
significant factor for several systems, including QPS, 
Cryogenics, Power Converters, the electrical network, 
PIC, and Collimation. Mitigation actions during the 2011 
run and the 2011-2012 Christmas stop have been 
performed in order to reduce sensitivity of equipment to 
SEUs, and indeed Figure 9 shows the effect of one such 
mitigation. On August 5th, redundancy improvements 
were made on PLC logic controllers of the cryogenics, 
and a significant decrease in the rate of accumulated 
cryogenics global downtime can be observed.  

Figure 9: Total cryogenics downtime as a function of 
the run duration. Downtime is defined as the absence of 

the global AND of all the Cryo_Maintain signals. 

Further mitigation actions have been implemented 
across the machine, and it is expected that most if not all 
SEU affected systems will show a marked reduction in 
downtime  (especially QPS and Cryogenics) 

Figure 10: Beam dump cause by system for all beam 
dumps that occurred at 3.5TeV during the 2011 Run. The 
beam dump cause is as assigned by the Machine 
Protection Expert Panel analysis that is preformed off-
line. Note: blue and yellow bars are stacked histograms 
showing the relative contribution of beam dumps coming 
from single event upset events produced by radiation.  

 
BEAM DUMP STATISTICS  

 Over the course of the 2011 run, faults such as 
discussed above, often triggered beam dumps. Of a total 
of 482 beam dumps in the 2011 Proton Run, 375 (78%) 
were non-programmed beam dumps, and of those non-
programmed beam dumps, 168 (35%) were in stable 
beams. The breakdown of the 375 non-programmed beam 
dumps by beam mode is given in Figure 11, and shows 
that ~50% of all such beam dumps occurred in the post 
squeeze phase of operation. 

Figure 11: Breakdown by beam mode of non-
programmed beam dumps that occurred in the 2011 

Proton Run. 
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If these beam dumps are analysed in terms of the initial 
trigger and by actual cause (as determined by the Machine 
Protection Expert review panel), the PIC (Powering 
Interlock Controller) is the dominant first trigger system 
(Figure 12), despite not being the system with the fastest 
reaction time. This is due to the fact that the PIC handles 
the interlock requests from all the cold magnets, their 
UPS units, their cryogenic conditions, and their 
emergency stop inputs, and due to the large scale of the 
PIC surveillance, it is natural that it is the leading first-
trigger system.  However, Figure 10 demonstrates that the 
actual cause of the beam dump is spread over a number of 
systems, with QPS, Cryogenics, RF, Power Converters, 
and the Electrical network accounting for three quarters 
of the non-programmed beam dump triggers.   

Figure 12: Breakdown by first trigger of beam dumps at 
3.5TeV for all fills in the 2011 Proton Run where a non-
programmed dump occurred which was not classified as 
having a Machine Protection beam dump cause of End-
of-Fill. 

 
Mitigations against SEU effects are expected to 

suppress the QPS, Cryogenics, Power Converter, and 
Electrical Network triggers in 2012. Yet the number of 
non-programmed beam dumps will not necessarily 
decrease, and that the distribution shown in Figure 10 will 
evolve, due to beam related effects and increased beam 
intensities as LHC performance is again pushed in 2012. 

 
SUMMARY  

The 2011 run has been hugely successful, with 
luminosity delivery well beyond target, successful 
implementation of luminosity levelling procedures, and 
Stable beam availability of ~32 %, which corresponds to a 
Hubner factor of 0.22 and 0.24 for proton and Ions runs 
respectively.  While fault tracking was not fully complete, 
successful mitigations against downtime due to radiation 
induced single event upsets, have already been observed, 
and further improvements are expected in 2012. This   
should help reduce the number of non-programmed beam 
dumps in 2012, but it is not clear if the percentage of non-

programmed beam dumps in the post squeeze phase will 
move from the 2011 Proton Run value of ~50%, due to 
the demand for higher beam intensities and increased 
performance reach of the LHC in 2012. 
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INJECTION AND LESSONS FOR 2012

C. Bracco, M.J. Barnes, W. Bartmann, K. Cornelis, L.N. Drosdal, B. Goddard, V. Kain, M. Meddahi,
V. Mertens, J. Uythoven, CERN, Geneva, Switzerland

Abstract

Injection of 144 bunches into the LHC became fully
operational during the 2011 run and one nominal injec-
tion of 288 bunches was accomplished. Several mitiga-
tion solutions were put in place to minimise losses from
the Transfer Line (TL) collimators and losses from kick-
ing debunched beam during injection. Nevertheless, shot-
by-shot and bunch-by-bunch trajectory variations, as well
as long terms drifts, were observed and required a regular
resteering of the TL implying a non negligible amount of
time spent for injection setup. Likely sources of instabil-
ity have been identified (i.e. MKE and MSE ripples) and
possible cures to optimise 2012 operation are presented.
Well defined references for TL steering will be defined in
a more rigorous way in order to allow a more straightfor-
ward and faster injection setup. Encountered and potential
issues of the injection system, in particular the injection
kickers MKI, are discussed also in view of injections with
a higher number of bunches.

2011 OPERATION

The performance of the LHC in 2011 was outstanding
and much better than what was predicted during the last
Chamonix workshop. Also the injection system [1] worked
better than expectations [2] and the injection of batches of
144 bunches (1.5·1010 protons per bunch and emittance
ε = 2 μm) became part of standard operation. Moreover,
during Machine Development (MD) time, the injection of
288 bunches was accomplished for both beams with 30%
margin between the injection losses and the dump thresh-
olds. Work has still to be done to optimise the 25 ns beam
in the injector chain, accumulation and beam lifetime in the
LHC ring but, globally, the experiment was successful and
promising in view of operation with the nominal intensity.

Mitigation Measures

Some mitigation measures were put in place and allowed
to reduce the injection losses due to uncaptured beam (in-
jection and abort gap cleaning) and showers from the trans-
fer line collimators (TCDI shielding and aperture, SPS
beam scraping) [3].

Studies showed the importance of a correct beam scrap-
ing in the SPS to reduce the losses at the TCDIs (by up to
a factor of 10) without affecting the transverse emittance.
The scraper has to cast a shadow on the transfer line col-
limators without cutting the beam core to avoid too high

losses in the SPS and, as a consequence, machine activa-
tion [4].

In the middle of the 2011 run, after several beam dumps
triggered by injection losses, the TCDI half gaps in TI2
were opened from 4.5 σ to 5 σ to be less sensitive to trajec-
tory drifts. Before opening the TCDIs, it was checked that
all the collimators were still centered with respect to the
reference trajectory used for the Machine Protection (MP)
validation tests at the beginning of the year (tests done with
TCDI at 5 σ). A factor of 4 was gained in the injection
losses coming from the TL (see Fig.1) but with some re-
duction in protection. Studies are ongoing to evaluate the
impact of moving or adding collimators at the beginning of
the TL to reduce the showers in the LHC injection region.

Further options are at present analyzed to have cleaner
injections. BLM sunglasses should avoid unnecessary
beam dumps due to showers from the outside and de-
bunched beam. One possible solution is to replace some
BLM monitors with less sensitive Little Ionization Cham-
bers (LICs); this would potentially allow to increase the
BLM thresholds by up to a factor of 60. No modifica-
tion to the hardware, BIS system nor BLM firmware is re-
quired but certain thresholds would be constantly higher at
450 GeV. A list of monitors to be exchanged was defined
and 7 LICs were installed during the 2011-2012 Christmas
Technical Stop (TS). Thresholds will be kept unchanged at
the LHC startup and will be increased according to opera-
tion and machine protection needs later during the run.

A better control of the transfer line stability would im-
prove the injection process and reduce the downtime; de-
tails are presented in the following.

Transfer Line Stability

Injection played a dominant role in the LHC downtime
during the 2011 run. Changes in the trajectories required
a periodic re-steering of the TL: initially once, twice per
week and every second day at the end of the year. Steer-
ing of the lines was complicated since a correct tradeoff
between injection oscillations (<1.5 mm) and beam posi-
tion at the TCDI had to be defined. Moreover, shot-by-shot
variations were observed corresponding to a maximum tra-
jectory excursion of 760-770 μm in the horizontal plane
and 260 μm in the vertical plane for both beams [5]. A
Model Independent Analysis (MIA) allowed to define the
strongest Eigenmodes of the oscillations observed and to
identify the most probable source of instability. The ripples
measured at the power converter of the SPS extraction sep-
tum (MSE) might explain the oscillations in the horizontal
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Figure 1: Loss shower from transfer line collimators (TCDI) for the cells 1 to 9 upstream of ALICE with the beam
direction from left to right. The blue curve indicates the loss level with a TCDI opening of 4.5 σ and the green curve
shows the reduced loss level after opening the TCDIs further to 5 σ [3].

plane for Beam 1. A second contribution from the SPS ex-
traction kicker (MKE) has to be also taken into account for
Beam 2.

Figure 2: Comparison between scan of the SPS extraction
kicker waveform in TI8 - MKE4 and IQC plot showing
large variations for the bunch-by-bunch injection oscilla-
tions amplitude (Beam 3 horizontal) [5].

Large bunch-by-bunch amplitude modulation of the hor-
izontal injection oscillations were observed for Beam 2
when injecting 144 bunches and seemed to indicate a
bunch-by-bunch variation of the trajectory in TI8. A scan
of the horizontal extraction kicker (MKE4) was performed
and a ripple of up to 2.5% of the kick (maximum to mini-
mum) was measured at flattop (specification: 1%), more-
over, the waveform modulation was consistent with the
bunch-by-bunch injection oscillation amplitude (see Fig.2).

About 60 hours, over 120 days of operation, will be spent
at injection in 2012 if TL stability is not improved. Work
is ongoing on the MSE power converters to reduce the rip-
ples. In addition, the injected beam will be moved towards
a flatter part of the waveform (in particular the 12 bunches
used to steer the lines) to attenuate the bunch-by-bunch
variation.

An adequate amount of the commissioning time will
have to be used for a careful setup of the TL and to de-
fine new trajectories allowing an easier and faster steering
(no more conflict between transverse losses and injection
oscillations). New features and improved references have
been implemented in the Injection Quality Checks (IQC)
application (limits at the TL BPM and intensity dependent
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BLM thresholds) and should further simplify the steering
process. All this should reduce the downtime caused by
the injection.

MKI FAILURES

The only quenches occurred during the 2011 run were
a consequence of injection failures [6]. In one case, a
flashover of the MKI-D in point 8 caused the over-kick
of 36 injected bunches which grazed the TDI lower jaw
and the TCLIB collimator and determined the quench of 11
magnets. The spark was the consequence of vacuum degra-
dation in the kicker region during injection. As a followup
of that event, the HW vacuum interlock at the MKI was
reduced from 5×10−8 mbar to 2×10−8 mbar, a SW inter-
lock was implemented to inhibit injection in case of pres-
sure >2×10−9 mbar and a new interlock on the integrated
pressure over time was added during the last Christmas TS.
Anti-e-cloud solenoids in the injection region have to be
switched on during nominal operation; special runs with
solenoids off can be envisaged (i.e. scrubbing) provided
that the interlock limits defined above are respected. The
setup of the injection protection collimators was rechecked,
in particular the TDI angular alignment, and the TCLIB
half aperture was relaxed by 1.5 σ to reduce the load on the
downstream magnet.

Two erratics happened at the MKI-C of Beam 1. The first
erratic was correctly detected and the system reacted firing
all the injection kickers. No beam passed across the MKI
during the pulse but 144 bunches were extracted by the
SPS when the MKI current was still zero and were dumped
on to the upper TDI jaw. The second erratic happened,
again at the MKI-C, during the resonant charging and was
not detected by the system. The kicker pulsed for ∼9 μs
and the circulating beam was swept over the aperture and
grazed the TDI lower jaw. According to the XPOC anal-
ysis, 173 bunches were lost and not correctly dumped, 3
magnets quenched and the Silicon Drift Detector (SDD) of
ALICE suffered permanent effects. Investigations showed

Figure 3: Rise time measurement as a function of the tem-
perature of the MKIs in IR8 [6].

that the erratics were caused by a HW problem, the faulty
components were exchanged and a faster detection with

lower voltage thresholds was implemented. No more er-
ratics were recorded until the end of the run but similar
accidents can happen, by design, few times per year. The
injection protection collimators have to be correctly set up
and the experiments have to be in a fully safe state to avoid
damages.

A software interlock exists on the MKI temperature to
forbid injection in case of excessive heating. The strength
of the MKIs depends in fact on the ferrite temperature: the
magnet inductance decreases when increasing the tempera-
ture above the ferrite Curie point. The ferrite inductance is
evaluated by measuring either the MKI rise time or the de-
lay during the soft-start. Results of rise time measurements
performed on the four MKIs in point 8 are shown in Fig.3.
A fast drop of the rise time can be observed for the MKI-D
starting at about 60 ◦C. Based on these measurements, the
interlock limit was set at 62 ◦C (originally at 55 ◦C) and it
cannot be further increased. Temperature interlocks for in-
dividual magnets have been deployed from the 2011/2012
Christmas stop.

A long time-constant (10 hours) is associated with heat-
ing and cooling of the ferrite mass; this lag is due to the
ferrite thermal capacity. Delays in operation have to be
envisaged as some MKI cooling time has to be foreseen
before injection, especially when moving to higher intensi-
ties.

OTHER INJECTION ISSUES

Other issues were observed during the 2011 operation.
Unidentified Falling Objects (UFOs) were observed at the
MKI and induced several beam dumps at the beginning of
the run (details can be found in [7]).

Figure 4: Deformation of the beam screen observed at the
TDI in point 8.

Different problems were encountered at the TDI:

• Drift of the TDI LVDT: the interlock threshold had to
be increased by 100 μm to avoid beam dumps.

• Vacuum pressure increase and heating at the TDI in
points 2 and 8 during physics, when the jaws were
set at ±22 mm. This was particularly problematic for
ALICE due to the high background. A new parking
position with the jaws at ±55 mm was defined and
solved the vacuum issue but a temperature increase
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is still present in this region. Impedance studies are
ongoing to understand the origin of this effect [8].

• A deformation in the beam screen was found during
the Christmas stop (see Fig.4). Investigation on the
cause of the deformation and possible solutions is on-
going.

CONCLUSIONS

The injection system performance during the 2011 LHC
run was better than expectations: injection of 144 bunches
was fully operational and 288 bunches could be success-
fully injected, for both beams, during MD time.

Mitigation measures were put in place and allowed to
reduce injection losses; several options are analyzed to fur-
ther gain some margin with respect to the dump thresholds.

The transfer line stability caused a number of problems.
The steering of the lines was not straightforward since the
optimum tradeoff between minimum transverse losses and
injection oscillations had to be defined. Moreover big shot-
by-shot and bunch-by-bunch variations were observed to-
gether with long term trajectory drifts. Work is ongoing to
minimise the instability sources and improve the references
in the lines in order to reduce injection induced downtime.

Two major failures involved the injection system (MKI
flashover and erratic) and caused the only magnet quenches
occurred in 2011 and some damage of ALICE SDD. The
MKI faulty components were replaced, diagnostic im-
proved and interlock logic enforced. Future failures have
still to be envisaged but serious damages should be avoided
if the injection protection collimators are correctly set up
and the experiments in a fully safe state.
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LESSONS FROM 2011 – MACHINE PROTECTION 

Markus Zerlauth, Rüdiger Schmidt, Jörg Wenninger, rMPP members, CERN, Geneva, Switzerland

Abstract 
The present architecture of the machine protection system 
is being recalled and the performance of the associated 
systems during the 2011 run will be briefly summarized. 
An analysis of the causes of beam dumps as well as an 
assessment of the dependability of the machine protection 
systems (MPS) itself is being presented. Emphasis will be 
given to events that risked exposing parts of the machine 
to damage. Further improvements and mitigations of 
potential holes in the protection systems will be evaluated 
along with their impact on the 2012 run. The role of 
rMPP during the various operational phases 
(commissioning, intensity ramp up, MDs…) will be 
discussed along with a proposal for the intensity ramp up 
for the start of beam operation in 2012. 

 

PRESENT ARCHITECTURE OF 
MACHINE PROTECTION SYSTEM 

  The MPS backbone for the LHC consists of the 
magnet and beam interlock systems, the LHC Beam 
Dumping System, a number of active protection systems 
such as Beam Loss Monitors (BLMs), Quench protection 
System (QPS) the Software interlock system (SIS), the 
injection protection system and passive absorbers 
(Collimators) as shown in Figure 1. In addition, many 
equipment systems provide direct inputs to the magnet 
and beam interlock systems to preventively dump the 
beams in case of malfunctioning, adding up to a total of 
many 10.000 interlock conditions. The MPS architecture 
is constantly evolving, and more than 100 major changes 
were recorded and followed up during the operational 
year 2011.   

  

 

Figure 1: Architecture of LHC Machine Protection 
Systems and associated client systems 

REVIEW OF PROTECTION DUMPS 
  At the end of the 2011 run, the LHC machine 

protection systems had cleanly executed around 1200 
beam dump requests, corresponding to a slight decrease 
of 10% with respect to the previous operational year 
2010. As already in 2010, no beam inducted quench was 
observed with circulating beam at 3.5 TeV, although the 
machine was routinely operated with more than 100MJ of 
stored beam energy per beam. Even during the various 
machine development phases devoted to the 
understanding of the quench margin of the LHC magnets 
no magnet was quenched with circulating beam. This 
indicates the presence of operational margins that will 
become important when understanding the performance 
reach of the machine with respect to effects of electron 
clouds and UFOs [1]. Consequently no equipment 
damage was recorded during the run, apart from damage 
that occurred in the SDD calibration unit of ALICE 
following kicker erratic’s during beam injection [2]. 

As during previous years all beam dump events from 
3.5 TeV, be it a programmed dump or a premature beam 
dump request, have been meticulously analysed and 
validated by the operation crews and Machine Protection 
System experts and have been used to build a knowledge 
database to assess possible long-term improvements of 
the LHC machine protection and equipment systems [3].  
 

 

Figure 2: Causes of beam dumps for the past two 
operational years 2010 (left) and 2011 (right) 

With respect to the previous operational year, 40% 
more of the fills were successfully ramped to 3.5 TeV, 
being proof of a much improved mastering of the machine 
and the operational cycle. At the same time, a small 
relative increase of false triggers from the Machine 
Protection Systems itself could be observed, mostly due 
to the much accentuated effects of intensity and 
luminosity related issues in the LHC equipment systems, 
resulting in numerous premature beam dumps as will be 
discussed later in this paper. The most remarkable change 
with respect to the 2010 run was however that fact that 
beam dumps from beam monitoring equipment such as 
beam loss monitors and interlocked beam position 
monitors have decreased by a factor of 3 (as shown in 
Figure 2).  
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This confirmed that the numerous mitigations and 
additional protection systems being put in place during 
the 2010 and 2011 runs have brought a considerable 
improvement to the redundancy of the active machine 
protection systems. The dependability of the backbone 
systems of LHC machine protection remained hereby 
mostly constant, apart from a strong increase in Single 
Event Upsets (SEU) and environment related triggers 
(such as failures of the electrical distribution…). Such 
failures were predominant in systems like the Quench 
Protection System (QPS) or the PLC based Powering 
Interlock System (PIC) as shown in Figure 3. For both 
systems corresponding mitigation actions have been 
already prepared and put in place, like for example the 
deployment of a new failure tolerant firmware version for 
QPS controllers in exposed locations or the full relocation 
of all interlock PLCs during the TS3 of the 2011 run.    

 
Figure 3: Fraction of false dump triggers from machine 

protection systems in 2010 (left) and 2011 (right) 
 

The fact that 95% of false positives occurred above 
injection energy confirms the correlation with intensity 
and/or luminosity related effects on electronics, as it can 
be seen from Figure 4. 
 
 

 

Figure 4: False beam dumps from machine protection systems as a function of time (x-axis) and intensity in the 
machine (y-axis) 

While false positives from the LBDS, SIS, BI and BLM 
system are more or less equally distributed over time and 
in first order (due to low statistics) independent from the 
circulating beam intensity, it is clearly visible from Figure 
4 that there is an accumulation of QPS faults with higher 
beam intensities towards the second part of the 
operational year 2011. Also all failures caused by 
spurious stops of the powering interlock PLCs exclusively 
occurred during operation with high beam intensities, and 
in addition occurred on all five occasions in locations of 
higher radiation levels such as UJ14, UJ16 and UJ56.  

Beam dumps from beam monitoring 
The number of beam dumps triggered through the beam 

monitoring systems (beam loss monitors and interlock 
beam position monitors) is a good measure to assess the 
effectiveness of the active protection systems. Some 40 
fills have been prematurely dumped from such systems 
during the 2011 run, indicating possible further 
improvements of the redundant active detection. The 
beam dumps were mostly a consequence of slow losses, 

caused by vacuum activities, feedback issues or other 
transverse beam instabilities. Despite the fact that the 
machine always has been very well protected in these 
cases (namely by the very performing beam loss 
monitoring system), a future evolution of the machine 
parameters towards higher energies and smaller β* values 
will require tighter collimator settings and lower BLM 
thresholds. Therefore to maintain the current good level 
of orbit stability is absolutely mandatory. To maintain the 
current level of dependability also when exploring a new 
operational envelope, additional interlocks for e.g. the 
orbit corrector current and a beam current change monitor 
should be developed and put in place for future runs.  

FUTURE IMPROVEMENTS OF THE 
MACHINE PROTECTION SYSTEMS 

One of the most promising systems to introduce 
additional redundancy into the MPS is the so-called beam 
current change monitor, which was a vital part in many 
other MPS systems such as e.g. HERA. It was proposed 
for a use in the LHC as early as 2005 [4]. With a HERA 
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like system it would be possible to detect changes of less 
than 0.1% of the total beam current within some 10 turns. 
The BI group in collaboration with a DESY consultant 
has started a development of such a system for the LHC 
in mid of 2010. A first prototype of the system is installed 
and recording first data (see Figure 5). As shown in 
Figure 6 (illustrating a comparison between the 
measurement from the DCBCT and the beam current 
change monitor) the system however still shows some 
unexplained behaviour during the first part of the flat top 
and the squeeze of the particle beams, which needs to be 
fully understood and mitigated before an active interlock 
can be implemented based on this measurement.  

 

 
Figure 5: Prototype installation of beam current change 

monitor 

 
Figure 6: Comparison of beam current measurements with 

the DCBCT (red curve) and the beam current change 
monitor (blue curve) 

 
A second system, to become operational already during 
the 2012 run, is a new software interlock system 
monitoring the power converter currents of corrector 
circuits to protect against operations- and feedback-
failures. While this system will be redundant to the 
already existing SIS interlock for the arcs it will add a 
level of protection in LSS 1/2/5 and 8 due to its capability 
of tracking bump shape amplitudes and variations as 
illustrated in Figure 7. It therefore has a key interest for 
all other (non-COD) power converters where currently no 
current tracking is being performed. 

 

Figure 7: Orbit bump >2mm developing during the ramp 
of fill 1717. The system clearly identifies the unusually 
high kick applied by calculating the difference between 

the applied kick and the BP reference.  

Other improvements foreseen for the 2012 run include 
amongst others the finalization and full commissioning of 
the transverse damper (ADT), which will allow for abort 
gap cleaning and increased efficiency and dependability 
when performing loss-maps and machine developments 
(MD) as e.g. for the quench tests. During initial MDs, the 
ADT has already demonstrated its capability of 
selectively and very deterministically blowing up selected 
bunches as shown in Figure 8. First comparisons of loss-
maps performed with the ADT blow-up and when 
crossing a 3rd order resonance show very good agreement 
between the two methods. 

 

Figure 8: Blow up of selected bunches during MD (left) 
and the corresponding unaffected bunches (right) 

In view of the increase in energy and intensity for the 
2012 run, a procedure for on-demand abort gap cleaning 
has been developed and will be validated during the beam 
commissioning phase. While for the upcoming run the 
procedure will be semi-automatic only, improvements of 
the ADT hardware (to avoid kick tails that might impact 
the bunches next to the abort gap and thus the luminosity 
while cleaning) and a dependable reading of the gap 
population by the BSRA will allow to move towards fully 
automated cleaning after LS1.  

Commissioning and validation procedures, 
Machine Developments and Change 
Management 

The re-commissioning of the MPS system for the 2012 
run will be done as in 2011 according to the well 
established procedures documented in the Machine 
protection share point site [5]. Based on the very good 
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experience of intensity ramp ups after the technical stops 
in 2011 (see Figure 9), the intensity ramp up for 2012 is 
proposed to be reduced to a total of 7 steps. The past year 
of running clearly showed the machine availability to be 
the driving factor for reaching 768 bunches. Only after 
this step intensity related effects (UFOs, vacuum 
activities and SEUs) started to play a determining role for 
further increasing the intensity.  

 

 

Figure 9: Intensity ramp up after last TS in September 
2011 

The risk with a faster intensity ramp up is hereby not a 
risk with machine protection, but rather with the potential 
effect of decreasing the efficiency. A balanced approach 
to intensity the increase allows however for probing and 
resolving of any upcoming issues while maintaining a 
certain integrated luminosity, as smaller β* values, new 
collimator settings, and tight orbit tolerances will need 
time to master.  

The initial intensity ramp-up for the restart in 2012 is 
therefore proposed as follows: 

● 3 bunches for initial validation and MPS 
checkout 

● 2-3 fills and 4-6 hours of stable beams with 48b, 
84b, 264b and 624b (for cycle validation) 

● 3 fills and 20 hours of stable beams with 840b, 
1092b, 1380b (luminosity related problems) 

 
For future re-commissioning campaigns it is expected 

to introduce an even more formal approach through the 
use of the recently developed accelerator testing tool for 
HWC, which will allow for the possibility of more 
rigorous sequencing, dependencies and documentation as 
well for the beam commissioning phase.  

Additional developments to improve the tracking of 
relevant changes to the MPS systems should be defined 
and put in place, as 2011 has seen not less than 100 
considerable changes to hardware and software 
components of the machine protection systems. Changes 
in machine protection systems require more than any 
others an appropriate culture and level of responsibility of 
the equipment expert to assure the dependability of the 
deliverables. Additional controls tools for intelligent 
rollbacks, centralized information on deployments/server 

reboots and RBAC like protections against changes on 
operational machines would further facilitate this effort. 

This also applied to some extend to machine 
development periods, which by definition explore new 
machine and machine protection territory, often requiring 
numerous changes to the machine and machine protection 
systems to allow for the MDs to be performed. It has to be 
said that the MD requestors have demonstrated a high 
level of responsibility by proactively providing the 
required MP documents. More than 20 documents have 
been approved in EDMS for the MD periods in 2011 [6], 
and the preparation phase has proven very useful for the 
MD and MPS teams and often helped to increase the 
efficiency of the MDs. Certain flexibility with respect to 
the agreed procedure has shown to be useful on a few 
occasions, but must not become the standard procedure.  

CONCLUSIONS AND OUTLOOK 
The LHC Machine Protection and Equipment Systems 

have been working extremely well during the 2011 run 
thanks to a lot of commitment and rigor of operation 
crews and machine protection experts. Ever more failures 
are captured before effects on the particle beams are seen 
(i.e. no beam losses or orbit changes are observed). 
Therefore not a single quench with circulating beam has 
been observed, although the machine has been routinely 
operated with more than 100 MJ stored in each particle 
beam, which is 10 orders of magnitude more than the 10 
mJ needed to quench a magnet. No evidence of a major 
loophole or uncovered risk in the protection architecture 
has been identified. At the same time additional active 
protection measures should be investigated and deployed 
for future runs. Maintaining the current level of good 
orbit stability will be of primary importance in view of 
future evolutions of the beam parameters towards higher 
energies and operation with lower β*. Despite the high 
dependability of the machine protection systems during 
the past two operational years we have to remain vigilant 
also in the following years when more emphasis will be 
given to increase the overall machine availability. 
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Abstract 
During the LHC run 2011, a tremendous progress has 
been made towards the machine operation with design 
parameters. In the same time, the run confirmed the 
sensitivity of the beam vacuum system to the machine 
parameters. As expected, a successful scrubbing period 
allowed mitigating the effects of the electron cloud giving 
room to an entire filling of the ring with 50 ns beams. In 
parallel issues such as the impact of the beam screen 
regulation, pressures spikes and local outgassing were 
observed during the year. On-line mitigations and 
immediate compensatory measures implemented during 
the winter technical stop are reviewed together with their 
efficiencies. The expected limitations while waiting for 
LS1 consolidation or when running with 25 ns beams are 
addressed. Lessons for 2012 are discussed. 

INTRODUCTION 
The LHC vacuum system is designed to overcome the 

effects induced by the beams and particularly protons 
beams [1]. According to the LHC baseline, the vacuum 
system is designed to operate with ultimate beams [2]. 
Table 1 summarises the main machine parameters 
relevant for the vacuum system. In this table, the beam 
parameters achieved at the end of the 2011 run are 
compared to the injection, nominal and ultimate LHC 
parameters.  

Table 1: Summary of the main LHC parameters relevant for the 
vacuum system [2] 

 2011 Injection Nominal Ultimate 
Energy (TeV) 3.5 0.45 7 
Beam current 

(mA) 
362 584 860 

Number of 
protons per bunch 

1.45 1011 1.15 1011 1.7 1011 

Number of bunch 1380 2808 
Bunch spacing 

(ns) 
50 25 

Critical energy 
(eV) 

5.5 0.01 44 44 

Photon flux 
(ph/m/s) 

3 1016 6 1015 1 1017 1.5 1017 

SR power (W/m) 0.01 0 0.22 0.33 

 
When circulating in the LHC arcs, the protons beams 

produce synchrotron radiation (SR) emitted in the 
bending magnet beampipes. At injection, the SR spectrum 
is in the very low energy part below a few tenth of eV. 
Therefore, only weakly bound molecules can be desorbed 
under this SR irradiation. However, the photon flux being 
so small that it makes the photon stimulated desorption 
hardly observable at injection energy. At flat top, the SR 

spectrum extends up to the keV range.  In this case, 
weakly bound and tightly bound molecules which are 
desorbed under photon irradiation are released. No matter 
the machine parameters, this source of gas will be always 
present during the LHC lifetime. In the cryogenic arcs of 
the LHC, the vacuum level is driven by the acceptable 
power loss in the cold mass due to nuclear scattering onto 
the residual gas. The design beam lifetime of 100 h, i.e. 
10-8 mbar H2 equivalent, fulfil this criterion. In 
consequence, appropriate surface cleanliness and 
pumping systems provided by perforated beams screens 
are required to reach the vacuum performances [3]. 

In the LHC, an electron cloud builds-up induced by the 
closely spaced and dense proton beams. The interaction of 
this cloud with the vacuum surroundings results in an 
electron stimulated molecular desorption. The cloud 
intensity is a strong function of the maximum secondary 
electron yield, δmax, of the vacuum chamber walls. In the 
LHC, the multipacting thresholds have been estimated 
and depend mainly of the bunch spacing and on the 
presence of a magnetic field. Recent estimations for 
3.5 TeV beams indicate that multipacting thresholds at 
25 ns are in the range 1.2< δmax <1.4. Table 2 gives the 
multipacting levels for the current LHC operation [4]. A 
weak dependence with beam energy up to 7 TeV is 
expected. 

Table 2: Multipacting thresholds for current LHC operation [4] 

Bunch spacing Magnetic field 450 GeV 3.5 TeV 

50 ns 
no 1.7 1.7 

dipole 2.2 2.1 

25 ns 
no 1.3 1.2 

dipole 1.5 1.4 

 
 Since most of the technical materials have a δmax in the 

range of 2 or above, a surface processing of the LHC 
vacuum chambers is required to fulfil the vacuum 
performances. For these reasons, most of the room 
temperature elements of the machine, including the 
experimental beampipes, but with the exception of 
kickers, collimators, BI equipments and some vacuum 
modules, are coated with Non Evaporable Getter (NEG) 
coatings made of TiZrV material. Beside its huge 
pumping performances when applied on large surfaces, 
this coating has a very low δmax of 1.1 in a way that 
multipacting is fully excluded with such materials in the 
LHC. On the other hand, uncoated areas operating at 
room temperature or at cryogenic temperature, requires a 
processing of the surface to reduce δmax below the 
multipacting threshold i.e. beam scrubbing is required. In 
the LHC, the baseline is to scrub the vacuum chamber 
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wall under electron bombardment which graphitise the 
near surface thereby reducing the δmax [5]. 

Among others, proton storage rings with large 
circulating beam current must be designed to cope with 
the so-called “ion induced pressure instability” known 
from previous experience with the CERN Intersecting 
Storage Ring (ISR) [6]. The optimisation of the local 
pumping speed and the local cleanliness of vacuum 
surfaces are essential ingredients to keep the vacuum 
stable. In the LHC arcs, the beam screen’s perforation 
associated to the operation with a surface exempt of 
physisorbed gas guaranty vacuum stability. In the LHC 
room temperature parts, the combination of the NEG 
coating cleanliness with its huge pumping speed added to 
the sputter ion pumps ensure the vacuum stability [7,8]. 

In this paper, the vacuum observations done during 
LHC 2011 run are described together with the observation 
of unexpected pressure rises. 

DYNAMICS EFFECTS 

Synchrotron Radiation 
The first observation of pressure increase of a few 

10-10 mbar stimulated by SR was already observed with 
3.5 TeV beams and reported in summer 2010. During the 
energy ramping, a pressure increase is seen above 2.5 TeV 
which corresponds to a photon critical energy of 2 eV. In 
2011, the maximum pressure increase due to SR was in 
the range of 10-8 mbar and drops during the year by about 
two orders of magnitude, as predicted. Figure 1 shows a 
typical dynamic pressure increase expressed in mbar/A as 
a function of the accumulated photon dose [9]. The 
pressure measurement was performed at the arc 
extremities at the level of the cold/warm transitions. It 
must be stressed that no pressure increase, due to SR, 
larger than 5 10-9 mbar was observed inside the arcs. The 
dynamic pressure, which is proportional to the 
photodesorption yield, reduces with photon dose. The 
initial yield is estimated to be ~ 10-2 molecules/photon. 
The initial value and the behaviour with photon dose are 
typical and in agreement with published data [10].  

 

 

Figure 1: Dynamic pressure increase in mbar/A observed at the 
LHC arcs extremities as a function of the photon dose. 

In 2012, beam conditioning will still be observed 
reducing further the pressure down to a few 10-10 mbar. 

After LS1, when LHC will operate with design energy, it 
is estimated that the photodesorption yield will increase 
by a factor 200 bringing back the pressure in the 
10-8 mbar range.  However, since a nominal LHC year 
accounts to a photon dose of 1024 ph/m, further beam 
conditioning is expected which will, as stated in the 
introduction, guaranty a beam lifetime larger than 100 h.  

Electron Cloud 
The first vacuum observations of electron cloud were 

already done in 2010 with 150 and 50 ns beams. In 2011, 
a scrubbing run with 50 ns beams was held together with 
machine development periods with 25 ns beams 
[11,12,13].  

The scrubbing run held in April 2011 was performed 
with 50 ns beams with nominal bunch population. At the 
end of the period, a total of 1020 bunches per beam could 
be circulated at 450 GeV in the machine. During this 
period, the heat load measured in the arcs was decreasing 
with time with a maximum value of ~ 0.05 W/m [14]. 
Figure 2 shows the dynamic pressure due to electron 
cloud observed at the cold/warm transitions of the 
standalone magnets and at NEG-NEG transitions as a 
function of beam time. After about 30 h of operation, the 
pressure increase at both locations was reduced by one 
order of magnitude due to the simultaneous actions of 
beam conditioning and beam scrubbing. During this 
period, the reduction of δmax is estimated to be from 1.9 to 
1.7 [4]. 

 
Figure 2: Dynamic pressure increase due to electron cloud 

observed at the stand alone magnets extremities as a function of 
beam time. 

 
The pressure increase, P, due to electron cloud is 

expressed by (1) with ηelectrons the electron desorption 
yield, Γelectrons the electron flux and S the pumping speed.

 

S
P

electronselectrons

•
Γ=  η  (1) 

This equation illustrates that the reduction of pressure is 
due to the decrease of the electron desorption yield under 
conditioning but also to the decrease of the electron flux 
to the vacuum chamber wall under beam scrubbing. 
Figure 3 gives the reduction of the electron desorption 
yield as a function of δmax for unbaked Cu [15]. Further 
beam scrubbing performed during the run with reduction 
of δmax is accompanied by a decrease of the electron 
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desorption yield i.e. beam conditioning. At the end of the 
2011 run, δmax in field free regions is estimated to be 1.4 
[4]. As seen from Table 2, the field free areas will need 
further beam scrubbing to operate below the multipacting 
threshold with 25 ns beams. On the other hand, operation 
with 50 ns beams can be done without further scrubbing.  

 

Figure 3: Electron desorption yields for unbaked Cu as a 
function of  δmax. 

During MDs with 25 ns beams, significant heat load up 
to ~ 0.5-1 W/m where observed in the LHC arcs [16].  
During this period, the number of bunches was 2100/1020 
in B1 and B2 respectively i.e. B1 in the LHC machine 
was almost full. The amount of bunches in B2 was limited 
by beam induced kicker heating. Figure 4 shows the 
pressure rise measured in field free areas at cold/warm 
transitions and at NEG to NEG transitions. Despite the 
measurements are made in field free areas, which, as 
shown previously in Figure 2, have been previously 
scrubbed during the year, a factor of 50 is noted between 
the cold/warm and NEG-NEG transitions. However, for 
the baked system (NEG-NEG transition) there is a clear 
indication of pre-scrubbing with 50 ns beams. Since the 
scrubbing efficiency must be the same for the two types 
of transitions, the observed pressure rise at the level of the 
cold/warm transition is due to the desorbed gas from the 
cold system indicating that the cold systems are not fully 
scrubbed. The observation of this gas load is in agreement 
with the large heat load dissipated in the cold systems 
with 25 ns beams. The pressure difference between the 
two locations is also in qualitative agreement with the 
different multipacting thresholds and with the fact that the 
electron flux are larger in field free areas than field 
regions in such a way that field free areas scrub faster 
than field regions. This is consistent with estimations of 
δmax in field free and dipole areas of the LHC [4].  

 

Figure 4: Pressure rise observed with 25 ns beams at the level of 
cold/warm and NEG-NEG transitions. 

Figure 5 gives the overview of the year 2011. The 
average pressure measured in the Long Straight Sections 
(LSS) 1, 2, 5 and 8 (blue curve) i.e. in the vicinity of the 
LHC experiments and the average pressure measured at 
standalone magnets (green curve). The red curve shows 
the number of proton per bunch which increased from 9 
to 14.5 1010. Labels indicating the main events (scrubbing 
run, number of bunches, etc.) are also shown.  Thanks to 
the scrubbing and beam conditioning of the vacuum 
system, the average pressures, shown on a log scale, 
decreased during the year in the range 10-9 mbar while 
pushing the LHC performances. 

 
Figure 5: Overview of average pressures during the year 2011. 

 

Dealing with beam screens 
After the scrubbing run, the surface coverage of 

physisorbed gas onto the beam screen was increased due 
to the stimulated gas desorption. During the beam 
injection, the image current onto the beam screen raised 
therefore the He flow inside the beam screens capillary 
need to be increased. Unfortunately, for some beams 
screens, particularly those of the Inner Triplets and D1 
magnets, the control loops were not fully optimised and, 
as expected, gas transients appeared [17]. Figure 6 gives 
an example of such transients. Pressure spikes up to 
10-6 mbar are observed for temperature oscillations in the 
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13-18 K range. These spikes are due to physisorbed H2 
which is desorbed from the beam screen’s surface. Before 
summer, this issue was fully understood and solved by 
cryogenic experts by optimising the cooling loops. 

 

 

UNEXPECTED PRESSURE RISES 
The work carried out in the  
 
 
 
 

Figure 6: Example of vacuum transient due to beam screen’s 
temperature. 

During operation, the condensation of gas onto the 
beam screen changes also the surface properties of the 
material. Particularly, adsorption of gas modifies the δmax 
of the beam screen surface. As an example, Figure 7 
shows the effect of condensed CO2 on as received copper 
[18]. It is shown that for several monolayers, δmax is well 
above 1.5 i.e. above the multipacting thresholds of 
Table 2. Obviously, 25 ns beams are more sensitive to 
physisorbed gas than 50 ns beams. 

 

Figure 7: Variation of δmax with the condensation of CO2 onto as 
received copper. 

For the above reasons, the minimisation of the gas 
surface coverage onto the beam screen is a must. 

It is worth recalling here the LHC vacuum system 
baseline for the operation with beam screens [19,20]: 

• During the cool down of a cryogenic system, the 
cold bore must be cooled down first and the beam 
screen afterwards. This procedure keeps the 
surface coverage of the beam screen as bare as 
possible. 

• Beam screen cooling loops must be optimised in 
order to avoid transients. Particularly, the beam 
screen temperature must be kept below 20 K. This 
procedure allows avoiding crossing adsorption 
isosteres which generate gas desorption.  

• Flushing of the gas from the beam screen to the 
cold bore by appropriate warm up above 90 K must 

be done when a lot of gas is accumulated onto the 
beam screen e.g. after scrubbing run, quench etc. 

• External evacuation of the condensed gas during 
technical stops while the cold system is warmed 
up, allows a definitive removal of the gas from the 
vacuum system and must be achieved when 
possible. 

 

UNEXPECTED PRESSURE RISES 
By July, till the end of the proton run, pressure spikes 

were regularly observed during LHC fills while ramping 
in energy and/or while being in stable beams. These 
spikes were concentrated in LSS2 and LSS8 beside D1 
magnets. X-ray investigations made in autumn revealed 
that the origin was at the level of the vacuum modules 
(VAMTF=VMTSA module equipped with VPIA). 
Previous X-ray imaging done in May’11 indicated that 
these modules were conforming.  The sequence of events 
is not known. Definitely, the heat-induced damage to the 
spring, which is maintaining the electrical contact 
between the RF fingers and the copper insert, is an 
important issue. This effect is enhanced during the 
intensity and energy ramp up since the bunch lengths are 
shortened for few minutes. As a result, the spring left his 
position leading to a large opening of the RF bridge 
opening the way to further heating and sparks. Figure 8 
shows a typical example of pressure spikes observed 
during such events, pressure rose up to 10-6 mbar. The 
maximum of the pressure rise is observed at the ion pump 
(VPIA) exactly at the position of the warm VAMTF 
modules. 

 

Figure 8: Typical pressure spikes observed in LSS 2 and LSS8 
induced by sparking inside VAMTF module (fill 2267). 

During the winter technical stop 2011-12, the 4 vacuum 
sectors containing VMTSA modules were opened for 
consolidations (A4L2, A4R2, A4L8 and A4R8). The RF 
bridges of the module were consolidated. A reinforcement 
sleeve was installed around the RF fingers, bending the 
RF fingers towards the insert increased the contact 
between the fingers and the insert. Ferrites were also 
installed inside the modules [21]. These ferrites were fully 
validated in the vacuum laboratory before installation in 
the machine. The impedance experts validated the 
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consolidated vacuum module. Figure 9 shows the RF 
fingers, the reinforcement sleeve and the copper insert. 
The ferrites to be installed on the left side of the picture 
are missing. 

 

Figure 9: View of the VMTSA RF bridge. From left to right, 
reinforcement sleeve, RF finger and copper insert. 

Unexpected pressure excursions were also observed in 
the right side of CMS at 18 m from the interaction point 
(IP). For a few fills (e.g. fill 2208, 2241), the pressure 
reached 10-6 mbar and slowly decreased in a few hours 
towards 10-8 mbar which completely stopped the CMS 
data acquisition. Data acquisition could only be resumed 
when the pressure dropped below 10-8 mbar. Figure 10 
shows a typical observation made during fill 2160. The 
orange curve depicted the pressure reading at -18 m. Note 
that the pressure signal is different from Figure 8. The 
light green curve depicted the pressure at +18 m. Due to 
the outgassing of hydrocarbons at -18 mm which are not 
pumped by the NEG, a similar pressure shape is observed 
all along CMS. 

 

Figure 10: Typical pressure excursion observed only of the right 
side of CMS (fill 2160). 

During Christmas break 2011-2012 when CMS was 
accessible, X-rays were performed at -18 m as shown by 
Figure 11. It was found that the RF fingers were inside the 
copper insert instead of being outside. Probably, the poor 
contact between the RF fingers and the copper insert 
induced thermal outgassing and sparking. In-situ 
inspection revealed that the length of the vacuum module 
was about ~10 mm longer than foreseen. Today, the 
current understanding of this non-conformity is due to a 
wrong longitudinal positioning of the TAS 56. The TAS 
certainly moved between the LHC installation and 2011. 
Experts are investigating the sequence of events.  

 

Figure 11: X-ray taken at CMS, 18 m right from the IP. The blue 
arrow shows the position of the RF fingers which are inside the 

copper insert [22]. 

To avoid the risk of aperture restriction by RF fingers, a 
repair under neon (Ne) atmosphere was done. This 
method avoided the full bakeout of the CMS vacuum 
sector which would have meant dismounting the central 
detector! The CMS vacuum sector was over pressurised 
by 200 mbar to minimise air back streaming into the NEG 
coated chambers. Then, the CMS forward chamber was 
disconnected and moved away to give access to the 
damaged RF fingers. Then, the replacement assembly was 
inserted, the CMS forward chamber installed back in 
place and bolted. The Ne gas used for the venting was 
evacuated by a mobile pumping group located at Q1R5 to 
avoid the passage of air-polluted gas through the IP. A 
pressure of 10-9 mbar was reached after 2 days of 
pumping thereby indicating that the NEG chambers were 
still pumping. Then, the CMS forward chamber together 
with the chambers located upstream and downstream to it 
were re-baked and re-activated. At the end of the 
intervention, X-ray imaging confirmed the correct 
positioning of the RF fingers after completing the 
intervention. The achieved pressures in the vacuum sector 
were below 10-10 mbar and hydrogen transmission 
measurements through the IP confirmed that the NEG 
coated vacuum chambers were still activated. 

RECOMMENDATIONS AND 
PERSPECTIVES 

During the Christmas break 2011-12, the active cooling 
of the beam screens was stopped while the cold bore 
temperatures were kept below 60 K. In the meantime, the 
beam vacuum system of all the Inner Triplets was 
evacuated to ensure a permanent removal of potentially 
harmful physisorbed gas. The cryogenic experts applied 
the appropriate sequence of cold down of the cold bores / 
beam screens followed by a temperature conditioning of 
the beam screens. By these means, the vacuum conditions 
reached in 2011 are restored.  

In parallel, several vacuum sectors were vented for 
hardware repairs and consolidations (A5L1.B, E5L4.R, 
D5L4.B, A4L2.C, A4R2.C, A4L8.C and A4R8.C). The 
NEG coatings of all these vacuum sectors were re-
activated and the exposure to the tunnel air was 
minimised. Figure 12 compares the electron dose required 
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to scrub an as-received copper surface with the electron 
dose required to scrub a pre-scrubbed copper surface [23]. 
The degradation observed after 10 days of air exposure of 
a previously scrubbed copper surface is marginal. Indeed, 
the required electron dose to reduce the δmax below the 
50 ns threshold is 10 times less than for as received 
surface. Therefore, the impact of the consolidations done 
during last Christmas break on the vacuum condition 
should be negligible.   

 

    Figure 12: Comparison of scrubbing efficiency between as 
received and pre-scrubbed copper. 

However, for the upgrade of the ZDC detector, ~5 m of 
new vacuum chambers (ID800 mm) were installed [24]. 
As agreed with the representative of ALICE experiment, 
this upgrade will temporarily affect the vacuum 
performances of the vacuum sectors A4L2.C and A4R2.C 
which could worsen the background to the ALICE 
experiment. Moreover, during 2011 run, pressure rise in 
the range 10-8 mbar were observed along the ID800 
vacuum chambers (~15 m long). The behaviour of this 
pressure rise was typical of electron cloud as confirmed 
by simulations [25,26]. Therefore, during 2012, more 
scrubbing is required to scrub the new vacuum chambers 
but also to reduce further the pressure rise observed in the 
ID800 vacuum chambers.  Obviously, operating with 
25 ns beam would help to reduce further the pressure 
levels in these vacuum sectors. 

In 2012, the operation with 50 ns with an immediate 
start up to 1.45 1011 ppb should be possible while 
scrubbing the vacuum system in the shadow of the 
intensity ramp up. However, an immediate start up to 
1.6 1011 ppb will require a couple of days of scrubbing 
with 25 ns beams. Physics operation with 25 ns beams 
will require a dedicated scrubbing run at 25 ns with the 
objective to reach the LHC design parameters. 

CONCLUSIONS 
With the increase of the LHC performance towards the 

nominal parameters, dynamic pressure rises were 
observed, as expected, in the LHC vacuum system. 
Photon stimulated molecular desorption induced by SR 
was observed in the LHC arcs as well as in separation 
dipoles. The pressure reductions observed during beam 
conditioning are in agreements with published data. 
Electron stimulated molecular desorption induced by the 

electron cloud was also observed in the entire ring, with 
the exception of the NEG coated vacuum chambers, as 
expected. A scrubbing run together with the continuous 
scrub while operating in physics, reduced the δmax to 1.4 
and 1.5 in the uncoated straight sections and in the arcs 
respectively [4]. A pressure reduction of more than one 
order of magnitude was observed during the year whilst 
pushing the LHC performances to their limits.   

All unexpected pressures behaviours observed during 
2011 are understood. Most of the issues were addressed 
and fixed or consolidated during the Christmas break 
2011-12. The remaining issues will be fixed during the 
next long shutdown while consolidating the LHC vacuum 
system [27]. 
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EMITTANCE PRESERVATION IN THE LHC 

V. Kain, G. Arduini, B. Goddard, B.J. Holzer, J. M. Jowett, M. Meddahi, T. Mertens, F. Roncarolo, 
M. Schaumann, R. Versteegen, J. Wenninger, CERN, Geneva, Switzerland.

Abstract 
Emittance measurements during the LHC proton run 

2011 indicated a blow-up of 20 % to 30 % from LHC 
injection to collisions. This presentation will show the 
emittance preservation throughout the different parts of 
the LHC cycle and discuss the current limitations on 
emittance determination. An overview of emittance 
preservation through the injector complex as function of 
bunch intensity will also be given. Possible sources for 
the observed blow-up and required tests in 2012 will be 
presented. Possible improvements of emittance 
diagnostics and analysis tools for 2012 will be shown.   

INTRODUCTION 
One reason of the remarkable performance of the LHC 

in 2011 was the extraordinary performance of the LHC 
injectors. Bunch intensities of 1.5 × 1011 protons with 
emittances of 1.9 μm were produced for the 50 ns beams. 
The evolution of the emittances versus bunch intensities 
through the different injectors is shown in Fig. 1. The 
total blow-up through the chain is below 0.5 μm.  

 

 
Figure 1: Emittance versus bunch intensity through the 
injector chain for 50 ns. The total blow-up through the 

chain is less than 0.5 μm. 

 
This paper analyses emittance preservation from SPS 

extraction to start of LHC collisions. The focus is on the 
blow-up under nominal 2011 run conditions, see Table 1. 
The analysis is based on data from SPS and LHC wire 
scan measurements (SPS wire scanners at positions 416 
and 519), the LHC synchrotron light monitor and the 
luminosities of ATLAS and CMS. 

Limitations 
The emittances of LHC 50 ns beams are routinely 

measured at the SPS flattop for the intermediate intensity 
of 12 bunches, which is injected first into the LHC, and 
144 bunches, the full 50 ns SPS batch, before an LHC fill 

starts. There are however no routine measurements for the 
LHC transfers. Comparisons of SPS and LHC emittances 
at injection are thus not necessarily comparing emittances 
of the same beam.  

Table 1: LHC run configuration after June 2011 

Total  number bunches for fill 1380 

Max number bunches  injected 144 

Bunch spacing [ns] 50 

Intensity/bunch 1.1 –1.4 ×1011 

Intermediate intensity [bunches] 12 

Number  of injections per fill and 
beam 

12 (+1 pilot) 

Filling time ~  20 min 

Number collisions 
(ATLAS+CMS/ALICE/LHCb) 

1318/39/1296, 
1331/0/1320 

Collision energy per beam 3.5 TeV 

Max. luminosity achieved [cm-2s-1] 3.6 × 1033 

 
Especially in the injectors the required wire scanner 

settings for the PM and filters depend strongly on various 
parameters of the beam and need to be adjusted carefully. 
The fit quality also needs to be scrutinized before trusting 
the results. As a consequence fairly large shot-by-shot 
variations on the measured emittance results are observed 
which do not seem to correspond to physical variations.  
An extreme example is shown in Fig. 2.  

 

 
Figure 2: Emittance measurements in the SPS with 144 
bunches, horizontal plane. Preparation of fill 2240. The 
spread of the obtained values is larger than 50 %. 

 
For every fill the emittances of the first 12 bunch batch 

are measured with the LHC wire scanners. The first 144 
bunch batch however is only rarely measured. Wire scans 
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beyond an intensity of 2.5 ×1013 p+ are not allowed, to 
protect the wires and avoid quenches. There are no LHC 
wire scan measurements for physics beams at 3.5 TeV.  

The LHC synchrotron light monitor (BSRT) 
continuously measures bunch-by-bunch emittances. In 
2011, integration times of 3 s per bunch were required for 
good quality data. Measuring the emittance of every 
bunch once for 1380 bunches took therefore 69 minutes. 
Obviously the scan time was too long to follow the 
emittance evolution of a single bunch through the cycle 
and associate growth with specific parts of the cycle. For 
example the LHC ramp in 2011 took 17 minutes. 
Dedicated fills with a limited number of bunches or the 
BSRTs gated over a few bunches were hence used to 
study emittance evolution with these devices.   

Another issue with the beam size values obtained from 
synchrotron light monitors is the absolute calibration. The 
BSRTs are calibrated using lamps and calibration targets. 
Nevertheless energy dependent effects like aberration and 
diffraction make an absolute calibration difficult. Wire 
scanners are used to calculate calibration factors at a 
given energy. For the time being the BSRTs are mainly 
used for relative comparisons at constant energy.  An 
example of the obtainable data during the LHC cycle is 
shown in Fig. 3. 

Figure 3: If gated on a few bunches only the BSRTs can 
be used to study the evolution of the emittance through 
the cycle. The data during the ramp cannot be used. 

 
An indication of the emittance at the end of the LHC 

cycle, the start of collisions, can be obtained from the 
peak luminosity published by the experiments CMS and 
ATLAS. The resulting emittance value is a convolution of 
the horizontal and vertical emittances for the two beams. 
This approach is based on several assumptions and 
uncertainties.  The experiments must be fully optimized 
and the published luminosity values correct. Both 
conditions were not always fulfilled in 2011. Another 
assumption is that the transverse intensity distribution is 
Gaussian. Measurements indicate that the population of 
the bunch tails might be larger than for truly Gaussian 
beams [1].   

 

 
Figure 4: Comparison of the wire scan emittances of 144 
bunch batches at the SPS flattop (blue, red) with 
emittances calculated from the LHC luminosity. Period: 
mid of July to mid of August 2011 

 

CURRENT UNDERSTANDING OF LHC 
EMITTANCE PRESERVATION 

60 LHC fills between mid July and mid August 2011 
were analysed in [2]. The emitances from SPS wire scans 
with 144 bunches were compared with the emittances 
from LHC luminosity, see Fig. 4. A blow-up of 20 to  
30 % on average between SPS flattop and LHC collisions 
is apparent, Fig. 5.  

In the following the contribution to emittance blow-up 
from the different phases of the LHC cycle will be 
analyzed.  

 

 
Figure 5: Blow-up between emittances of 144 bunch 
batches in the SPS and emittances from collision from 
Fig.4. Period: mid of July to mid of August 2011. 
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Figure 6: Comparison of horizontal wire scans of 12 

bunches in the SPS and LHC. 
 

MISMATCH AT INJECTION? 
For the same 60 fills as above the wire scanner data for 

12 bunch batches at the SPS flattop was compared with 
the 12 bunch wire scan data in the LHC. Fig. 6 and Fig. 7 
show the results of the measurements for the horizontal 
and vertical plane of beam 1. Within the measurement 
accuracy, the emittance values are the same, see results in 
Table 2. No significant growth can therefore be attributed 
to the injection process.   

 
Figure 7: Comparison of vertical wire scans of 12 

bunches in the SPS and LHC. 

 
Fig. 8 and Fig. 9 compare the 12 bunch wire scan data 

of  beam 1 and beam 2 at injection. Using the measured 
beta functions at the wire scanners beam 1 and beam 2 
emittances are the same within the measurement accuracy. 
The results can also be found in Table 2.  

 
Figure 8: Comparison of horizontal wire scans of 12 

bunches for beam 1 and beam 2. 

 
 

Figure 9: Comparison of vertical wire scans of 12 
bunches for beam 1 and beam 2. 

 

Table 2: Results of comparison of 12 bunch wire scans 
between SPS extraction and LHC injection for beam 1 
and comparison of LHC beam 1 and beam 2. 

Horizontal LHC/SPS 1.07  ± 0.11 

Vertical LHC/SPS 0.99  ± 0.12 

Horizontal LHC 1/LHC 2 0.96  ± 0.08 

Vertical LHC 1/LHC 2 1.06  ± 0.08 

 

EMITTANCE GROWTH @ 450 GEV 
The emittance evolution at 450 GeV was studied using 

the BSRTs gated on a single bunch or a few bunches only 
while waiting at injection of long periods (> 60 minutes).  
An example is shown in Fig. 10, Fill 2028. In this case the 
data was obtained while gating over a single bunch only. 
It is hence relatively noisy. The emittance in the 
horizontal plane grows by about 10 % in 20 minutes. The 
growth thereafter slows down as is typical for IBS 
Simulations were carried out to find the origin of the 
emittance blow-up. In Fig. 11, IBS simulation results are 
compared with emittance measurements for Fill 1897. 
The BSRT had been gated over 12 bunches for this 
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occasion. The horizontal emittance growth is reasonably 
consistent with the growth predicted by IBS. The 
simulations used measured parameters of initial emittance 
(wire scanner), emittance evolution (BSRT), bunch length 
(LHC BQM), bunch intensity (LHC FBCTs) and RF total 
voltage as input. Method and code are described in [3]. 

 

 
Figure 10: For fill 2028 the BSRT was gated over a single 
bunch. The measurement is noisy, nevertheless a growth 
in the horizontal plane of about 10 % in 20 minutes is 
apparent. 

 

 
Figure 11: Comparison of measured horizontal emittance 
evolution at injection, green curve, with simulation of IBS 
(uncoupled), blue curve. 

 
More studies will have to be carried out in 2012 to 

understand the nonetheless slightly faster growth in H 
than predicted by IBS and also the discrepancy between 
simulation and measurement of the bunch length 
evolution as shown in Fig. 12 for the same Fill 1897. 

 
Figure 12:  Comparison of evolution of measured bunch 
length with simulation of IBS. The discrepancy still needs 
to be understood. 

 
 
The LHC filling (excluding the injection of the 

intermediate batch) takes about 30 minutes. This should 
be long enough to develop significant differences between 
the emittances of the first injected batch and the last 
injected one according to the growth rates seen in Fill 
2028, Fig. 10. These differences should be visible in the 
specific bunch-by-bunch luminosity. And this is indeed 
the case as shown in Fig. 13. The difference in specific 
luminosity between the first and the last injected batches 
is about 10 %.  

 

 
 

Figure 13: Bunch-by-bunch luminosity and specific 
bunch-by-bunch luminosity for fill 2182 at beginning of 
fill. There is a 10 % difference in specific luminosity for 
the first batches compared to the last injected batches. 
Courtesy A. Ryd, CMS 

 

EMITTANCE GROWTH DURING THE 
RAMP 

As the LHC BSRTs do not produce useful data during 
the energy ramp and the Beam-gas Ionization Profile 
Monitors (BGI) were not commissioned, other methods 
had to be thought of to study emittance evolution during 
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the ramp. In the end the wire scans were triggered several 
times during the ramp for dedicated fills with a low 
enough number of bunches.  

Fill 2187 was an appropriate fill with only 36 bunches 
per ring in groups of 12 bunches spaced by 50 ns. The 
purpose of this fill was to study abort gap cleaning at 
flattop. The initial emittances from the wire scanners at 
450 GeV for this fill are summarized in Table 3.  

Table 3: Initial  normalized emittances for abort gap 
cleaning test fill, Fill 2187. 

ε1H [μm] 1.6 

ε1V [μm] 1.3 

ε2H [μm] 1.6 

ε2V [μm] 1.4 

 
All wire scan measurements during the ramp were re-
fitted offline and the measured beta functions at the wire 
scanners were used to calculate the emittance. Beta 
measurements are available at 450 GeV and 3.5 TeV. 
Linear interpolation for the beta function was used for any 
energy in between. Fig. 14 and Fig. 15 show the results of 
the emittance growth for beam 1 and beam 2. The 
measurements indicated an emittance blow-up of about  
20 % for both beams and both planes during the ramp. 

 
Figure 14: Emittance growth during fill 2187 measured 
with wire scanners for beam 1. 36 bunches per ring. 

 
Figure 15: Emittance growth during fill 2187 measured 
with wire scanners for beam 2. 36 bunches per ring. 

 
There was also another occasion where wire scans 

could be carried out during the ramp. During the BI MD 
of the last MD block in 2011, 4 bunches per ring were 
ramped with different emittances. 2 bunches had large 
emittances (> 3.5 μm) and 2 bunches small emittances (~ 
1.5 μm). The larger emittances had been obtained by 
inserting screens in the SPS injection line.  Unfortunately 
only data for beam 2 could be recorded. The beam 1 wire 
scanner had a timing issue. The results for beam 2 are 
shown in Fig. 16 and Fig. 17. Interestingly the relative 
growth for the different emittances is significantly 
different, however in absolute the emittances grow by the 
same amount. In the horizontal plane the emittances grew 
by about Δε ≈ 1 μm and in the vertical plane the 
emittance grew by about Δε  ≈  0.7 μm during the ramp.  

 
Figure 16: Relative emittance growth for different initial 
emittances for BI MD test ramp, beam 2 H. 

 

 
Figure 17: Relative emittance growth for different initial 
emittances for BI MD test ramp, beam 2 V. 

POSSIBLE SOURCES FOR EMITTANCE 
GROWTH DURING RAMP 

One of the parameters which were not fully optimized 
during the ramp commissioning of 2011 was the gain of 
the transverse feedback. No systematic scan of damper 
gain versus transmission or tune signal were carried out. 
It has to be reduced during the ramp to allow the 
operation of the BBQ based tune feedback [4]. The 
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reduction of the gain takes place before the ramp starts, 
and is clearly visible as increase of the BBQ amplitudes, 
see Fig. 18. The larger oscillations measured by the BBQ 
could potentially lead to emittance blow-up.  

The effect of the damper gain change at 450 GeV on 
emittance growth was checked for Fill 2236. The 

evolution of the emittance and the damper gain is shown 
in Fig. 19 and 20. The data from the BSRT gated on a 
single bunch is noisy and the time spent with lower 
damper gain before starting the ramp is insufficient to 
conclude on the effect of the damper. A special test will 
have to be carried out in 2012 with longer waiting times. 

 
Figure 18: Plot of the logged parameters of BBQ amplitudes (red) and damper gain (green) and beam energy (pink). At 
the moment of the reduction of damper gain in preparation of the energy ramp the BBQ amplitudes increase. Courtesy 
W. Hofle 

 
Figure 19: Emittance and damper gain evolution at 450 
GeV from BSRT gated over single bunch in horizontal 
plane, beam 1, for Fill 2236. Effect of damper gain 
change is not clear. Data is inadequate. More time after 
gain change is necessary. 

 
Figure 20: Emittance and damper gain evolution at 450 
GeV from BSRT gated over single bunch in vertical 
plane, beam 1, for Fill 2236. Effect of damper gain 
change is not clear. Data is inadequate. More time after 
gain change is necessary. 

EMITTANCE GROWTH AT FLATTOP 
At flattop with constant energy, the BSRT is the 

obvious device to study the emittance evolution. Off-line 
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the data of the abort gap test fill, Fill 2187, was averaged 
per batch (average over 12 bunches). The evolution of the 
average emittances per batch for beam 1 and beam 2 is 
shown in Fig. 21 and Fig. 22.   

 

 
Figure 21: Relative emittance growth for different batches 
after ramp and during squeeze for Fill 2187, beam 1. 

 
 

 
Figure 22: Relative emittance growth for different batches 
after ramp and during squeeze for Fill 2187, beam 2. 

 
Whereas for beam 2, both planes, and beam 1, the 

vertical plane, the emittances remain constant within 
measurement accuracy after the ramp and during the 
squeeze, the horizontal beam 1 emittances show blow-up 
starting after 5 m β*, see Fig. 21 and Fig. 22. The 
measured betas at the D3 were taken into account where 
available: at flattop, 3.5 m and 1 m β*. The question 
remained whether the emittances of beam 1 H 
systematically blow up during the squeeze or whether Fill 
2187 was exceptional. The evolution of the emittance of 
several physics fills was analysed as a consequence. No 
special set up of the BSRT scan was used under these 
conditions. If all bunches have similar emittances, the 
emittances of the different bunches scanned by the BSRT 
can be used as approximate evolution of the emittance in 
time. All analysed fills show the same behaviour, the 
emittances of beam 1 H blow up between 5 m and 1.5 m 
β*. The example of physics Fill 2266 is shown in Fig. 23 
and Fig. 24.  

 

 
Figure 23: Bunch-by-bunch emitance in horizontal plane, 
beam 1, for Fill 2266 1 h into stable beams. The 
emittances of the different bunches are similar.  

 

 
Figure 24: The evolution of emittance versus time for 
beam 1 for Fill 2266 through the squeeze. The evolution 
was obtained from the BSRT bunch-by-bunch scan. The 
bunches have similar emittances, see Fig. 23.   

 

DEPENDENCE ON BUNCH INTENSITY 
The blow-up from the SPS to LHC collisions as 

function of bunch intensity was obtained by combining 
data from the summer period and October 2011, see Fig. 
25. SPS wire scanner data with 144 bunches and 
emittance values from the luminosity data were used. 
Interestingly again the absolute value of emittance growth 
between SPS and LHC stays approximately constant for 
different bunch intensities. 

IONS 
IBS has a much larger impact for ions at injection [3], 

and they also experience emittance blow-up during the 
ramp. As for protons, wire scans during the ramp for 
physics beams are not possible due to the intensity 
limitations. Wire scans during the ramp were carried out 
during the quench test fill on 7 December 2011. A single 
bunch was analyzed. The measured blow-up during the 
ramp is about 20 %, see Fig. 26. 
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Figure 25: Comparison of emittance from LHC 
luminosity and emittance of 144 bunch wire scans in the 
SPS as function of bunch intensity. The absolute growth 
between SPS extraction and LHC start of collisions seems 
to be independent of bunch intensity. 

 

 
Figure 26: Emittance evolution during ramp for ions. The 
emittances grow by about 20 %. 

PLANS FOR 2012 
Many more studies are required to get a clear picture of 

the apparently additive source of emittance growth during 
the ramp. Several MDs are planned. Bunches with 
different intensities and same emittances and different 
emittances will be studied to check the effect on IBS at 
injection and the effect on emittance blow-up during the 
ramp. Also, the effect of different damper gains and 
working points (e.g. to avoid 50 Hz lines) will be 
investigated.  

Planned Improvements for Diagnostics 
A number of improvements for transverse profile 

diagnostics and analysis methods are planned for 2012: 
• Faster and better calibrated BSRTs 
• BGI commissioned for protons 

• Pre-prepared wire scanner settings as function of 
intensity 

• Bunch-by-bunch wire scans in the SPS 
• Automatic wire scans through the ramp 
• Synchronous measurements across the accelerator 

complex 
• Use measured betas in the different analysis tools 

instead of nominal 
• More reliable fits 
• Write fit results into logging database. 

 

CONCLUSIONS 
The LHC transverse emittances grow by about 20 to  

30 % from SPS extraction to the start of collisions in the 
LHC. The collected data is consistent with no emittance 
growth from the injection process into the LHC. The 
emittances grow at the injection plateau (~ 10% in 20 
minutes for the horizontal plane), reasonably consistent 
with IBS. Effort should therefore be put on minimizing 
the time spent at injection and dedicated LHC filling 
cycles could be re-investigated.  

Wire scanner data indicates an emittance blow-up 
during the ramp. Measurements so far show a blow-up of 
more than 20 % for 50 ns trains in H and V, even more for 
single bunches. The emittances seem to grow by the same 
amount independently of the bunch intensity or initial 
emittance indicating an additive growth source like for 
example external noise.  

The emittances of beam 1 H further increase by more 
than 20 % through the squeeze between 5 m to 1.5 m β*. 
This was consistently measured during a test fill and 
physics fills.  

The goal for 2012 is to understand and possibly correct 
the blow-up through the LHC cycle. Improvements for 
diagnostics, applications and analysis are planned. The 
data of dedicated fills and physics fills will be combined 
to get the full picture of LHC emittance preservation.  
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LHC EXPERIENCE WITH DIFFERENT BUNCH SPACINGS IN 2011
(25, 50 and 75ns)

G. Rumolo∗, G. Iadarola, O. Domı́nguez, G. Arduini
H. Bartosik, S. Claudet, J. Esteban-Müller, F. Roncarolo, E. Shaposhnikova, L. Tavian

Abstract

LHC operation in 2011 had a smooth start in March
with 75ns beams and only one month later moved to 50ns
beam, after a successful dedicated scrubbing run. Several
observables, such as pressure rise, heat load in the arcs,
beam instability, emittance growth and synchronous phase
shift, clearly pointed to the presence of an electron cloud
inside the machine during the first days of operation with
50ns beams. The gradual reduction of all these effects, and
their eventual disappearance, over the days of the scrub-
bing run, indicated electron cloud mitigation and allowed
physics production to shift to 50ns beams. Up to the end of
the run the quality of the 50ns beams was increased by reg-
ular stages (first lower transverse emittances, then higher
intensities), so that these beams could provide steadily im-
proving peak luminosities. Furthermore, five MD sessions
with 25ns beams took place in the period June-October,
but the quality of these beams was always deteriorated by
severe electron cloud effects. However, a clear improve-
ment was noticed also with the 25ns runs. An estimation of
the present state of conditioning of the machine and the re-
quired scrubbing time can be inferred from electron cloud
simulations compared with measured data.

BUNCH SPACINGS IN LHC IN 2011

When an electron cloud builds up in an accelerator run-
ning with closely spaced bunches, the beam chamber be-
comes filled with an electron gas whose distribution and
flux to the walls depend on the beam structure and the prop-
erties of the beam chamber (i.e. geometry and secondary
electron yield, δmax, of the inner surface) [1]. The flux
of electrons hitting the wall of the vacuum chamber is the
origin of both pressure rise through desorption and power
deposition on the chamber wall. The presence of electrons
around the beam can make the beam unstable or feed a pro-
cess of slow emittance growth. All these macroscopic ef-
fects of the electron cloud are our main observables in LHC
[2].

Operation with 75ns beams

After three weeks commissioning with beam, the 2011
physics run of the LHC started in March colliding beams
with 75ns bunch spacing. Owing to beam scrubbing from
the late 2010 MD sessions with 75 and 50ns beams, the
LHC quickly became productive for physics with 75ns
beams without suffering any major outgassing limitations
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or beam instabilities. In only a couple of weeks, the
LHC was already able to successfully accelerate and col-
lide two 75ns beams each made of 200 bunches distributed
in batches of 24. During the intensity ramp up with 75ns
beams, no electron cloud indicator appeared in LHC.

Operation with 50ns beams: scrubbing run and
physics

The full week 5–12 April, 2011, was devoted to the
scrubbing run with 50ns beams, although three days were
lost due to issues independent of the scrubbing pro-
gram and the last day was devoted to tests of accelerat-
ing/colliding beams with 50ns spacing (up to 228 bunches).
The goal was to prepare the machine to switch to 50ns
beams and thus extend the luminosity reach for the 2011
run. Over the scrubbing run, the number of bunches in-
jected into the LHC was gradually ramped up to a maxi-
mum of 1020 per beam (in batches of 36). Several stores
at injection energy with different numbers of bunches took
place. During the first days of scrubbing, pressure rise, heat
load in the arcs, coherent beam instabilities as well as emit-
tance growth were observed [3]. Nevertheless, the beams
could be kept in the LHC at injection energy thanks to the
fact that:

• The heat load could be handled by the cooling capac-
ity of the cryogenic system;

• The pressure rise was tolerable or, where needed, the
interlock level on the pressure value was temporarily
raised so as not to cause beam dump;

• High chromaticity settings, acceptable at injection en-
ergy, were used for damping the coherent instability;

• The incoherent emittance growth and the associated
intensity loss, mainly affecting the last bunches of
each batch, were sufficiently slow as not to trigger the
Beam Loss Monitors (BLMs).

In these conditions, the electron cloud produced by the
circulating beams served the purpose of scrubbing the in-
ner wall’s surface of the LHC beam chambers. The strat-
egy adopted to optimize the scrubbing process consisted of
constantly topping the total beam intensity in the LHC with
the injection of more trains, such that the vacuum activity,
and therefore the electron cloud, could be kept at a constant
level. This was expected to efficiently reduce the SEY of
the walls to a value eventually at the limit for a significant
electron cloud build up (and below the threshold for beam
instability at nominal intensity). After approximately 17
effective hours of beam scrubbing time — corresponding
to about 72h of beam time — the pressure improved by an
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Figure 1: MD sessions labeled (a), (c), (d) and (e): injected beams.

order of magnitude throughout the machine [3]. At the end
of the scrubbing run, a residual pressure rise was still ob-
served in some cold-warm transitions and straight sections,
while in the arcs both the heating of the beam screen and
the pressure increase disappeared. Also, no electron cloud
instability or emittance growth was seen to affect the beams
towards the end of the scrubbing run.
The success of the scrubbing run was proved by the sub-
sequent smooth LHC physics operation with 50ns spaced
beams. Between mid-April and end-June the number of
bunches collided in the LHC was steadily increased up
to its maximum value of 1380 per beam, while the in-
tensity per bunch and the transverse emittances remained
constant at their nominal values (i.e., 1.15×1011 ppb and
2.5 μm). During this whole period, the surface scrubbing
naturally continued, as witnessed by an additional one-
order-of-magnitude decrease of the dynamic pressure level
around the machine [4]. By the end of June, beams in a
full machine and colliding for 20h hardly exhibited any
emittance growth during their time in stable beam mode.
The switch to 50ns beams with lower transverse emittances
(1.5 μm) allowed the LHC peak luminosity to easily score
an additional 50% increase, while not leading to any critical
recrudescence of the electron cloud. This can be explained
by the weak dependence of electron cloud formation on the
beam transverse emittances. Finally, to push the peak lumi-
nosity further up, the intensity per bunch was adiabatically
increased to approximately 1.5 × 1011 ppb over the final
few months of the run. Again, no significant return of the
electron cloud was observed during this phase [5].
However, even during the physics run at 50ns, there have
been some indications that the electron cloud has not yet
systematically disappeared in all regions of the LHC and
for all beam parameters. For instance, a pressure rise in the
common beam chamber in proximity of ALICE has been
observed at the locations with a wide beam chamber in-
stalled (r = 400mm) [6, 7]. Electron cloud simulations
have confirmed that this is a multi-turn effect that takes
place almost all along the wide chamber due to the hybrid
bunch spacing from the two 50ns beams and the short clear-

ing gaps. Also, a higher heat load has been observed in
some arc cells during the ramp, which has been suspected
to be related to electron cloud formation from bunch short-
ening [8].

Machine Development with 25ns beams

Beams with 25ns spacing were injected into the LHC
only during five MD sessions of the 2011 run — see Fig. 1
— which are described here:

(a) 29 June, 2011: first injections of 25ns beams into the
LHC. The filling scheme consisted of nine batches of
24 bunches separated by increasing gaps (2.28, 5.13
and 29.93 μs). Pressure rise around the machine as
well as heat loads in the arcs were observed. All the
last bunches of each batch suffered losses and emit-
tance growth [9];

(b) 26 August, 2011: first injections of a 48-bunch train
into the LHC with 25ns spacing. Two attempts were
made to inject a 48-bunch train from the SPS, which
led to beam dump triggered by large beam excursion
and beam loss interlocks, respectively. During the first
injection test, the transverse damper was on and it is be-
lieved that the beam suffered a coherent electron cloud
instability in both planes (more critical in vertical) soon
after injection. During the second test, the transverse
damper was switched off and the beam was affected by
a coupled bunch instability [10]. This MD session had
then to be interrupted because of a cryo failure caused
by a thunderstorm;

(c) 7 October, 2011: injection tests and first ramp. In
the first part of the MD, trains with 48-72-144-216-
288 bunches from the SPS were injected into the LHC.
Given the experience during the previous MD, the
chromaticity Q′ was set to around 15-20 units in both
the horizontal and vertical planes in order to keep the
beams stable against the electron cloud effect. In the
second part, only 60 bunches per beam were injected
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in trains of 12 + 2 × 24, were accelerated to 3.5 TeV
and collided during approximately 5h;

(d) 14 October, 2011: first long stores of 25ns beams at
injection energy in the LHC. During this session up
to 1020 bunches per beam were injected in batches of
72. The chromaticity was kept high in both planes
(Q′

x,y ≈ 15) in order to preserve the beam stability.
First, a dedicated fill for pressure measurements was
made, with batches injected at gradually reduced dis-
tances from 4 to 2 μs (in steps of 1μs). Subsequently,
the batch spacing was kept constant for each of the next
three fills and it was set to 6.3, 3.6 and 1 μs (rounded
values). Strong emittance growth and slow losses af-
fecting the last bunches of each train were observed
throughout this MD session;

(e) 24–25 October, 2011: record number of bunches in
the LHC. Four long fills took place (average store time
was approximately 4h), with 25ns beams injected into
both rings in batches of 72 separated by 1μs. In the
third and fourth fills, 2100 bunches were injected for
beam 1, while the number of bunches could not ex-
ceed 1020 for beam 2, due to a vacuum interlock on
one of the injection kickers (MKI). Although the sit-
uation seemed to improve over the MD, slow losses
and emittance growth kept affecting both beams. Be-
fore starting the fourth fill, the horizontal chromatic-
ity Q′

x was lowered from 15 to 3 units and the hori-
zontal damper gain was slightly increased. Probably
due to that, some horizontal instabilities could be ob-
served from the signal of the damper pick up during the
fourth fill, but the overall performance did not appear
degraded from the previous fill. The MD ended with a
30’ fill with only beam 1, during which batches of 72
bunches were injected into the LHC at different spac-
ings in order to provide the stable pressure measure-
ments needed for the modeling of the electron cloud
build up in the straight sections (see next Section).

For sake of compactness, we have chosen to concatenate
the MD sessions (a), (c), (d) and (e) and represent them on
a continuous time axis, which will be systematically used
throughout this paper when referring to the studies with the
25ns beams.

COMPARISON BETWEEN MACHINE
DATA AND SIMULATIONS

The estimation of the δmax of the chamber wall has been
made separately for the straight sections and for the arcs.
The former is based on the pressure data from the vacuum
gauges, while the latter relies on the measured heat load
on the beam screens. In reality, the SEY is not the only
adjustable parameter used in our model of the secondary
electron emission. Also the reflectivity of the electrons at
zero energy, R0, and the energy at which the maximum of
the SEY occurs, εmax, are additional model parameters that

we could either fix based on previous experience or try to
infer from our measurements. Laboratory measurements
carried out in the past mostly assign to R0 values ranging
between 0.5 and 1 [11, 12], while a reasonable value for
εmax for Cu surfaces seems to be around 330 eV [13].

Uncoated straight sections
The pressure measurements from the two vacuum

gauges VGI.141.6L4.B and VGPB.2.5L3.B have been used
for determining the pair (R0, δmax) of the local chamber
wall at a certain time. These gauges are located in warm-
warm transitions with NEG coating on both sides.
The procedure to infer the surface parameters from the
pressure data has been described in detail in Refs. [2, 14]. It
was applied four times: before and after the scrubbing run,
on 19 May (with 50ns beams) and on 25 October with 25ns
beams (last visible fill, only with beam 1, in Fig. 1). An at-
tempt was also made on 14 October but, due to the rapidly
changing beam and vacuum conditions, the data could not
be easily used. The fitted electron reflectivity at zero en-
ergy R0 is in the range 0.2 – 0.3, while δmax has exhibited
a decrease from the initial 1.9 to 1.35. The history of δmax

is summarized in Fig. 2. In the same plot, we have also
drawn the horizontal lines of the electron cloud build up
thresholds at both 50ns and 25ns (at 450 GeV and 3.5 TeV),
as well as the vertical line representing the first injection of
25ns beams into the LHC.

Figure 2: Evolution of δmax in proximity of two selected vacuum
gauges from the beginning of the scrubbing run to the last 25ns
run on 25 October, 2011.

It is clear that before the injection of the first 25ns beam,
the SEY had only become about as low as the threshold
value for 50ns beams, as is also proven by the disappear-
ance of all the electron cloud indicators with this type of
beams. Only subsequently more scrubbing has taken place
thanks to the 25ns beams. The value of δmax has further
decreased to 1.35 and is still above the build up threshold
with 25ns beams. An additional scrubbing step would be
required to suppress the electron cloud in the uncoated lo-
cations of the straight sections.
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Figure 3: Beams injected into the LHC at the beginning of the scrubbing run (09/04/2011) and during the first physics fill after the
scrubbing run (13/04/2011) — top picture — and the heat loads correspondingly measured (bottom picture). The vertical bars represent
the measurement points used to compare heat load with electron cloud simulations.

Arcs

In the arcs, the estimation is based on the heat load data
from the cryogenic system, which give the total power dis-
sipated (in W/half-cell) on the beam screens of both beams
1 and 2. The exact procedure is explained in Ref. [2]
and is based on the comparison of the heat load data with
PyECLOUD simulations [15], run with realistic bunch-
by-bunch intensities and lengths (data from the fast BCT
and the BQM). To estimate the evolution of δmax during
the scrubbing run at 50ns spacing, we used the heat load
data from the first LHC fill with 1020 bunches per beam
(09/04/2011) and those from the physics fill 1704 of 13
April, 2011 (recorded during the ramp with 228 nominal
bunches per beam). Injected beams, beam energy and mea-
sured heat loads are plotted in Fig. 3. Using the bunch-by-
bunch intensity and length data at the times marked with
vertical bars in the bottom plot of Fig. 3, PyECLOUD sim-
ulations were run scanning δmax, so that the curves of the
simulated heat loads as a function of δmax could be pro-
duced for both measurement points. The electron reflec-
tivity at zero energy was fixed to the value of 0.7. The
δmax corresponding to each heat load measurement was
then found matching the simulation to the measured value.
In particular, δmax was estimated to be 2.28 at the last in-
jection of the first analyzed fill and it had already decreased
to 2.18 during the ramp of the fill 1704. This is compatible

with the known build up thresholds of 2.2 at 450 GeV and
2.1 at 3.5 TeV for 50ns beams [2].

More heat load observations in the arcs have been made
with 25ns beams. Measurements in some reference cells
from the first LHC MD with 25ns beams (MD session (a),
29 June, 2011) can be found in Ref. [9]. Figure 4 shows the
heat load data, sector by sector, collected during the MD
sessions (c), (d) and (e). We can notice that the additional
heat load peaked to values of nearly 50 W/half-cell (i.e. ap-
proximately an average of 0.5 W/m/beam) during the last
fill with 2100 bunches for beam 1 and 1020 bunches for
beam 2. A decay of the measured heat load between injec-
tions, and in any case after the last injection, is also clearly
visible in the examined cases and it is due to the weakening
of the electron cloud activity from scrubbing and also from
intensity loss (compare, for example, with the BCT signal
in Fig. 1, acquired at the same time).
The same procedure as for the 50ns beams was applied
to estimate δmax at the measurement points highlighted in
Fig. 4, and in addition at the end of the fill of MD ses-
sion (a) of 29 June. We note that three points are marked
with red vertical bars, because they correspond to situa-
tions in which the total heat load could be only (or mainly)
attributed to beam 2. This gives the opportunity of making
a separated estimation of δmax only for the beam screen of
beam 2. We have then collected together the δmax values
matching the heat loads for all the analyzed measurement
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Figure 4: Heat load measured during the MD sessions (c), (d) and (e), in the same time coordinate as in Fig.1. The vertical bars
represent the measurement points used to compare heat load with electron cloud simulations. The red vertical bars correspond to the
measurement points in which only beam 2 was in the machine.

Figure 5: Estimated evolution of δmax on the inner surface of the beam screen in the dipole chambers. The first two points correspond
to the measurements done with the 50ns beams during and after the scrubbing run, while the other points corresponding to the vertical
bars of Fig. 4.

points, i.e. including the two points with 50ns beams (rep-
resented at negative times in our convention) as well as the
measurement point during the MD session (a) plus all the
remaining points shown in Fig. 4. The evolution of δmax

on the inner surface of the beam screen is drawn in Fig. 5.
From this curve we can see that δmax was about 2.28 at
the beginning of the scrubbing run and then it had already
decrased to 2.1 by the time the first 25ns beams were first
injected into the LHC. According to the evaluation from
the last two measurement points chosen during the same
store, the δmax has presently decreased to 1.52. Looking
at the last three black points in the plot of Fig. 5, it is clear
that, while a little scrubbing effect is still observed between
the second to last and the last 25ns store, no significant
decrease of δmax can be detected over the last two points
belonging to the same store. This suggests that, although
the electron cloud has not yet disappeared from the arcs,
the δmax has already entered a region in which the electron
doses required to continue the scrubbing can be only ac-
cumulated over much longer times. The decay of the heat
load after the last injection cannot be attributed to scrub-
bing, but only to beam loss.

The three measurement points with the contribution of
beam 2 alone (red in Fig. 5) show that, while it seems plau-
sible that at the beginning of the 25ns MDs the beam screen
of beam 2 was more quickly scrubbed than that of beam 1,
the conditioning status of the two screens has become later
equalized. The last two points for beam 2 can be hardly
distinguished from the values obtained from the total heat
load.
In Fig. 5 we have displayed the scrubbing curve of the arc
chamber along with the threshold values of δmax for elec-
tron cloud build up with 25ns beams at injection energy
(450 GeV) and at the present top energy (3.5 TeV). Sup-
pressing the electron cloud for the 25ns beams will still
require a further scrubbing step to decrease δmax by ap-
proximately 0.18 (to ensure no multipacting at top energy).
Another important output of our PyECLOUD simulations
is the bunch-by-bunch energy loss per turn, obtained from
a simple energy balance for the electron cloud [2]. This
quantity can be directly compared with the one estimated
from the bunch-by-bunch stable phase shift measurements
[16], which in principle show the bunch-by-bunch evolu-
tion of the electron cloud along the beam. The best fit for
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Figure 6: Bunch-by-bunch stable phase shift for beams 1 (top) and 2 (bottom): measurements and simulations.

the measured data has been found with the PyECLOUD
simulation for δmax = 1.5 and a 10% uncaptured beam
present in the gaps between trains and also in the abort
gap. The resulting plot is shown in Fig. 6 for both beams.
The absolute values, as well as both the intra-batch and
batch-to-batch trend, seem to be very well caught by the
simulation. Furthermore, when zooming on single batches
(Fig. 7), we can see that the simulations can successfully
reproduce the measurements down to a surprisingly high
level of detail.

Beam quality

While the 50ns beam proved to be stabilized in the LHC
by the electron cloud mitigation achieved with the scrub-
bing run, the 25ns beam has exhibited clear signs of trans-
verse instability and emittance growth throughout all the
dedicated MD sessions. Despite a clearly improving trend
from one fill to the next one, these signs have not com-
pletely disappeared. During the first tests on 29 June, when
only batches of 24 bunches were injected from the SPS, the
beam could be kept inside the machine because the level
of electron cloud reached along each batch was enough
to cause significant emittance growth, but no coherent in-
stability and fast beam loss [9]. When, on the following
MD session, batches of 48 bunches were for the first time
transferred from the SPS to the LHC, the beam was twice
dumped after few hundreds of turns, due to the excitation of
a transverse instability leading to unacceptable beam losses
[10]. During the successive MD sessions, this problem was
circumvented by injecting the beam into the LHC with high
chromaticity settings. Values of Q′

x,y around 15 were cho-
sen, as they had been found to be sufficiently stabilizing

in HEADTAIL simulations [17]. Using these settings, the
beam could be kept in the LHC, although with significant
losses and degraded transverse emittances. The observed
emittance blow up and bunch-by-bunch lifetimes steadily
improved over the 25ns MD sessions, i.e. the effects of
the electron cloud on the beam moved later along the train
and became less severe from fill to fill [2]. This can be
seen, for example, in the color plot showing the bunch-by-
bunch losses measured on the 24-25 October MD session,
Fig. 8. Figure 9 shows that, despite the improvement, the
transverse emittances were still significantly blown up dur-
ing the last fill of 25 October, 2011. The effect is hardly
visible on the first and second 72-bunch batches and be-
comes dominant only from the fourth batch on. This trend
is qualitatively in agreement with the simulated electron
cloud build up during this fill, displayed in the bottom plot
of Fig. 9.

ESTIMATION OF THE SCRUBBING TIME
FOR 25ns OPERATION

Several sets of laboratory data are presently available,
which show how the maximum SEY of a surface decreases
under the effect of electron bombardment (scrubbing in
controlled conditions). For example, Refs. [13, 18] dis-
play curves showing the scrubbing of Cu and StSt surfaces
after receiving known doses of electrons at different en-
ergies (500 eV, 200 eV, 20 eV, 10 eV). These curves are
characterized by two distinct regions: an efficient one, in
which the SEY lies in a high range of values (depend-
ing on the material, e.g. above 1.3 for Cu, above 1.6 for
StSt) and the electron doses required to lower it are rela-
tively small; an inefficient one, in which the electron doses
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Figure 7: Close up on two selected batches of the bunch-by-
bunch stable phase shifts of Fig. 6. Both measurements (blue
lines) and simulations (red lines) are displayed in these plots.

required to further lower the SEY exponentially increase.
These measured curves, together with PyECLOUD simu-
lations — providing the expected electron flux to the wall
and its energy spectrum for a given beam in a given cham-
ber — have been used as the base ingredients to set up a
tool to estimate the time needed to scrub the inner surface
of a beam chamber.
The starting point of the procedure is the definition of the
scrubbing scenario (beam, chamber) and the construction
of a curve that shows the electron current density to the wall
produced by the chosen beam as a function of the δmax of
the chamber wall. Usually only electrons above 10 eV are
counted in, because lower energy electrons are considered
inefficient for scrubbing. For example, to make a prediction
of the scrubbing time for the LHC arcs using 25ns beams,
we could reasonably assume that the scrubbing beam will
have the same structure as the 25ns beam stored during the
last 25ns fill. Snaposhots of the bunch-by-bunch intensi-
ties and lengths of this beam, captured soon after the last
injection, are depicted in Fig. 10. A δmax scan of build up
simulations using this beam and the LHC arc chamber ge-
ometry will then provide the electron current density to the
wall for different values of δmax. Two such curves have

Figure 8: Normalized bunch-by-bunch beam losses measured
during the MD session (e).

Figure 9: Snapshot of the horizontal and vertical emittance mea-
surements for beam 1 during the last fill of 25 October MD (top
plot) and simulated electron cloud build up along the train for the
same fill (bottom plot)

been produced for beam 1 and beam 2, and are displayed
in Fig. 11. One can see here that the electron current to the
wall obviuosly steeply decays when δmax approaches its
threshold value for the electron cloud build up. This hap-
pens at a slightly higher value for beam 2, due to the lower
number of bunches.
At this point, we need to first define the initial conditions of
the surface in terms of received electron dose and SEY, and
then we will have to go iteratively through the following
steps:

1. Time nΔt: The surface has so far received an elec-
tron dose d(nΔt) and its SEY has reached the value
δmax(nΔt). It therefore produces an electron current
density to the wall J(nΔt), given by the curve de-
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Figure 10: Bunch-by-bunch intensity and full bunch length at the time of the fifth measurement bar in Fig. 4 (following the usual
convention, blue plots on the left side refer to beam 1, while red plots on the right side are for beam 2).

picted in Fig. 11.

2. The electron dose can be updated to the next time step:
d[(n+ 1)Δt] = d(nΔt) + J(nΔt) ·Δt

3. The scrubbing curves from the laboratory measure-
ments are used to change consequently the SEY value
at the step (n+1)Δt: d[(n+1)Δt] → δmax[(n+1)Δt]

4. Time (n+ 1)Δt: Back to step 1.

By applying the procedure above and making use of the
scrubbing data with 20 eV electrons from R. Cimino [18],
we can then fully describe the scrubbing process in the
LHC arcs. The reason why we are choosing here to re-
fer to the scrubbing data from 20 eV electrons is that they
provide the closest scrubbing evolution to that observed in
the machine. The laboratory data with electron energies
of 200 or 500 eV would result in extremely fast scrubbing
times (in the order of few minutes), while the data with
electron energies of 10 eV would give too long scrubbing
times. The dynamics of the scrubbing process calculated
with the procedure outlined above is then fully described
by the three plots of Fig. 12. The top plot shows the de-
crease of δmax with time. As long as we are far enough
from the threshold value for electron cloud build up, the
scrubbing seems quite efficient. This is because for these
SEY values, the scrubbing curve has not yet entered its in-
efficient region. However, at some point the values tend to
saturate to 1.45 and 1.48 for beam 1 and beam 2, respec-
tively, because the electron cloud production steeply drops
at these δmax values (see Fig. 11) and the scrubbing effec-
tively stops. In the middle plot we can see the evolution of
the heat load with time. This shows that in practice scrub-
bing ends when there is no measurable heat load left (hav-
ing assumed the same type of beam all along the scrubbing
process). The bottom plot finally displays the maximum
electron cloud line density as a function of time. This num-
ber is directly related to the maximum central density of
the electron cloud seen by some of the bunches and can be

seen as the driving term for coherent instabilities or emit-
tance growth. By the time we consider the scrubbing pro-
cess concluded, we can see that the electron density has ac-
tually only decayed by about a factor 10 and not by several
orders of magnitudes, as we could have expected for a full
suppression. This fact unveils another interesting aspect of
scrubbing, i.e. the process stops when the scrubbing beam
is not able anymore to produce an electron cloud that sat-
urates over at least one of the batches. This means that,
even after scrubbing, the electron cloud can still exhibit an
exponential rise inside the beam chamber, but its values re-
main significantly below its theoretical saturation value. In
this situation, we can expect that the heat load has disap-
peared, the pressure rise has also become negligible and
most probably coherent instabilities are not excited, but in-
coherent effects of emittance growth can still affect the last
bunches of each batch.

Figure 11: Calculated electron current density to the wall as a
function of the δmax of the chamber wall. The two curves have
been calculated for beam 1 (blue) and beam 2 (red), as previously
shown in Fig. 10

Proceedings of Chamonix 2012 workshop on LHC Performance

96



Furthermore, the accelerator would be running now at
the limit for electron cloud build up, so that a small change
in some key parameters, like number of bunches and gaps,
bunch shortening or increase of the seed electrons (e.g.
ramping the beam energy to 3.5 TeV and producing pho-
toelectrons) could revive the electron cloud build up and its
related detrimental effects. This was observed for exam-
ple with the 50ns beams, when the arcs became sufficiently
scrubbed for the beam at 450 GeV, but then there was a
sudden return of the electron cloud phenomena (instability,
heat load) during the first ramp to 3.5 TeV. Figure 12 also
explicitly shows the scrubbing times to lower δmax from:

• 1.7 to 1.52 → The scrubbing simulation takes about
2h for beam 1, while it can be estimated that it took
3h of equivalent beam 1 time in the LHC, based on the
scrubbing history shown in Fig. 5. This suggests that
the scrubbing model we are applying is probably quite
close to reality, but it may be still underestimating the
real scrubbing time by about 50%;

• 1.52 to 1.45 for beam 1 → This takes an additional 9h
in this model;

• 1.52 to 1.48 for beam 2 → This takes an additional 8h
in this model.

Figure 12: Scrubbing process: δmax (top), heat load (middle)
and electron line density (bottom) are plotted as a function of time
(in hours).

Therefore, including the aforementioned 50% underes-
timation and allowing for some margin, we can assume
that 20h beam time can be regarded as sufficient to scrub
the arcs of LHC with 25ns beams. This number of hours
translates then into about two weeks machine time, if we
also consider the time to inject the maximum number of
bunches with the shortest gaps for both beam 1 and beam
2 (including the time for the set up of the injection of 72-
144-216-288 bunches) and running then a few test ramps
with increasing number of bunches for the completion of
the scrubbing process [19].
It is worth mentioning at this point that a possible source
of error in the estimation of the scrubbing time comes from
the uncertainty on the absolute values of δmax, due to the
assumption R0 = 0.7. In fact, while we are confident in
the reported 1% precision in relative terms between the
δmax values in Fig. 5, the absolute values might actually
all shift up or downwards due to a different value of R0.
Any shift upwards for lower values of R0 would result into
even lower scrubbing times, because we would move to
the most efficient part of the scrubbing curves. On the
contrary, a shift downwards could have an adverse effect
on the scrubbing times. For instance, if we had assumed
R0 = 1, the 25 ns scrubbing of the arcs would have gone
from δmax = 1.8 on 29 June to δmax = 1.45 on 25 October,
with threshold values of 1.35 at 450 GeV and below 1.3 at
3.5 TeV. The shape of the scrubbing curves of Cu found in
literature suggests that this would not have a dramatic im-
pact on the estimated scrubbing time. However, if absolute
values turned out to be lower yet, due to some other mem-
ory mechanism neglected in the heat load analysis (e.g. the
uncaptured beam needed to match the bunch-by-bunch en-
ergy loss measurements), we could then quickly end up in
the inefficient region of the scrubbing curves, with the un-
comfortable consequence that the estimated scrubbing time
would become significantly longer.

CONCLUSIONS
The LHC did not exhibit signs of electron cloud build up

during the 75ns physics run at the beginning of 2011. Later
on, several electron cloud indicators made a short appear-
ance with 50ns beams and came back decisively only with
25ns beams. Thanks to both pressure rise and heat load
data, the evolution of δmax in 2011 (i.e. over the scrubbing
run with 50ns beams and the five 25ns MD sessions) could
be fully reconstructed in both the arcs and uncoated straight
sections. The present status of the machine is summarized
in Table 1, in which the threshold values for electron cloud
formation with 25ns and 50ns beams are also reported.

The achieved values of δmax are certainly low enough
as to ensure electron cloud free operation with nominal
50ns beams. PyECLOUD simulations of 50ns beams with
higher charges per bunch have also been carried out and
show that stable operation with respect to electron cloud
should also be guaranteed in the full intensity range tar-
geted for 2012 (i.e. up to 1.8× 1011 ppb).
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Table 1: Estimated and threshold δmax values in the uncoated
straight sections and in the arcs.

Uncoated straight
section Arc dipoles

Estimated δmax 1.35 1.52
Threshold δmax

(25ns, 450 GeV)
1.25 1.45

Threshold δmax

(25ns, 3.5 TeV)
1.22 1.37

Threshold δmax

(50ns, 450 GeV)
1.63 2.2

Threshold δmax

(50ns, 3.5 TeV)
1.58 2.1

Beams with 25ns spacing still produce significant electron
cloud in the LHC, as their build up threshold values of
δmax are lower than those currently achieved. Therefore,
they are also affected by detrimental processes like coher-
ent instabilities and emittance growth, which lead to fast
degradation of the beam quality. Additionally, the energy
loss due to the electron cloud is also still present and mea-
surable through the stable phase shift. Further scrubbing
is required to suppress the electron cloud with this type of
beams. Using a simplified model based on PyECLOUD
simulations and laboratory data from controlled scrubbing
experiments, we have estimated the scrubbing time neces-
sary to prepare LHC for 25ns physics operation. It turns
out that the total 25ns beam time required to suppress the
heat load and reduce the electron cloud density by about
one order of magnitude is in the order of 20h. This realisti-
cally translates into about 2 weeks machine time to ensure
the efficiency of the scrubbing in the final desired running
conditions (i.e. with the maximum number of bunches in
both beams, injected in batches of 288 bunches from the
SPS, and after ramping the energy to 3.5 TeV).
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OBSERVATIONS OF BEAM-BEAM EFFECTS IN THE LHC IN 2011

W. Herr, R. Alemany, X. Buffat, R. Calaga, R. Giachino, G. Papotti, T. Pieloni,
G. Trad (CERN, Geneva, Switzerland) M. Schaumann (RWTH, Aachen)

Abstract

We report on the observations of beam-beam effects dur-
ing dedicated studies as well as the experience from oper-
ation. Where possible, we compare the observations with
the expectations.

STUDIES OF HEAD-ON COLLISIONS

The layout of experimental regions in the LHC is shown
in Fig.1. The beams travel in separate vacuum chambers

IP1

beam2beam1

IP3

IP8

IP5

IP6

IP7

IP4

IP2

Figure 1: Layout of the experimental collision points in the
LHC [1].

and cross in the experimental areas where they share a
common beam pipe. In these common regions the beams
experience head-on collisions as well as a large number
of long range beam-beam encounters [1]. This arrange-
ment together with the bunch filling scheme of the LHC
as shown in Fig.2 [1, 2] leads to very different collision
pattern for different bunches, often referred to as ”PAC-
MAN” bunches. The number of both, head-on as well as

......

72   bunches

Δ t 3Δ t 2 Δ t 1

Δ t 1

Δ t 2 

Δ t 3

Δ t 4

8  bunches  missing

38  bunches missing

119   bunches missing

total number of bunches:   2808

39  bunches missing

Δ t 4

Figure 2: Bunch filling scheme of the nominal LHC.

long range encounters, can be very different for different
bunches in the bunch trains and lead to a different inte-
grated beam-beam effect [2]. This was always a worry in
the LHC design and the effects have been observed in an
early stage of the commissioning. Strategies have been pro-
vided to minimize these effect, e.g. different planes for the
crossing angles [1, 2].

Head-on beam-beam tune shift

The nominal LHC parameters have been chosen to reach
the design luminosity of 1.0 · 1034 cm−2s−1 [1]. The
main parameters relevant for beam-beam effects are sum-
marized in Tab.1. At a very early stage of the LHC op-

Table 1: LHC nominal parameters and achieved during op-
eration and experiments in 2010/2011.

Parameter nominal achieved

Intensity (p/bunch) 1.15 · 1011 2.3 · 1011

Emittance 3.75 μm ≤ 2.00 μm
β∗ 0.55 m 1.5 m
ξ/IP 0.0035 0.0170
Bunch spacing 25 ns 50 ns
Bunches/beam 2808 1380

eration it was tested whether the nominal beam-beam pa-
rameters can be achieved. After this has been successfully
demonstrated, we have performed a dedicated experiment
to test the achievable beam-beam tune shift. To that pur-
pose we have filled the LHC with single bunches per beam,
colliding in IP1 and IP5 (see Fig.1). We have used bunch
intensities of ≈ 1.9 · 1011 protons, i.e. well above the nom-
inal and the emittances have been reduced to ≤ 1.20 μm in
both planes [3]. It was shown that such bunches can be col-
lided in both interaction points without significant losses
or emittance increase [4] and we have demonstrated that a
beam-beam tune shift of 0.017 for a single interaction and
an integrated tune shift of 0.034 for both collision was pos-
sible. These tune shifts have been obtained in the absence
of any long range encounters and it should be expected that
the operationally possible tune shifts are lower.

Effect of number of head-on collisions

Due to the filling pattern in the LHC, different bunches
experience different number of head-on as well as long
range interactions. Details are given in another contribu-
tion [5]. In Fig.3 we show as illustration the losses of
bunches with very different ( 0 - 3) number of head-on col-
lisions. The data was taken during a regular operational fill
of 10 hours duration. The correlation between losses and
number of head-on collisions is apparent and a more de-
tailed analysis is found in [5]. The transverse emittances
during normal operation are larger (≈ 2.5 μm) than in
the head-on test. In a second experiment [6] we increased
the bunch intensity further to ≈ 2.3 · 1011 with emittances
≈ 1.80 μm. Although the tuneshift was slightly lower than
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Figure 3: Losses of bunches with different number of head-
on collisions [5]. Numerology: blue (3 collisions), red (2
collisions), green (1 collision), black (no collision).

in the previous experiment (0.015), the lifetime was worse.
We interpret these results as losses of particles at large
amplitudes. This is supported by the observation that the
strongest losses occur at the very beginning of a fill (Fig.3).

Can we understand the large head-on beam-
beam tune shift ?

The obtained beam-beam parameter is several times
larger than the design value and one can discuss the pos-
sible reasons. It must be mentioned here that the design
value was very conservative and is only 50% of what was
obtained in the SPS proton-antiproton collider. The choice
of the design parameter was aimed at the nominal peak lu-
minosity using conservative parameters considered safe at
the time of the choice.
Nevertheless, the large beam-beam parameter allows to op-
erate with high brightness beams and it is important to iden-
tify possible mechanisms that might reduce this brightness.
Such limiting factors can be:

• Longitudinal or transverse noise

• Tune modulation and large Q’

• Ripple on power converters

Keeping these effects under control should allow the col-
lision of high brightness beams and to exceed the nominal
luminosity substantially. Under the present conditions we
do not consider the head-on beam-beam interaction as a
limit for the LHC performance.

STUDIES OF LONG RANGE
INTERACTIONS

Contrary to the head-on beam-beam effects, the long
range beam-beam interactions is expected to play an im-
portant role for the LHC performance and the choice of
the parameters. To study the effect of long range beam-
beam interactions we have performed two dedicated exper-
iments. In the first experiment, the LHC was set up with
single trains of 36 bunches per beam, spaced by 50 ns. The
bunch intensities were ≈ 1.2 1011 protons and the normal-
ized emittances around 2.5 μm. The trains collided in IP1
and IP5, leading to a maximum of 16 long range encounters

per interaction point for nominal bunches. First, the cross-
ing angle (vertical plane) in IP1 was decreased in small
steps and the losses of each bunch recorded. The details
of this procedure are described in [8].
In the second experiment we injected 3 trains per beam,
with 36 bunches per train. The filling scheme was chosen
such that some trains have collisions in IP1 and IP5 and
other collide only in IP2 or IP8.

Losses due to long-range interactions

From simulations [10] we expected a reduction of the dy-
namic aperture due to the long-range beam-beam encoun-
ters and therefore increased losses when the separation is
decreased. To estimate the losses, we have shown in Fig.4
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Figure 4: Expected dynamic aperture as function of sepa-
ration in drift space [10]. Computed for 50 ns and 25 ns
separation.

the expected dynamic aperture as a function of the normal-
ized separation [10] for two different bunch spacings (50 ns
and 25 ns). From this figure we can determine that visi-
ble (i.e. recordable) we can expect for a dynamic aperture
around 3 σ and therefore when the separation is reduced to
values around 5 σ. For larger separation the dynamic aper-
ture is also decreased but the losses cannot be observed in
our experiment.

We have performed two measurements and the results of
the first experiment are shown in Fig.5 where the integrated
losses for the 36 bunches in beam 1 are shown as a func-
tion of time and the relative change of the crossing angle
is given in percentage of the nominal (100% ≡ 240 μrad).
The nominal value corresponds to a separation of approxi-
mately 12 σ at the parasitic encounters.
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Figure 5: Integrated losses of all bunches as a function of
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The losses per bunch observed in the second experiment
are shown in Fig.6. The observed behaviour is very similar.
In this experiment we have set up several trains with differ-
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ent collision schemes and in Fig.7 we show the losses in the
bunches colliding in IP8, but not in IP1 and IP5 where the
separation was reduced. As expected, this reduction had no
effect on the losses of these bunches (please note change of
the scale). In Fig.8 we show the vertical emittances for all
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bunches during this second experiment. Such a measure-
ment was not available in the first study. From Figs.5 and 6
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we observe significantly increased losses for some bunches
when the separation is reduced to about 40%, i.e. around
5 σ. The emittances are not affected by the reduced sep-
aration (Fig.8) and we interpret this as a reduction of the
dynamic aperture as expected from the theory and simula-
tions. The emittances, mainly determined by the core of
the beam, are not affected in this case.

Bunch to bunch differences and PACMAN effects

Not all bunches are equally affected. At a smaller separa-
tion of 30% all bunches experience significant losses (≈4
σ). Returning to a separation of 40% reduces the losses
significantly, suggesting that mainly particles at large am-
plitudes have been lost during the scan due to a reduced dy-
namic aperture. Such a behaviour is expected [9, 10]. The
different behaviour is interpreted as a ”PACMAN” effect
and should depend on the number of long range encounters,
which varies along the train. This is demonstrated in Fig.9
where we show the integrated losses for the 36 bunches in
the train at the end of the experiment. The maximum loss
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is clearly observed for the bunches in the centre of the train
with the maximum number of long range interactions (16)
and the losses decrease as the number of parasitic encoun-
ters decrease. The smallest loss is found for bunches with
the minimum number of interactions, i.e. bunches at the
beginning and end of the train [1, 2]. It is demonstrated
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Figure 10: Integrated losses of all bunches along a train of
36 bunches, after reducing the crossing angle in IP1. Sec-
ond figure shows number of long range encounters for the
same bunches.

in Fig.10 where we shows the integrated losses and in the
second figure for the same bunches the number of long
range encounters. The agreement is rather obvious. This
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is a very clear demonstration of the expected different be-
haviour, depending on the number of interactions.

In the second part of the experiment we kept the sep-
aration at 40% in IP1 and started to reduce the crossing
angle in the collision point IP5, opposite in azimuth to IP1
(Fig.1). Due to this geometry, the same pairs of bunches
meet at the interaction points, but the long range separation
is in the orthogonal plane. This alternating crossing scheme
was designed to compensate first order effects from long
range interactions [1]. Fig.11 shows the evolution of the lu-
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Figure 11: Luminosity in IP1 as a function of time during
scan of beam separation in IP5.

minosity in IP1 as we performed the scan in IP5. The num-
bers indicate again the relative change of separation, this
time the horizontal crossing angle in IP5. The luminosity
seems to show that the lifetime is best when the separation
and crossing angles are equal for the two collision points.
It is worse for smaller as well as for larger separation. This
is the expected behaviour for a passive compensation due
to alternating crossing planes, although further studies are
required to conclude.

Losses due to long range encounter during oper-
ation

Significant losses have also been observed during regular
operation. For the first attempt to squeeze the optical func-
tions from β∗ = 1.5 m to β∗ = 1.0 m, the crossing angle was
decreased to reduce the required aperture, thus reducing the
separation at the encounters. During the ramp, an instabil-
ity occurred which (probably) increased the emittances of
all bunches, reducing further the normalized beam separa-
tion. When the optics was changed, very significant beam
losses occurred (see Fig.12) for those bunches colliding in
interaction points 1 and 5, where the separation was re-
duced due to smaller β∗ . Bunches colliding only in IP 2
and 8 are not affected. This clearly demonstrates the strong
effect of long range encounter and the need for sufficient
separation.
A more quantitative comparison with the expectations is
shown in Fig.13. The dynamic aperture in units of the
beam size is shown as a function of the beam separation
[10]. From the relative losses in the experimental studies,
we have tried to estimate the dynamic aperture, assuming
a Gaussian beam profile and tails. This measurement can
obviously only give a rough estimate, but is in very good

5 10 15 20 25 30 35
0

10

20

30

40

50

time [min]

to
ta

l lo
ss

es
 [%

]

no coll             
IP152
IP28    

sq

adj

5 10 15 20 25 30 35
0

10

20

30

40

50

time [min]

to
ta

l lo
ss

es
 [%

]

no coll        
IP15
IP8

sq

adj

Figure 12: Losses in beam 1 and beam 2 with too small
separation.

 0

 2

 4

 6

 8

 10

 12

 14

 0  5  10  15  20

Dy
na

mi
c a

pe
rtu

re 
(si

gm
a)

Separation (sigma)

Dynamic aperture versus separation

Figure 13: Dynamic aperture versus separation. Compari-
son with results from experiment.

agreement with the expectations. At larger separation, the
losses are too small to get a reasonable estimate. More in-
formation can be obtained from an analytical model [11].

Further observations of PACMAN effects

Another predicted behaviour of PACMAN bunches are
the different orbits due to the long range interactions. Dur-
ing the second test with reduced long range separation, we
have recorded the orbit changes for different separation as
shown in Fig.14. The decreased separation, correspond-
ing to stronger dipolar kicks, clearly lead to orbit changes
along the corresponding bunch train [12]. The bunches not
participating in collisions in IP1 and IP5 are not affected.
To study these effects, a fully self-consistent treatment was
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Figure 14: Orbit effect on bunches during long-range sep-
aration scan [12].

developed to compute the orbits and tunes for all bunches
in the machine under the influence of the strong long range
beam-beam interactions [13]. In Fig.15 we show a predic-
tion for the vertical offsets in IP1 [1, 2]. The offsets should
vary along the bunch train. Although the orbit measure-
ment in the LHC is not able to resolve these effects, the
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vertex centroid can be measured bunch by bunch in the ex-
periment. The measured orbit in IP1 (ATLAS experiment)

Figure 16: Measured orbit offsets in IP1 along the bunch
train [14, 15].

is shown in Fig.16 and at least the qualitative agreement is
excellent. This is a further strong indication that the ex-
pected PACMAN effects are present and understood and
that our computations are reliable.

COHERENT BEAM-BEAM EFFECTS

Due to the strong-strong nature of beam-beam collisions
in the LHC, we expect the excitation of coherent beam-
beam modes. In very symmetric cases these modes should
be observable. In the Fig.17 we show the obtained tune
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Figure 17: Tune signal without beam-beam effects [7].

signal without beam-beam interactions. When the beam-
beam interaction is switch on, a coherent mode can be ob-
served. In order to study the details and proof its origin,
the difference and sum signals between the two beams have
been computed and shown in Fig.18. The difference signal
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Figure 18: Tune signal with beam-beam effects [7]. The
two signals show the difference and sum signals between
the two beams.

should only show the π-mode frequency in the spectrum,
while the 0-mode should be enhanced in the sum signal.
This behaviour is clearly demonstrated in Fig.18 and prove
the beam-beam origin of the modes [7].

OPERATION WITH STATIC OFFSETS

Since the LHC experiments have very different require-
ments, it is necessary to keep the luminosity at a constant
and lower level in interaction points IP2 and IP8, while the
highest possible luminosities are required in IP1 and IP5.
The necessary reduction in IP2 and IP8 cannot be achieved
by a larger β∗. As an easy solution it was proposed to col-
lide the beams in these experiments with a small transverse
offset between 1 and 4 σ. Although it was thought to be
the source of possible problems, this scheme was tested in
the machine [16] and found possible. It is now an oper-
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Figure 19: Luminosity levelling in IP8 during regular op-
eration [16].

ational procedure. The time evolution of the luminosities
in all interaction points during a regular run are shown in
Fig.19. The luminosity is kept constant in IP8 during the
whole run without detrimental effects in other interaction
points. More details can be found in the contribution to the
conference IPAC 2011 [16].

SUMMARY

We have reported on the first studies of beam-beam ef-
fects in the LHC with high intensity, high brightness beams
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and can summarize the results as:

• Effect of the beam-beam interaction on the beam dy-
namics clearly established

• LHC allows very large head-on tune shifts above nom-
inal

• Effect of long range interactions on the beam lifetime
and losses (dynamic aperture) is clearly visible

• Number of head-on and/or long range interactions im-
portant for losses and all predicted PACMAN effects
are observed

All observations are in good agreement with the expecta-
tions. From this first experience we have confidence that
beam-beam effects in the LHC are understood and should
allow to reach the target luminosity for the nominal ma-
chine at 7 TeV beam energy.
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BEAM-INDUCED HEATING / BUNCH LENGTH / RF 
AND LESSONS FOR 2012 

E. Métral (for the ABP/ICE section, many collaborators and equipment groups)

Abstract 

The observations made in 2011 in the LHC are first 
compared to expectations and the possible implications 
for the operation in 2012 are then discussed. 

INTRODUCTION 
Beam-induced heatings have been observed here and 

there during the 2011 run when the bunch/beam intensity 
was increased and/or the bunch length was reduced. 
These observations are first reviewed before mentioning 
the recent news/work performed during the shutdown. In 
fact, several possible sources of heating exist and only the 
RF heating (i.e. coming from the real part of the 
longitudinal impedance of the machine components) is 
discussed in some detail in the present paper: 
(i) comparing the case of a Broad-Band (BB) vs. a 
Narrow-Band (NB) impedance; (ii) discussing the beam 
spectrum; (iii) reminding the usual solutions to 
avoid/minimize the RF heating; (iv) reviewing the 
different heat transfer mechanisms; (v) mentioning that 
the synchronous phase shift is a measurement of the 
power loss and effective impedance. The three current 
“hot” topics for the LHC performance, which are the 
VMTSA, TDI and MKI, are then analyzed in detail and 
some lessons for 2012 (and after) are finally drawn. 

2011 RUN OBSERVATIONS 
All the observations are summarized in Table 1 [1], 

with some additional information for each equipment. 
From this list the two most critical equipments are the 
MKI and the VMTSA, which could prevent the LHC 
from running with higher beam intensities in 2012. 

 
Table 1: Summary table with all the equipments where 
beam-induced heating was observed in 2011. 

NEWS/WORK DURING THE SHUTDOWN 
Several observations have been made together with 

some hardware modifications: 
• VMTSA: 8 new modules have been installed 

(instead of the 10 of 2011) with shorter RF fingers 
and ferrite plates after some electromagnetic 
simulations and bench impedance measurements 
(see later). 

• TDI: a visual inspection revealed a beam screen 
deformation and a very soft copper (see Fig. 1). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1: Pictures of the observed TDI beam-screen 
deformation (Courtesy of Benoit Salvant et al.). 
 

• TCTVB.4R2: it has been removed during the 
shutdown. TCTVB.4L2 (i.e. not the most critical 
one) has been looked at and some RF fingers were 
found not in contact. 

• TCP.B6L7.B1: nothing obvious could be revealed 
by visual inspection; Xrays measurements remain to 
be done but might be quite difficult to do. 

• Q6R5 (beam screen): Xrays were performed but 
nothing special could be found.  

• ALFA, MKI and TDI: more electromagnetic 
simulations have been performed. 

RF HEATING 
Consider the case of M equi-spaced equi-populated 

bunches, which should be a good approximation when the 
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LHC machine is full. In this case, the general formula for 
the beam power loss (due to the interaction with the 
longitudinal impedance) can be written [2] 

 
 Ploss = M Ib

2 Zloss ,  (1) 
with 
 

Zloss = 2 M Re Zl p M 0( )[ ] PowerSpectrum p M 0[ ]
p = 0

,

   (2) 
 
where I b = Nb e f0 is the bunch current (with Nb  the 
number of protons per bunch, e  the elementary charge 
and f0  the revolution frequency), 0 = 2 f0, Zl  the 
longitudinal impedance, and PowerSpectrum stands for 
the beam power spectrum.  

The scaling of this power loss with respect to the 
bunch intensity is thus clear (it is always quadratic), but 
the scaling with the number of bunches is less obvious: 
(i) in the case of a BB impedance, the sum in Eq. (2) can 
be replaced by an integral (the M in front then disappears; 
see detailed example later) and the result is that the total 
power loss is just M times the single-bunch case; (ii) in 
the case of (very) NB impedance, only one term in the 
sum is useful (assuming the worst case where the line in 
on top of a coupled-bunch line) and the result is that the 
total power loss is NOT just M times the single-bunch 
case, but it goes with the square of the number of bunches 
(because in this case what is important is the total beam 
current; see detailed example later). 

As concerns the beam (power) spectrum, 
measurements have been performed in 2011 before the 
ramp and in stable beams (see Fig. 2). Figure 2 reveals 
interesting features, which are worth discussing a bit. 
First, many peaks are spaced by ~ 20 MHz (as it is 
expected for the 50 ns bunch spacing beam used; the 
bunch frequency would be ~ 40 MHz for the 25 ns beam) 
below an envelope which is decreasing with frequency 
until a certain value and which is then revealing a side 
lobe (and sometimes also others). This behaviour is 
exactly the one expected due to the finite length of the 
bunch (inside a finite bucket). To get a better feeling, let’s 
consider four typical (theoretical) distributions, whose 
longitudinal profiles are represented in Fig. 3. The two 
extreme cases are, on one side the Gaussian distribution 
with infinite and smooth tails (therefore unrealistic) and 
on the other side the Water-Bag distribution with finite 
and sharp tails. The corresponding power spectra can be 
computed analytically and they are depicted in Fig. 4. It is 
clearly seen that only the (unrealistic) Gaussian 
distribution does not reveal side lobes due to the fact that 
the tails extend up to infinity. For all the other 
distributions (with finite lengths), sides lobes are revealed 
and the sharper the tails the higher the sides lobes. 
However, in the measurements the height of the first side 
lobe is at ~ - 35 or - 40 dB, whereas the theoretical 
distributions considered give higher values. This means 
that the real distribution must have smoother tails. 

Consider now a family of (finite) distributions, keeping 
the same half width at half height, depending on the 
parameter n (converging to a Gaussian distribution when 
n goes to infinity, see Fig. 5). The corresponding power 
spectra are depicted in Fig. 6. It is seen that the 
distribution with n = 3 should be a relatively good 
approximation (even if two side lobes are expected from 
theory in this case whereas only a large one was 
measured… maybe it is the envelope of the two…).  
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 

 

 

 
Figure 2: Power spectra measurements for beam 1 on fill 
# 2261 (Courtesy of Themistoklis Mastoridis, Philippe 
Baudrenghien and Hugo Day). 
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By taking the inverse Fourier Transform of the measured 
spectrum, the longitudinal profile of Fig. 7 has been 
obtained, which is consistent with the expected one from 
theory (with n = 3; see Fig. 5). 
 

 
 
 
 
 

 
Figure 3: Longitudinal profiles of four typical 
(theoretical) distributions. 
 
 
 

 
 
Figure 4: Power spectra corresponding to Fig. 3 
(considering a full or 4-sigma bunch length of 1.2 ns). 
 
 

 
 
Figure 5: Family of (finite) distributions, keeping the 
same half width at half height, depending on the  
parameter n, and converging to a Gaussian distribution 
when n goes to infinity. 

 
 

 
 

Figure 6: Power spectra corresponding to Fig. 5. 
 

 
Figure 7: Longitudinal profile obtained by taking the 
inverse Fourier Transform of the measured spectrum 
before the ramp (see Fig. 2a; Courtesy of Themistoklis 
Mastoridis and Philippe Baudrenghien). 
 

Consider now first the case of the Resistive-Wall 
impedance, and, as an example, the particular case of the 
LHC beam screen (neglecting the holes, whose 
contribution has been estimated to be small in the past, 
and the weld for the moment) [3]. A good approximation 
of the longitudinal impedance over the frequency range of 
interest is given by the “classical” formula  

 
 Zl f( ) = 1+ j( )

L

2 b

f Z0

c
,  (3) 

 
where j  is the imaginary unit, L  the length of the 
equipment considered (approximated to the LHC 
circumference in this simple example, i.e. 26658.883 m), 
b the beam screen half height (assumed to be 18.4 mm), 

 the resistivity (assumed to be 5.5 10-10 m for copper 
at 20 K), Z0

 the free-space impedance and c  the speed of 
light. The plots of the impedance and corresponding wake 
function are depicted in Fig. 8. The beam power loss can 
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Figure 8: Resistive-Wall impedance for the case of the 
LHC beam screen (neglecting the holes, whose 
contribution has been estimated to be small in the past, 
and the weld for the moment) and corresponding wake 
function. 
 
be written 

 Ploss =
2 M Ib

2

0

f x( ) dx
x= 0

,  (4) 

with 
 f p M 0( ) = Re Zl p M 0( )[ ] PowerSpectrum p M 0[ ] ,

  (5) 

 f p M 0( )
p = 0

1

M 0

f x( ) dx
x= 0

,  (6) 

 Zloss = 2 M f p M 0( )
p = 0

2

0

f x( ) dx
x= 0

.  (7) 

 

If in addition the longitudinal bunch profile is assumed to 
be Gaussian, Eq. (4) can be solved analytically and the 
following result is obtained 
 

   Ploss / m
G,RW ,1layer

=
1

2 R

3

4

 

 
 

 

 
 
M

b

Nb e

2

 

 
 

 

 
 

2
c Z0

2 t
3 / 2

85 mW/m,

  (8) 

 
where  is the Euler gamma function, the number of 
bunches has been assumed to be 1782 (for the 50 ns 
bunch spacing), the number of protons per bunch 
1.4 1011 p/b, and the rms bunch length 0.3 ns. Assuming 
the real power spectrum it would give the same result 
within few tens of percent and for the 25 ns beam (i.e. 2 
times more bunches), it would give a factor 2 more 
power. 

If one considers now the longitudinal weld, as clearly 
seen in Fig. 9 [3], an estimate of the power loss from the 
induced currents in the weld is given by 

 

 Ploss / m
Weld

Ploss / m
G,RW ,1layer

SS
20K

Cu
20K

l
Weld

2 b
57% ,  (9) 

with 

 l
Weld

2 b
=

2

2 18.4
=

1

18.4

1

60
,  (10) 

 
where SS

20K
= 6 10 7 m  is the assumed resistivity of 

the weld (stainless steel) and 2 mm the assumed width. 
Therefore, even though the weld corresponds to only 
~ 1/60 of the cross-section, the power loss due to the weld 
is not negligible at all and amounts to ~ 57 % of the 
power loss computed without the weld. 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: LHC beam screen with its longitudinal weld. 
 

Consider now the case of a narrow resonance, 
describing a trapped mode due to the geometry. It is 
described by 3 parameters: (i) the resonance frequency, 
assumed to be here fr =1GHz ; (ii) a shunt impedance, 
assumed to be here Rl =10 ; and (iii) a quality factor Q, 
whose value is scanned below. The impedance plots are 
represented in Fig. 10 together with the corresponding 
wake functions. It can be seen with this example that if 
the quality factor is bigger than ~ 100, only one line can 
be considered (the bunches are coupled and this is the 
total current which matters) whereas if the quality factor 
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is smaller than ~ 20, then the bunches are not coupled. 

 

 

 
 
 
 

 
 
 

 
 
 

 
 

 

 
 
 
 

 

 
 

 

 

 
 

 
 

 

 
 
 
Figure 10: Impedance plots for the resonance with the 
resonance frequence fr =1GHz , shunt impedance 

Rl =10 , for different values of quality factors and 
corresponding wake functions. 
  

In the case of a large quality factor, when only one 
line can be considered (assuming the worst case where 
the line is on top of a coupled-bunch line), a very simple 
equation is found for the power loss, which can be 
expressed as 

 Ploss = M Ib( )
2

Rl 10
PdB fr( )

10 ,   (11) 

 
where M Ib

 is the total beam current and PdB fr( )  is the 

power in dB at the frequency fr
 read from a power 

spectrum (computed or measured). Considering 1380 
bunches (which was the maximum number in 2011) and 
1.4 1011 p/b gives a total beam current of ~ 0.36 A. 
Assuming the previous trapped mode ( fr =1GHz  and 

Rl =10 ) and considering the measured power spectrum 

PdB fr( ) 17 dB (see Fig. 2c) gives a power loss of 

~ 26 mW. Note that in the case of a bunch with a 
Gaussian longitudinal profile, Eq. (11) is written  
 
 Ploss

Gaussian
= M Ib( )

2
Rl e 2 fr( )

2

,  (12) 

 
where  is the rms bunch length (in s). 

The usual solutions to avoid or minimize the RF 
heating, depending on the situation, are the following: 
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• Increase the distance between the beam and the 
equipment. 

• Coat the surface with a good (better) conductor. 
• Close large volumes, which could lead to resonances 

at low frequency (i.e. more harmful), and provide 
smooth transitions. This explains why some beam 
screens, RF fingers etc. have been installed. 

• Install some blocks of ferrite (not directly seen from 
the beam and, if possible, close to the maximum of 
the magnetic field of the trapped mode): 

o Adding a material with (magnetic) losses, the 
quality factor Q is decreased (by few tens, 
say 50, to give a number), while Rl / Q is 
conserved (depending only on the geometry); 

o Therefore, Rl2 = (Rl1 / Q1)  Q2 is decreased 
by 50; 

o The power loss is thus decreased accordingly 
if Q is still sufficiently high (or less if other 
coupled-bunch lines are involved); 

o The ferrite should absorb the remaining 
(much smaller) power; 

o Note that the resonance frequency should 
also slightly decrease. 

• Increase the bunch length (and more generally 
modify the longitudinal profile, i.e. the power 
spectrum, as it can be sometimes more complicated), 
but then the luminosity will decrease a bit for longer 
bunches through the geometric reduction factor and 
possible losses from the bucket will appear above a 
certain value (to be studied in detail). The 
luminosity reduction factor is given by 
 

 F =1 / 1+ c z

2 *

 

 
 

 

 
 

2

,  (13) 

 
where 

c
 is the full crossing angle at the IP (Interaction 

Point), 
z
 is the rms bunch length (in m) and * is the 

transverse rms beam size at the IP. Several cases are 
plotted in Fig. 11 to see the variation of the reduction 
factor with the bunch length. It can be seen in particular 
that for 2012, increasing the bunch length from an rms 
value of 9 cm to an rms value of 10 cm will decrease the 
luminosity by ~ 2-3 %. 

 

 

 
 
Figure 11: Luminosity reduction factor vs. bunch length 
for 3 sets of parameters. 
 

Several mechanisms are in principle available for the 
heat transfer: conduction, convection, radiation and active 
coolings. As concerns convection, there is none in 
vacuum as there are no particles and when radiation 
enters into the game, the temperature is usually already 
quite high (note that the radiation mechanism can be 
improved by increasing the emissivity). Therefore, in 
most of the cases, only conduction remains if there are 
good contacts and if the thermal conductivity is good. 
Furthermore, in addition to these passive mechanisms, an 
active cooling can also be used. The LHC strategy was to 
use water cooling for all the near beam elements [4]. 

Finally, the power lost by the beam can be estimated 
from beam-based measurements, looking at the shift of 
the synchronous phase. In the absence of impedance (case 
1), the bunch power gain is given by   

 
 Pbunch ,1 = e ˆ V RF sin s1 f0 Nb ,  (14) 

 
where ˆ V RF

 is the peak RF voltage and 
s1
 is the 

synchronous phase. In the presence of an impedance (case 
2), the bunch power gain is modified and the shift in 
power is given by 
 

Pbunch ,1 2 = Pbunch ,2 Pbunch ,1 = e ˆ V RF f0 Nb sin s2 sin s1( )

e ˆ V RF f0 Nb cos s1 s with s = s2 s1 .

   

  (15) 
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Therefore, measuring the synchronous phase shift, the 
power loss can be deduced from Eq. (15). 

“HOT” TOPICS: VMTSA, TDI AND MKI 

VMTSA 

In 2011, 10 modules (each of 2 bellows) were present 
in the machine and 8 bellows (out of 20) were found with 
defaults (see arrows in Fig. 12) with the spring (keeping 
all the fingers together around the insert) broken. Why did 
this happen? Is it an impedance problem? Bench 
impedance measurements with one wire together with 
electromagnetic simulations have been performed at the 
end of 2011 and beginning of 2012 to try and answer 
these questions. Some details about this equipment can be 
found in Fig. 13. The bench measurements corresponding 
to the 2 cases of Fig. 14, with on the left the correct 
situation and on the right a bad situation with all the 
bottom RF fingers in the absence of contact and with a 
large gap between the RF fingers and the insert, are 
summarized in Fig. 15. A huge resonance at ~ 200 MHz 
was observed when the spring jumped back (~ - 15 dB in 
the transmission coefficient S21). It is clearly seen that 
when the RF fingers are in good position, this resonance 
disappears completely. The two other smaller resonances 
around 1.4 GHz are linked to something else and   

  

  
 
 

 
 

 

 
Figure 12: (a) Positions of all the VMTSA present in the 
machine in 2012 with the ones that exhibited some issues 
(indicated with an arrow); (b) Typical default. 

 

 
 

Figure 13: Pictures of a VMTSA (double-bellow) module 
with its internal insert and the RF fingers to be installed to 
close the large volume and avoid the big step. 

 
Figure 14: (Left) RF fingers correctly installed and (right) 
RF fingers in bad contact due to the spring, which jumped 
back when the VMTSA module was moved laterally by 
few mm (as it is supposed to work in reality). 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
Figure 15: Transmission coefficient S21 in dB vs. 
frequency between 0 and 2 GHz for the 2 cases of Fig. 14. 
 
disappear with good contacts at the end plates (which was 
done for the measurements made afterwards). From the 
measurement of S21, the longitudinal impedance can be 
deduced as follows [5] 
 

 Zl = 2 Zch ln
S21

SREF

 

 
 

 

 
 ,          SREF = e

j
L

c ,  (16) 

 
where Zch

  is the characteristic impedance which was 
measured independently and found to be equal to 
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~ 270 . If one looks only at the real part of the 
longitudinal impedance (which is our case here as we are 
only interested in the RF heating), SREF =1 and the real 
part of the longitudinal impedance at the resonance 
frequency (~ 200 MHz) is 
 

 
Zl = 2 Zch ln

S21

SREF

 

 
 

 

 
 = 2 Zch ln 10

S21 dB[ ]

20
 

 
 

 

 
 

2 270 ln 10
15

20
 

 
 

 

 
 930 .

  (17) 

 
The associated power loss is thus Ploss  0.362  930  0.7 
~ 85 W for 1 beam and ~ 4  85 = 340 W for 2 beams 
(worst case). The conclusion of this study is that no 
impedance problems are foreseen when the RF contacts 
are correctly installed but a huge resonance (and therefore 
also a huge associated heating) is observed when the RF 
fingers are not correctly in place as in Fig. 14 (right). 
Therefore, the first recommendation was and still is: try 
and improve the RF contacts! 

TDI 

The TDI is a quite involved equipment, whose main 
pictures are shown in Fig. 16. Two contributions to the 
impedance need to be taken into account: the resistive-
wall (from the jaws) and the trapped modes (from the 
very complicated geometry). The observations made in 
2011 can be summarised as follows: 

• Vacuum pressure increase after ~ 1-2 h in stable 
beams with a maximum being reached and then a 
vacuum decrease: 

o Started on May 1st, 2011 for TDI.4R8,  
o Started on August 6th, 2011 for TDI.4L2.  

• Heating at both extremities (measurement performed 
after the installation of thermocouples during a 
Technical Stop) on TDI.8R, by 8 to 17 deg. 

• Since fill # 2219 (16/10) the TDI half gap was 
increased from 22 mm to 55 mm (parking position) 
in stable beams: 

o The vacuum pressure increase disappeared, 
o BUT, the temperature increase remained.  

• Higher transverse impedances than expected from 
simulations and from previous measurements in 
2010 (see Ref. [6]). 

• Unstable position measurements, unexpected 
aperture restriction in P2… 

Based on all these observations, a visual inspection was 
requested to (i) check the hBN metallization and the 
shielding foil (which were possible culprits for the larger 
impedance observed in 2011) and (ii) identify possible 
aperture restrictions for beam 1 between the TDI and the 
TCTVB left of point 2 evidenced by the aperture 
measurements conducted in preparation of the 2011 ion 
run. The conclusions of the inspection are that: (i) the Ti 

   
  
 

 
 

 
Figure 16: Some pictures of the TDI. 

 
coating seems to be fine; (ii) a deformation of the beam 
screen has been observed in P8 mainly and to a smaller 
extent in P2 also; (iii) a soft copper was used for the beam 
screen instead of a copper coated stainless steel. The 
assumptions and predictions made in the past were the 
following [7]: 

• Power loss due to resistive-wall (jaws): ~ 200 W. 
• Water cooling present on the Al frame holding the 

blocks – but clamped, not brazed. Capacity 20 kW 
=> How much cooling at block surfaces? 

• Trapped modes and beam screen => Work done in 
the past to minimize them (simulations and 
measurements done with some limitations) => Not 
expected to be a big problem. 

• No cooling of the beam screen. 
• Nominal TDI operation: Should be IN only for 

injection (~ 20 min for nominal case) and then fully 
retracted (~ 55 mm half gap) => No impedance issue 
foreseen in the fully retracted position. 

After the observation of a huge deformation of the 
beam screen, our impedance estimates have been 
reviewed using in particular the operational parameters 
etc. First, the power loss from resistive-wall has been re-
estimated for 1380 bunches, 1.45 1011 p/b, 1.2 ns 4-  
bunch length and a half gap of 4.56 mm. The power loss 
is mainly located in the Ti coating of the hBN block. As 
the hBN has a very good thermal conductivity, one can 
assume that all the block should be heated. Scans vs. the 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 17: Measured and theoretical power spectra used 
for the recent TDI power loss estimates. 
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half-gap, the Ti thickness and the bunch length are plotted 
in Fig. 18, where it can be seen that ~ 300 W were 

  

 
 
 
 
 

 
 
 
 
 

 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 

 
 
 
 

 
Figure 18: Scans of the TDI resistive-wall power loss 
versus the half-gap, the Ti thickness and the bunch length. 
 

expected on the hBN block at injection (with a half gap of 
4.56 mm whereas 7.7 mm were considered in the past, in 
2004, as well as another resistivity [7]) and about ten 
times less in parking position in stable beams. It also 
shows that the power loss decreases proportionally to the 
half gap, the Ti thickness and the bunch length. 

As concerns now the trapped modes, the power loss 
was estimated with the 3D model (which was not 
available in the past and was done in fall 2011), with 
more powerful computers and for a half gap of 8 mm 
(still work in progress). The summary of most of the 
trapped modes is shown in Fig. 19. Therefore, both low-
frequency and high-frequency modes can be dangerous. 
The most critical low-frequency trapped mode is the 
mode with the following characteristics (see Fig. 19): 
fr  59 MHz (assumed to be on top of the coupled-bunch 
line at ~ 60 MHz), Rl = 150  and Q = 195. The 
associated power loss is thus Ploss  0.362  150  1 

 19.4 W for 1 beam and ~ 4  19.4  78 W for 2 beams 
(worst case). Furthermore, only ~ 20% of the power loss 
is expected in the beam screen. The most critical high-
frequency trapped mode is the mode with the following 
characteristics (see Fig. 19): fr  1227 MHz (assumed to 
be on top of the coupled-bunch line), Rl = 21000  and Q 
= 917. The associated power loss is thus Ploss  0.362  
21000  10-2.8  4.3 W for 1 beam and ~ 4  4.3  17.2 W 
for 2 beams (worst case). In this case, the electromagnetic 
fields are very localized. 

 

 
 
 

 
 

 
 
 
 
 
 

Proceedings of Chamonix 2012 workshop on LHC Performance

113



 
 
 
 
 

 
 
 
 
 
Figure 19: Summary of most of the TDI trapped modes 
(still work in progress) for a half gap of 8 mm (using the 
3D model done in fall 2011). 
 

Can these power losses in the beam screen explain the 
observed deformation? Assuming a simple steady-state 
model, where radiation in the only heat transfer 
mechanism between 2 infinitely long concentric 
cylinders, the inner one for the bean screen whose 
temperature has to be found and the outer one assumed to 
be at room temperature. It can be seen in Fig. 20 that if 
the beam screen is in stainless steel ~ 100 W/m are 
needed to reach ~ 200°C, whereas ~ 400°C can be 
reached in the case of a copper beam screen. 

 
 

 
Figure 20: Estimated beam screen temperature vs. 
deposited power in the beam screen (per meter), 
considering only radiation for the heat transfer, for both 
copper and stainless steel beam screens. 
 

The power loss was estimated during some MDs 
through the synchronous phase shift when the TDI jaws 
were open and closed several times. The result of this 
measurement is shown in Fig. 21. An increase of the 
power loss of ~ 1 to 2 kW was observed (using Eq. (15)) 
when the TDI jaws were closed from parking position to a 
half gap of 4.7 mm. Furthermore, it seemed to be about 
linear with the number of bunches, which would mean 
that it is mainly dominated by a broad-band impedance 
(i.e. resistive-wall or a low-Q resonance?). It is worth 
reminding that a much smaller value was predicted for the 
resistive wall (~ 300-400 W), which could mean (if the 

synchronous phase shift measurements are reliable) that 
the Ti resistivity is higher than expected or the thickness 
is smaller. This would also explain the larger transverse 
impedance observed last year [6]. However, in this case 
the main power loss should not be in the beam screen, and 
cannot explain therefore the deformation… This still has 
to be followed up in detail. 
 
 
 
 
 
 
 
 
 
Figure 21: TDI power loss estimated by measuring the 
synchronous phase shift as a function of the distance 
between the two jaws. 

MKI 

The MKI is also a quite involved equipment depicted 
in Fig. 22. All the MKIs were getting hotter and hotter 
during the 2011 run as can be seen in Fig. 23. Recent 
electromagnetic simulations (with 15 out of 24 
conductive strips of the ceramic pipe) revealed a very 
good agreement with previous bench impedance 
measurements, as can be seen in Fig. 24, which gives 
even more confidence than before for the power loss 
estimates made in the past. These estimates have been 
updated for the nominal bunch intensity of 1.15 1011 p/b 
(it is 1.7 times bigger for 1.5 1011 p/b), and summarized in 
Table 2. It is worth reminding that the original design was 
  

 

Figure 22: Picture of the LHC MKI. 
 
 
 

 
 

 
 
 
 
 
 
 
 
Figure 23: Evolution of the temperatures of the different 
MKIs during the 2011 run. 
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foreseen with 24 conductive strips but then the number 
was reduced to 15 due to HV electrical breakdowns, 
which had a huge impact on the longitudinal impedance 
and associated RF heating. The necessity of the 
conducting strips is also clearly revealed. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 24: Comparison between past bench impedance 
measurements and recent electromagnetic simulations. 
 

Table 2: MKI power loss estimates for two different 
bunch lengths, for both 25 ns and 50 ns beams, and for 
the nominal bunch intensity of 1.15 1011 p/b. Courtesy of 
Hugo Day.  

LESSONS FOR 2012 (AND AFTER) 
• VMTSA: No impedance problems are foreseen if 

the RF contacts are good. A task force was 
suggested and approved during a recent LMC 
meeting to review the design of all the components 
of the LHC equipped with RF fingers [8]. 

• TDI: The jaws should be IN only during injection 
(~ 20 min in nominal case) and then should be fully 
retracted (in parking position). Is the beam screen 
deformation a consequence of the impedance with 
small gaps? Detailed analyses are still ongoing. Can 
we add a Cu coating on the Ti flash as this would 
considerably reduce the resistive-wall impedance (if 
needed in particular during future scrubbing runs). 
Can we improve the cooling? 

• MKI: Impedance simulations have been performed 
and a very good agreement with past measurements 
has been obtained. Therefore, there is no surprise 
with the impedance but we might need to wait few 
hours before injecting in 2012 if the beam intensity 
is increased or the bunch length reduced. There are 

current discussions to replace the MKI8D by a spare 
with 24 screen conductors instead of 15, during the 
technical stop foreseen in August 2012. This should 
considerably reduce the RF heating. In the future the 
cooling system could be improved and high-Curie 
temperature ferrite could be used. 

• ALFA detector (not a worry for the LHC 
machine but for the experiment): We might need 
to remove it for high intensity beams (as it is 
foreseen in the design report). However, the time 
needed to remove and re-install it (i.e. few days) 
might not be compatible with a normal technical 
stop (discussions still ongoing). Finally, some 
cooling (as TOTEM) could be installed during LS1. 
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LESSONS IN BEAM DIAGNOSTICS 

O. R. Jones, CERN, Geneva, Switzerland 
 

Abstract 
This paper will concentrate on the studies carried out 

on LHC beam instrumentation systems during the 2011 
run, the improvements made and the outlook for 2012. It 
will include an update on the issues resolved since 2010, 
such as the performance of the BCT systems, and discuss 
advances in the bunch by bunch measurement capability 
of many systems. The paper will also highlight what can 
be hoped for in terms of performance for 2012 and the 
issues which remain to be solved. 

INTRODUCTION 
During 2011 there was continuous development 

ongoing on all beam instrumentation systems. Much of 
this was carried out parasitically, but there were also two 
dedicated machine development periods where specific 
studies were pursued. The full results from these are 
reported in two MD notes [1, 2]. The overall performance 
and detailed improvements to be implemented for 2012 
are also presented in [3]. 

This paper will concentrate on the main outcomes from 
all of these studies and on what can be expected in terms 
of performance for 2012. It will cover the BPM and 
feedback systems, the BCT systems, longitudinal density 
monitor and the various devices used for beam size 
measurement. The BLM system performed exceptionally 
well in 2011, and with no major changes foreseen in 2012 
will not be treated here. A discussion on quench margins 
and related BLM thresholds are reported in a separate 
paper in these proceedings [4]. 

BPM SYSTEM 
On the whole the BPM system performance in 2011 

was very good with 98% of the 2152 channels operational 
throughout the year. The remaining 2% were masked in 
the orbit feedback system due to a number of different 
issues: systematic non-physical offsets; high noise; high 
error rate. Most of the masked monitors are located in the 
LSS regions where the pick-ups are connected to the 
acquisition electronics via long cables. Cable adapters, 
containing low pass filters, have now been installed and 
should reduce the rms noise on these channels. 

BPM Studies 
Another issue for the LSS BPMs is cross-talk on the 

directional pick-ups which are used to measure individual 
beams in the common beam pipe regions near the 
interaction points. The isolation between beams is only 
between 20-25dB, but is further improved by positioning 
the BPMs as far as possible from parasitic crossings. 
Nevertheless there is still some influence observed, and 
this was quantified during a machine development period 
by intentionally crossing 2 bunches within the BPM and 

then slowly dephasing one bunch relative to the other. The 
results are displayed in Fig 1, which shows the measured 
orbit with respect to the initial reference when the beams 
are displaced longitudinally. It can be seen that in the 
worst case an error of up to 400μm can be introduced into 
the measurement. This is rarely the case for proton beams, 
as the BPMs are not located exactly at parasitic crossing 
locations. However, when operating with protons on ions 
the unequal revolution frequencies will mean that these 
beams will periodically scan this entire range, leading to 
these errors being present from time to time. To ensure 
that this cross-talk effect is minimised for 2012 a bunch 
selection will be introduced to ensure that the orbit is only 
calculated from bunches which do not have nearby 
parasitic crossings at the BPM locations. 

 
Figure 1 : Directivity of the BPMSW as a function of time 
between the arrival of the two bunches in the pick-up. 

 
The default mode of operation for the LHC BPM 

system is the so-called ‘asynchronous mode’. This is an 
auto-triggered mode, completely independent of external 
timing. The orbit is calculated from the acquisition of the 
position of each bunch by means of an exponential 
moving average algorithm implemented as a first order 
infinite impulse response (IIR) digital filter in the 
hardware. The time constant of this filter is configurable 
and determines the number of passing bunches required to 
obtain a good average approximation. Up to now the time 
constant was limited to a value corresponding to a few 
thousand bunch triggers. This works well for small 
numbers of bunches, but becomes a problem as soon as 
the bunch number increased to over a few hundred as the 
BPM system is then sensitive to single turn effects. It also 
means that the noise on the orbit is higher than it could 
be, as much of the data is ignored with the 25Hz update 
rate to the feedback system. A new firmware is now in 
place which allows much longer time constants to be 
used. This was tested during MD time and behaved as 
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expected, lowering the rms orbit noise from around 10μm 
to 1μm.  Automatic filter setting was also introduced into 
the firmware, ensuring that the optimal time constant is 
used for the current filling pattern. 

 BPM Issues 
There are two main issues remaining for the 2012 LHC 

run. The first is the sensitivity of the interlock BPMs in 
the dump region to bunches that lose a considerable 
amount of their initial intensity. This is typically a 
problem during MD periods and in particular for the 25ns 
scrubbing runs. The current configuration of the interlock 
is such that a single bunch out of tolerance for 100 turns 
will trigger a beam dump. This can happen if the system 
is in low sensitivity mode and the bunch intensity drops to 
around 3×1010, where the system no longer functions in 
its optimal regime and can give spurious readings. In 
order to allow some more margin for manoeuvre, the 
attenuators connected to these pick-ups, to equalise their 
output signal to the level of standard arc BPMs, will be 
removed for the 2012 run, and should mean that a beam 
dump will not be triggered before the bunch intensity 
drops below 2×1010. 

The second issue which remains in 2012 is the 
sensitivity of the BPM surface acquisition system to 
temperature variations. Although the individual 
calibration and on-line correction of each channel has 
mitigated this effect to some extent, during long physics 
fills errors of over 100μm are still possible. This is not 
expected to improve before temperature controlled racks 
are installed during LS1.  

FEEDBACKS 
The operations-feedback on beam-based feedbacks at 

Evian'11 [5] was: “Feedbacks saved more fills than they 
dumped: we cannot live without them”. In 2011, 33 fills 
were lost directly or indirectly due to the feedback 
systems, accounting for 25% of the dumps during the 
ramp and squeeze (i.e. the periods when the feedbacks are 
operational). Five of these fills were lost due to feedback 
specific instabilities or wrong references being used, 
while the majority were due to the QPS system falsely 
indentifying the fast change in quadrupole current 
requested by the tune feedback system as the start of a 
quench.  There are two reasons for this: 

• The current QPS system is too sensitive to 
small, fast changes in magnet current 

• The tune measurement system is not able to 
lock on to the tune without additional external 
excitation when the transverse damper is in 
operation during injection, or when the beam 
is more stable during the squeeze. 

The first will be addressed in 2012 by increasing the 
QPS thresholds, a short term solution while running at 
4TeV, but not viable in the long term when the energy is 
further increased. 

The second is currently being studied by BE/BI and 
BE/RF with the testing of various schemes for 

overcoming these problems foreseen for 2012. However 
any novel or considerably improved system will only be 
operationally deployed after LS1. 

Feedback Studies 
At the end of 2011 a dedicated MD period was used to 

study the possibility of increasing the orbit feedback loop-
bandwidth. This was prompted by the large orbit 
transients observed at the matched points during the 
squeeze, which the orbit feedback system was too slow to 
correct and could therefore not be corrected by 
incorporating the feedback function for feedforward. 

 
Figure 2 : Test of increasing the orbit feedback bandwidth 
tenfold, showing that the transients observed at the 
matched points during the squeeze are nicely corrected. 

 
Fig 2 shows the results obtained, with the increased 

loop-bandwidth allowing the orbit transients to be 
corrected. The correction data could then be used to 
feedforward to subsequent fills further reducing the 
transients observed. Unfortunately it was also seen that 
with this loop-bandwidth the COD response is, as 
predicted, at its limit with one of the later fills being lost 
due to orbit feedback instability. Standard orbit feedback 
operation in 2012 will therefore maintain a modest loop-
bandwidth, with the possibility of increasing it in specific 
runs to iron out any large, fast excursions, with the results 
used for feedforward.  

BCT SYSTEMS 
During the 2010 run the DC Current Transformer 

(BCTDC) suffered from a dependency of the 
measurement on the filling pattern and from saturation 
effects [6]. As the circulating current is an important 
parameter for the absolute luminosity calibration of the 
LHC experiments, a very fruitful collaboration was 
started between the BI Group and the Experiments to pin 
down all possible error sources. In addition, a series of 
modifications were made to the electronics and to the 
BCTDC itself during the technical stop in winter 
2010/2011. 
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Operation in 2011 showed that the saturation issues and 
the filling pattern dependency have been successfully 
addressed. Fig 3 shows the total intensity as measured by 
the fast BCT and DC BCT during LHC filling in 2011. It 
can be seen that the fast and DC BCT readings now agree 
to better than 0.5% during the whole of the filling 
process. In addition, calibration studies performed 
throughout 2011 show that the absolute accuracy and 
reproducibility for the BCTDC has reached a level better 
than 0.3%. 

 
Figure 3 : Comparison of fast and DC BCT measurements 
and their relative error during physics filling in 2011. 
 

Some improvements were also made to the fast BCT 
system, notably the addition of 70MHz low-pass filters to 
mitigate the effect of bunch length variation on the 
measurement, while still maintaining a bunch by bunch 
capability. The bunch position dependence of the 
measurement coming from the commercial toroid used is 
not solved, and represents an error of 1% per mm. 
Fortunately the orbit is well controlled in this region, 
limiting this effect and keeping the overall error well 
below the 1% level. A new toroid is currently under 
development to address this issue and it is hoped to test 
this in the LHC during 2012. 

Complete testing of the dI/dt electronics will also be 
ongoing in 2012 with the aim of fully qualifying the 
electronics before LS1. 

SYNCHROTRON LIGHT SYSTEMS 

Longitudinal Density Monitor 
The LHC Longitudinal Density Monitor (LDM) [7] is 

a single-photon counting system measuring synchrotron 
light by means of an avalanche photodiode detector 
(APD). It is able to longitudinally profile the whole ring 
with a resolution of ~50 ps. On-line correction for the 
effects of the detector deadtime, pile-up and afterpulsing 
allow a dynamic range of 105 to be achieved. 

 Measurements were taken with the LDM during both 
proton and lead ion runs. It has proven a very useful tool 
to optimize the injector chain and understand RF capture 
issues in the LHC. Fig. 4 shows that in the case of 

protons, almost all the satellites are spaced at 5 ns 
intervals, and believed to originate in the LHC injector 
chain where lower RF frequencies are used. In the case of 
heavy ions, small ghost bunches spaced at 2.5 ns (i.e. 
occupying the LHC RF buckets) are spread around the 
ring in addition to the larger 5 ns satellites near a main 
bunch. This was found to come from modulation of the 
LHC RF voltage at injection to optimize capture for 
newly injected bunches, which led some particles from 
previously injected bunches to leak out of their buckets. 
These particles were subsequently recaptured once the RF 
voltage was again increased. 

The LDM is also relied upon to cross check the ghost 
and satellite populations as measured by the experiments 
during van de Meer scans for luminosity calibration. 
Ensuring a sufficiently low level is important to validate 
the cross-calibration of the DC and fast BCTs. 

For 2012 it is foreseen to finalise the LDM software to 
provide fully automatic tuning along with an operational 
application to be developed by BE/OP. The optical 
system will be adapted to eliminate any dependence on 
the transverse bunch size, and a detailed study of the 
LDM accuracy for ghost and satellite populations will 
also be carried out. 

 

 

 
Figure 4 : LDM plots for protons (above) and  lead ions 
(below). a)  main bunch with peak at 1.3 x 105 counts,  b) 
satellites, and c) ghost bunches. 
 

Synchrotron Light Cameras 
The total synchrotron light power in the LHC is shared 

between the Abort Gap Monitor, the Longitudinal Density 
Monitor and a camera dedicated to transverse profile 
measurement (BSRT). The latter is a Proxitronic 
Nanocam HF4 S 25N NIR intensified via a multichannel 
plate between the photocathode and the camera sensor. It 
can currently be used in one of two operational modes, a 
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continuous integration of all incoming light every 20ms 
or a gated acquisition down to 25ns. 

The continuous mode is used to integrate the beam 
signal over all bunches and hence gives the average 
horizontal and vertical profile. In gated mode, the 
acquisition of profiles for a single bunch is possible. By 
moving the gate from one bunch to the next one can scan 
the entire LHC bunch train to give individual profiles 
from which the bunch by bunch emittance can be 
calculated. 

The gated mode was implemented in 2011, was driven 
by the high level expert GUI application and allowed a 
scan rate of 1-3 seconds per bunch. With over 1000 
bunches in the machine for physics fills, this implied a 
total measurement time of up to 1 hour. For 2012 it is 
foreseen to upgrade the front-end CPUs and related 
software to allow a ten times faster scan speed. 

 
Figure 5: Examples showing good (upper plot at 450GeV) 
and not so good (lower plot at 3.5TeV) agreement 
between wire-scanner and BSRT measurements. 
 

Much machine development time was devoted to 
understanding the accuracy and absolute calibration of the 
BSRT. The real beam size σbeam is estimated from the 
measured beam size according to: 
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where MAG is the system optical magnification and σPSF 
is the optical point-spread function. The latter is 
dependent on many factors including diffraction, 
aberration and depth of field. These are all beam energy 
dependent due to the changing spectrum of the 
synchrotron light and the change in source from the 
undulator to the D3. 

Both parameters, MAG and σPSF, can be determined for 
given camera settings (camera position, colour filter) and 

for given beam parameters (emittance, intensity). 
Experience in 2011, however, showed that the calibration 
must be applied with caution. Fig 5, where wire scanner 
measurements are compared with the BSRT, shows a case 
at injection where good agreement was found for both 
small and large emittance bunches, and also a case at 
3.5TeV where a single correction factor does not work. 
This indicates a scaling factor in addition to the correction 
in quadrature, which was later confirmed by correlating 
the correction factor with the beta function. 

The aim for the 2012 run is to publish corrected sigmas 
within an error of ±10% at both injection & top energy. To 
achieve this it will be necessary to fully understand all 
sources of errors by re-analysing in detail all the data 
from the 2011 MDs and performing new MDs to 
determine the magnification at 450 and 4000 GeV via 
closed orbit bumps, verify that with such magnifications 
the correction factors work for all bunch sizes, and 
exclude any dependence on intensifier gain. 

WIRE SCANNERS 
The wire scanners are vital for the cross calibration of 

all the other beam size measurement devices. Scans are, 
however, only possible with low intensity beam due to 
limits imposed by the energy deposition that can be 
handled by the wire and on the quench margins of the 
downstream magnets. 

The Beam 1 scanners were found to suffer from high 
noise, the source of which has to date not been identified 
despite investigations performed during several technical 
stops. A method of signal correction was therefore 
developed to subtract the noise contribution. As the noise 
is low frequency it is possible to determine its influence 
on a given turn by acquiring the signal during the abort 
gap, where there is no beam present. Once acquired, this 
signal can be subtracted from the bunch signal acquired 
on the same turn, successfully eliminating this noise. 

In addition to this operational improvement 
implemented towards the second half of the 2011 run, the 
following studies were performed: 

• Consistency checks 
A comparison of turn versus bunch mode 
showed that both gave the same beam size to 
within 2%. 

• Bunch by bunch cross talk measurements 
For 25ns spacing the residual signal from one 
bunch to the next was found to be ~8%, while 
for 50ns spacing this reduces to ~2.5%. 

• Ease of use 
Finding the optimal photomultiplier gain and 
filter settings is not straightforward, but is very 
important to obtain accurate measurements. 
Systematic studies were therefore performed 
to check the system linearity for various 
settings. 

The main goals for 2012 will be to investigate ways to 
select the photomultiplier gain and filter settings to fit 
with the currently injected beam and machine conditions. 
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In addition the possibility of performing automatic scans 
at regular intervals throughout the injection, ramp and 
squeeze will be investigated with BE/OP.  

REST GAS IOINISATION MONITOR - BGI 
During the 2011 run the LHC rest gas ionisation 

monitors (BGI) were still in the commissioning phase. 
Nevertheless, control of these devices is now fully 
integrated in the operational controls system, including 
the gas injection allowing a local injection of small 
amounts of neon. 

The quality of the beam images captured by the BGI 
degraded over time, the suspicion being an ageing of the 
Multi-Channel Plates (MCPs) used to amplify the electron 
flux. This effect was visible as a darkening of the area 
usually occupied by the beam profile, suggesting a 
decrease of the local MCP gain. This effect is known in 
literature and heavily used MCPs should be exchanged 
regularly. This has been carried out for the monitors on 
beam 1 during the 2011/2012 winter technical stop, but 
not for beam 2 due to issues encountered with the vacuum 
seal quality during the beam 1 intervention. A procedure 
to correct for the gain deterioration has also been put in 
place on the front-end server, although this has its own 
limitations when the degradation is too large. 

 
Figure 6: Evolution of the horizontal emittance of beam 1 
during an energy ramp on the December 6th 2011. BGI 
measurements (black dots) and wire scanner (red dots). 

 
During the 2011 MD periods it was found that a 

correction factor, with the same form as the σPSF used for 
the BSRT, should also be used for BGI. The reason for 
this is a larger than initially estimated electron gyroradius 
in the BGI magnetic field. Fig 6 shows such a correction 
applied to BGI data, showing a good agreement with wire 
scanner measurements. 

An MD with inverted electric field polarity will be 
prepared for 2012 in order to check if the rest gas ions can 
be used to give better beam profiles than the electrons, 
which are currently collected. 

OTHER BI SYSTEMS 
In addition to the instruments described in some detail 

in this paper, developments continued on all the other 
LHC beam instrumentation systems. A very brief 
summary of their current status is listed below: 

• Abort Gap Monitor - used for monitoring with 
studies ongoing to increase its reliability. 

• Schottky - works well for ions but suffers from strong 
coherent signals with protons. 

• Head-Tail Monitor – system was operational in 2011 
with an automatic instability trigger added. 

• Wall Current Monitor - work on-going to improve the 
overall frequency response of system. 

• Diamond Beam Loss Detectors - installed in the 
collimation and injection regions allowing losses to 
be distinguished on a bunch by bunch basis. 

• BTV Screens - recent issues found with the RF 
fingers on 5 out of 6 of these devices. The monitors 
are now disabled via a software interlock and should 
only be used if absolutely necessary in 2012. 
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Quench Limits

M. Sapinski, CERN, Geneva, Switzerland

Abstract

With thirteen beam induced quenches and numerous Ma-
chine Development tests, the current knowledge of LHC
magnets quench limits still contains a lot of unknowns.
Various approaches to determine the quench limits are re-
viewed and results of the tests are presented. Attempt to re-
construct a coherent picture emerging from these results is
taken. The available methods of computation of the quench
levels are presented together with dedicated particle shower
simulations which are necessary to understand the tests.
The future experiments, needed to reach better understand-
ing of quench limits as well as limits for the machine oper-
ation are investigated. The possible strategies to set BLM
thresholds are discussed.

INTRODUCTION

Knowledge of the quench limits allows a more efficient
operation of the machine and gives an important input in
the design of new superconducting magnets. Such infor-
mation is used to set up beam abort thresholds in the Beam
Loss Monitors (BLM) and allows the determination of safe
accelerator parameters at the beginning of the run. The
quench test with the beam reproduce beam losses which
are or can be realistic scenarios, therefore they are ultimate
check of quench limits.

Until now the LHC almost did not suffer from beam-
induced quenches [1]. This is mainly due to operation at
half of the nominal beam energy, leaving a large quench
margin and due to a very good control of the beam. How-
ever after the first Long Shutdown (LS1) this situation will
change and detailed knowledge of quench limits will be-
come crucial.

The paper in the first four sections shows the main dif-
ficulties in defining and determination of quench limits. In
the second part the previous quench tests and those pro-
posed for the 2012 run are discussed.

DEFINITIONS

The definition of the quench limit, used in this paper, is
the maximum amount of energy which can be deposited lo-
cally in a superconducting coil without quenching the mag-
net i.e. without provoking transition of the whole supercon-
ducting coil to a normal conducting state. The local energy
deposition is used because even a small resistive zone may
lead to the quench of the whole magnet. Expressing this
in terms of energy density (usually in mJ/cm3) allows the
definition of the quench limit without referring to a specific
volume of the quenched superconductor.

In the case of steady-state beam losses, the quench
limit is expressed in terms of dissipated power density, i.e.
mW/cm3. The energy or power deposited in the coil is re-
ferred to in this paper as a beam loss, because only beam-
loss induced quenches are considered in quench tests.

The LHC superconducting magnets are equipped with
Quench Protection System (QPS) which allows to safely
dump the current when a quench starts to develop. The
stages of quench development are illustrated in Figure 1:

1. Onset of resistive zone (when the superconductor tem-
perature becomes larger than critical temperature, at
about 5 ms in Figure 1).

2. The development of the resistive zone, during the pe-
riod when T > Tcs; the QPS system triggers the
quench heaters if the resistive zone does not disappear
fast enough (the actual threshold depends on the sys-
tem configuration for particular superconducting ele-
ment [2]).

3. After a decision time (which is the moment where
the red curve - thermal runaway, separates from blue
curve - recovery) the superconductor may heal and
come back to superconducting state or the quench will
start to expand on the whole coil.

Figure 1: Development of a coil temperature in case of
quench being close to quench limit. Tcs is the critical tem-
perature. Courtesy of L. Bottura.

The QPS system does not allow the 3rd stage of the
quench process to be reached, unless of course a very
strong loss brings the coil directly to thermal runaway state.
The magnet is quenched before by the quench heaters. Al-
though in the literature the 3rd stage is the actual defini-
tion of the quench limit. The 2nd stage is the “operational
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quench”, i.e. the stage which is important from LHC oper-
ation point-of-view (BLM thresholds should protect from
“operational quench”). The “operational quench” which
would recover if the QPS system did not interact is referred
as quenchino in CCC slang. The 1st point, i.e. the onset of
the resistive zone, is usually what is determined during the
quench tests, because this is a reference point which can be
easily defined (green line in Figure 10).

From an operational point of view, it is important to
know that the energy difference between the self-healing
quenchino and real quench (i.e. beam loss which would
bring coil to the quench even without intervention of QPS)
is relatively small, especially for high magnet currents.

DEPENDENCIES

Quench limits depend on many parameters, including the
magnet current, Cu/NbTi ratio, type of isolation, helium
bath temperature, etc. They also depend on the character-
istics of the beam loss which are discussed in this section:

• Duration of the loss.

• Loss pattern.

The dependence on the magnet current, i.e. beam energy,
is not discussed here, although one of the quench tests pro-
posed later addresses this aspect as well. This section is
used as a disclaimer showing that the accuracy of quench
limit determination is strongly affected by various beam
loss parameters.

Loss duration

In Figure 2 the quench limit as a function of duration of
the beam loss is presented. The curves are based on the
approximate knowledge of heat transport mechanisms and
heat capacity of the materials as presented in [3].

For very short losses the temperature increase of the su-
perconductor is not affected by heat transport mechanisms.
The amount of energy required to reach the critical tem-
perature is equal to the difference of enthalpy between
quenched and initial states (enthalpy margin).

For losses longer than 1 ms the heat transfer to helium
bath starts to play a role, and the quench limit raises by
more than an order of magnitude because of the large spe-
cific heat of the superfluid helium. The heat capacity of
the bath reaches saturation for losses of about 0.1 s and the
steady-state transfer to cryogenic system becomes effective
for losses longer than a few second.

It must be stressed that modelling the quench limit for
intermediate duration losses is difficult because various
mechanisms of heat transfer contribute, and the timescales
at which they become effective are not well known. Pro-
grams used for calculation of the quench limits (for in-
stance QP3) typically give smoother curves than those in
Figure 2.
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Figure 2: Quench limit as a function of energy perturbation
duration, according to the algorithm from [3].

Loss pattern

The particles can deposit energy in various parts of the
coil. In cases of all investigated losses, the energy density
decreases strongly with the distance from the cold bore.
Therefore the conditions in the most inner cable of the coil
determine the quench limit.

The magnetic field in the superconducting coils is typi-
cally larger for cables far from the midplane. Therefore the
enthalpy margin is also lower for this cables. An example
for the dipole magnet enthalpy limit is shown in Figure 3.
The typical loss expected in the dipole is horizontal, there-
fore it is impacting less sensitive cables.

Figure 3: Quench limit in function of energy perturbation
duration.

Longitudinally the properties of the coil also vary. In the
coil endings, which are typically most exposed to particle
showers, the cables are bent and the amount of helium is
reduced due to the presence of additional resin used to form
the coil shape. Quench limits measured in this part of the
coil might be significantly different from the limits in the
middle of the magnet.

QUENCH LIMIT SEEN IN BLMS

The quench limits can be expressed in terms of the sig-
nal observed in the BLMs at the moment of the magnet
quench. This is motivated by the fact that BLMs should
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protect from magnet quenching, because for high beam en-
ergies the recovery from the quench lasts much longer than
refilling of the machine. It is tempting to believe that the
quench limit as seen by BLMs (SBLM) is simply propor-
tional to the quench limit in the coil (QL):

SBLM = R · QL (1)

where the proportionality factor is a ratio of the energy
deposited in the BLM to the maximum energy deposited in
the coil:

R = EBLM/Emax
coil (2)

Unfortunately the proportionality factor R depends on
the details of the geometry and the loss. For instance one
lost proton typically gives more signal in the BLM placed
after an interconnection than along the magnet cold mass,
which acts as a shielding.

The losses are spread or localized. The upper plot of
Figure 4 shows the longitudinal shower shape in the coil
(blue) and in the BLM location (red) for a pointlike loss.
The lower plot shows the BLM quench limit (SBLM) as
a function of the width of the gaussian used to smear
both distributions. For more localized losses the quench-
protecting BLM thresholds are smaller than for spread
losses. The current BLM thresholds are conservatively set
according to fairly localized orbital bump scenario.
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Figure 4: BLM signal at quench as a function of loss scale
for MB magnet simulation [4]. The threshold in the lower
plot is calculated as a function of the size of the beam hit-
ting the beam screen with impact angle of 240 µrad.

HOW DO WE LEARN ABOUT QUENCH
LIMITS?

There are four approaches to study quench limits. The
first three are briefly described in this section, while the
rest of the paper is devoted to quench tests.

Algorithms and Numerical codes

A lot of work related to the computation of the quench
limits in superconducting coils has been done. For instance
the enthalpy limits, relevant for very short losses, are cal-
culated in ROXIE [5], which is mainly used to evaluate the
magnetic field maps. Another example is QP3 code [6],
which is often used for comparison with quench tests re-
sults. The current BLM thresholds are calculated based on
modified algorithm described in [3].

Laboratory measurements

Various measurements can be performed in the labora-
tory. A good example is the measurement of the heat trans-
fer rate from the superconducting cables to the helium bath
through the cable electrical insulation [7]. These measure-
ments allow to calculate the steady-state quench limit of the
magnet [8]. It is illustrated in Figure 5 where a steady state
quench limit is presented as a function of current in the
magnet. The magnetic field value considered corresponds
to the midplane of the inner layer of the dipole (MB).
The curves represent the power that can be extracted from
the cable as long as the cable center(red curve)/edge(black
curve) is superconducting. The most conservative assump-
tion is to consider the lower (red) of the two curves, al-
though the cable edge curve is probably closer to reality
because the beam losses are mainly concentrated in the ca-
ble edge. However even the cable edge curve might be con-
servative, because the heat deposit in the considered tests is
uniform over the cable cross-section.

Figure 5: Steady state quench limit as a function of magnet
current (see text). Uniform cable heating and a constant
bath temperature of 1.9 K are considered.

The main limitation of any laboratory measurement is
the lack of the beam with its specific radial heating pattern.
In the laboratory tests performed so far the cables were uni-
formly heated, and the geometry of the samples were dif-
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ferent from the real coil. In the tests foreseen for the next
months the experimental setup will be modified to repro-
duce more precisely the magnet behavior, thus allowing to
obtain a more reliable quench limit estimates.

Operational Quenches

During the 2010 and 2011 runs only three events took
place which can be qualified as operational quenches. All
of them happened during the injection process and were
due to the malfunction of the injection kickers.

Careful analysis of these events [9] (together with
quench tests at injection [10]) allows the estimation of the
amount of protons necessary to quench the magnet. The
results of the analysis for all three events are summarized
in Figure 6. Red bars represent the estimated amount of
lost protons which lead to a quench and blue bars show the
highest losses measured without a quench. The presented
results are shown for the injection regions in L2 and R8
(cells 6-17).

Figure 6: Quench levels at injection. ABC stands for MB
A, B or C magnets and Q for quadrupole magnets. For
instance Q6 does not quench with 5.5 · 109 protons and
quenches with 4 · 1010 protons.

As this experience shows the operational quenches pro-
vide a very limited precision on quench levels and are dif-
ficult to analyze.

WHAT HAVE WE LEARNED?

The quench tests with LHC magnets and with the beam
provide the best conditions to study the quench limits. In-
vestigating a magnet on a beam test could have a similar
potential, but it was never done.

In Figure 7 the current knowledge coming from these
tests, injection events and UFOs is summarized. Red points
mark the successful beam-induced quenches and black ar-
rows mark the lower limits of quench levels, from tests in
which the quench did not happened.

Quench levels are expressed here in terms of BLM sig-
nals because most of them were performed to determine the
BLM beam-abort thresholds. This is also a generic plot, not
for a specific loss pattern nor a specific magnet coil.
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suppressor test and orbital bump at 3.5 TeV.

QUENCH TESTS

In this section the quench tests and conclusions obtained
are described. The tests proposed for 2012 run are also
discussed here as they are the logical continuation of tests
performed in previous years.

Orbital bump test

In autumn 2010 four quenches with orbital bump were
performed in cell 14R2: three at injection energy and one
with 3.5 TeV beam. The results of these quenches lead to
the decrease of the BLM thresholds for long integration
times [11].

A preliminary analysis of these tests, supported by
Geant4 simulations, has been presented [12]. In Figure 8
the ratio of the BLM signals simulated with Geant4 and
measured is shown for 6 monitors and 3 assumed beam im-
pact distributions. Relatively good agreement is visible for
impact concentrated in the second half of MQ. The corre-
sponding results inside the coil compared with QP3 results
are shown in Table 1 (MQ, 5 s loss).
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Figure 8: Comparison of Geant4 simulations with BLM
signals registered during quench test.

During this test losses were generated which did not lead
to magnet quench. However the energy deposition in the
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magnet was large enough for the cryogenic system to mea-
sure the energy deposited in the magnet. This gave result
corresponding to about 80-95% of the total energy of the
lost beam. In Figure 9 the energy increase is shown in two
steps corresponding to two losses. This measurement can
be used as an additional input for quench test analysis.

Figure 9: Measurements of energy deposition in the mag-
net using cryogenic sensors. Courtesy of K. Brodzinski.

Due to the clean experimental conditions allowing a pre-
cise determination of the loss pattern and low beam inten-
sity involved1 it is suggested to repeat the quench test with
an orbital bump. In order to control the loss duration and
amplitude it is proposed to use transverse damper (ADT)
or BLM orbit feedback technique [13]. Installation of ad-
ditional BLMs in the new test location is foreseen.

In addition to the cryogenic observations, especially im-
portant for long losses, it is proposed to use oscilloscope
to read QPS signals in parallel to QPS electronics. The ad-
vantages are: much faster signal probing (20 kS/s instead
of 500 S/s) and better resolution (0.3 mV instead of 5 mV).
This readout was tested in 2011, although the results were
not conclusive because it remains unclear if the observed
signal originated from quench or was picked up by the ca-
bles.

UFO test

The UFO losses are in millisecond timescale. This cor-
responds to the time of the scan of the LHC beam with the
wire scanner. The quench limits in this timescale can be
already affected by the large heat capacity of the helium
inside the cables. A test in which the quench of the MBRB
magnet was induced by losses from the wire scanner has
been performed [14]. The various signals registered during
this quench are shown in Figure 10.

The FLUKA reproduction of BLM signals agrees very
well with measurements as presented in Figure 11. The
comparison of the energy depositions in the coil is pre-
sented in Table 1 (MBRB, 10 ms). A good agreement be-
tween FLUKA prediction and QP3 estimation is found.

1Orbital bump remains a valid failure scenario against which BLM
should protect.
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To further investigate the quench limits in the UFO
timescale, there are three possible options:

• Increase of BLM thresholds in some LHC sectors and
wait for UFO events to appear (UFO fishing, dis-
cussed in [15]).

• Repeat the wire scanner quench test with more beam
intensity in order to approach 1 ms loss timescale.

• Perform orbital bump test, as described in the previous
section, with very fast beam excitation by ADT.

Dispersion suppressor test

The dispersion suppressor quench test relies on reaching
the quench limit at the dispersion suppressor magnets (be-
tween Q8 and Q11), which see the highest leakage from

Table 1: Quench limits from tests at 3.5 TeV.
Energy density [mJ/cm3]

test Geant4/FLUKA QP3 with simulated
and experiment radial shape

MBRB
10 ms 12 16

MQ
5 s 1370 550

Proceedings of Chamonix 2012 workshop on LHC Performance

125



the cleaning insertion of IR7 into cold magnets. Therefore
high losses were created on the primary collimators in IR7.

In 2011 this was done by crossing the third integer tune
resonance. The particles, which were then lost in the dis-
persion suppressor downstream of the cleaning insertion
were mainly protons which have experience single diffrac-
tive scattering in the primary collimators, as predicted from
simulations. Theses studies are important as the leakage
into the dispersion suppressor could limit the maximum
possible beam intensity in the LHC due to collimation. The
test and its results are described in detail in [16]. During
the test no quench was observed for nominal collimation
conditions (500 kW loss on primary collimators), but this
result is consistent with BLM signals which reached 64%
of the expected quench level.

In 2012 it is proposed to repeat the test with a compara-
ble loss rate over several seconds (compared to one second
in 2011) to measure if longer losses could cause a quench
in the dispersion suppressor and therefore limit the achiev-
able maximum beam intensity. Therefore it is proposed to
use the ADT to excite the beam in a more controlled way,
as successfully tested in 2011 [17].

Dispersion suppressor test with ions

The test with ions is similar to the one with protons, i.e.
the beam is blown when crossing a third integer tune reso-
nance.

However, the interactions of ions with collimators lead to
production of various isotope nuclei, which are lost down-
stream at well defined locations because the dispersion sup-
pressor is acting as a spectrometer. An example of such a
loss map is shown in Figure 12, where individual peaks
corresponding to the different isotope species can be seen
[18].

Figure 12: Loss map with individual isotopes contributions
from Pb ion beam interaction with collimators (histogram
of simulation results and measurement crosses).

Analysis of the quench test revealed that usually the res-
onance crossing with ions lead to much faster loss than in
case of protons (0.1 s instead of 1 s), therefore a different
quench limit region is probed. It must be noted that this

timescale is also interesting because many beam instabili-
ties were observed to develop within about 0.1 s.

Signals registered in BLMs were up to 3 times higher
than expected at quench, but this was observed for moni-
tors after interconnection, which are particularly sensitive
to the loss pattern. Therefore, the direct conclusions about
quench limits cannot be drawn. For one second loss the
highest signal observed (in cell 8L7) was about 100 times
higher than during ion luminosity runs (cell 10L2), what
gives the first estimation of possible luminosity increase.

This test shall be repeated in 2012 with ion beam, us-
ing ADT for control beam blowup, because knowledge of
steady state quench limit in dispersion suppressor is a key
parameter to estimate the luminosity reach for ion runs af-
ter LS1.

WHAT SHOULD WE LEARN IN 2012?

The understanding of quench limits is critical for run-
ning LHC after LS1. From the past quench tests only part
of the necessary information can be extracted. In order to
understand quench limits a set of quench test should be per-
formed in 2012.

The two most important quench limits to be investi-
gated are those in UFO timescale and those for steady state
losses. The understanding the UFO quench limits may lead
to fine-tuning of BLM thresholds and even relocation of
monitors on the arcs. The understanding the steady-state
quench limit will allow to estimate the intensity and lumi-
nosity limits of the machine in the current configuration. It
is essential for construction of additional protection devices
which eventually will allow to increase these limits.

Therefore it is proposed to perform the following tests:

• For UFO losses:

– UFO fishing (i.e. allow for quench due to UFO
loss).

– Orbital bump with millisecond loss duration.

– Wire scanner quench test with higher intensity.

• For steady state losses:

– Proton dispersion suppressor test.

– Ion dispersion suppressor test.

– Orbital bump with about 1 minute loss duration.

In addition, the injection test with beam dumped on a
collimator is also proposed. This test, which is a follow up
of 2011 test, will help to establish beam energy dependence
of the quench limits.

As previously stated the BLM thresholds are set accord-
ing to an approximate algorithm. The data obtained during
2012 tests should allow for the validation of the QP3 code
and for the use of this tool for BLM threshold generation.
This is an efficient strategy to fine-tune BLM thresholds.

Due to slight increase of the risk when quenching with
higher magnet current, it it is recommended to perform the
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tests at 3.5 TeV (whenever possible) and in locations which
are known to have the best quality of splices (for instance
use of cell 17R5 for orbital bump test).

As there are at least three different groups interested in
quench tests, it is proposed to establish a working group,
which will meet several times during the year to decide on
the priorities of the tests and to discuss the technical as-
pects.
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FIRST DEMONSTRATION WITH BEAM OF THE
ACHROMATIC TELESCOPIC SQUEEZING (ATS) SCHEME

Stéphane Fartoukh, CERN, Geneva, Switzerland

Abstract

The Achromatic Telescopic Squeezing (ATS) scheme is
a novel squeezing mechanism which is (almost fully) com-
patible with the existing hardware of the LHC, and enables
both the production and the chromatic correction of very
low β∗. The basic principles of the ATS scheme will be
reviewed together with its basic motivation which is to de-
liver a very ambitious β∗ of 10-15 cm in view of the even
more ambitious performance commitments taken by the
HL-LHC project. In this context, a few dedicated beam
experiments were meticulously prepared and took place at
the LHC in 2011. The results obtained will be highlighted,
demonstrating already the viability of the scheme. The
plans for 2012 will be discussed, with a few optics con-
siderations which could already justify the implementation
of the ATS scheme in the nominal machine, depending on
which β∗ limits will be met first, and that the ATS can solve
(e.g. optics matchability, chromatic aberrations) and obvi-
ously cannot: the aperture of the existing triplet.

INTRODUCTION

The Achromatic Telescopic Squeezing (ATS) scheme is
a novel optics concept enabling the matching of ultra-low
β∗ while correcting the chromatic aberrations induced by
the inner triplet [1, 2]. This scheme is essentially based on a
two-stage telescopic squeeze. First a so-called pre-squeeze
is achieved by using exclusively, as usual, the matching
quadrupoles of the high luminosity insertions IR1 and IR5.
Then, in a second stage, β∗ can be further reduced by some
factor (typically 4 to 8) by acting only on the insertions on
either side of IR1 and IR5 (i.e. IR8/2 for IR1 and IR4/6
for IR5). As a result, sizable β-beating bumps are induced
in the four sectors on either side of IP1 and IP5. These
waves of β-beating are also necessary to boost, at constant
strength, the efficiency of the chromaticity sextupoles lo-
cated in the sectors 81, 12, 45 and 56.

An example of pre-squeezed (β∗ = 40 cm) and squeezed
(β∗ = 10 cm) ATS optics is given in Fig. 1, zoomed in be-
tween IP4 and IP6. For the squeezed optics (Fig. 1(b)), the
β-beating waves are clearly visible in the sectors 45 and
56, corresponding to an increase by a factor of 4 of the
peak β-functions in the arcs. However, even in the absence
of crossing angle, it is worth reminding that such β∗ val-
ues are hardly operational in the nominal LHC due to the
mechanical acceptance of the existing inner triplet and its
matching section.

The implementation of the ATS scheme requires a new
injection optics, featuring in particular strictly π/2 phase
advances in the four sectors neighboring IR1 and IR5,
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Figure 1: Pre-squeezed (top) and squeezed (bottom) optics
with β∗ = 40 cm and β∗ = 10 cm, respectively, at IP1
and IP5: beam sizes [mm] and horizontal dispersion [m]
zoomed in between IR4 and IR6.

namely the sectors 81, 12, 45 and 56. Then, one of the
keystones of the scheme is the pre-squeezed optics, where
new matching conditions are imposed for the left and right
phase advances of the low-beta insertions, and for which
β∗ shall be chosen within a certain interval. This inter-
val depends on the detailed layout and gradient of the in-
ner triplet, on the maximum operating current of the lattice
sextupoles and on the beam energy. At nominal energy (7
TeV/beam) and for the existing triplet (205 T/m), the pre-
squeezed β∗ shall fulfill the following condition:

40 cm ≤ β∗
pre−squeezed ≤ 2m . (1)

The IR phasing conditions mentioned above can indeed not
be matched for a β∗ larger than 2 m. Then, below a β∗ of
40 cm, some matching quadrupoles of IR1 and IR5 would
be pushed to very low gradients, while, for a beam energy
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Figure 2: Various limitations associated to the 40 cm pre-
squeezed optics: reference current [A] and reference volt-
age [V] for a typical RQ6 circuit in IR1 and IR5 during
the pre-squeeze (top), and reference settings [A] sent to the
arc sextupole circuits during the pre-squeeze and squeeze
down to β∗ = 10 cm (bottom). While the RQ6 circuits
shall operate at very low current in IR1 and IR5 at the end
of the pre-squeeze, some defocusing sextupole families are
pushed to 300 A at 3.5 TeV, which corresponds to the ulti-
mate current of 600 A for a beam energy of 7 TeV.

of 7 TeV, some arc sextupole families would need to be
powered beyond the so-called ultimate current of 600 A
(see Fig 2). Finally, as already stated, the continuation of
the squeeze is achieved by the matching quadrupoles of the
supporting insertions on either side of IR1 and IR5, mod-
ifying in particular the optics of the RF and dump inser-
tions, IR4 and IR6, at flat top energy, which corresponds to
a completely new operation mode of the LHC.

In view of the potential of the ATS scheme, not only for
the LHC (with pre-squeezed optics already pushed beyond
the nominal β∗ of 55 cm, and with additional chromatic
properties), but also for the HL-LHC (with accessible β∗

values as low as 10 cm at IP1 and IP5), a few dedicated
machine experiments were organized in 2011. An overview
of the 2011 ATS machine development (MD) program will
be reported in the next section, highlighting a few results
that already demonstrate the viability of the scheme. The
plans for 2012 will then be briefly presented, followed by
a discussion on whether the ATS scheme might already be
needed for operating the LHC in 2012.

THE ATS MD PROGRAM IN 2011

Overview

ATS machine studies were scheduled during the first,
second and fourth LHC MD periods in 2011. A total time
of 8 hours was spent for dry runs (hardware tests without
beam), while around 22 h were needed to perform the first
validations with beam. All dry runs were quite successful,
showing sometimes some limitations, but quickly identified
and fixed for the MDs with beam. The last dry run demon-
strated in particular the readiness of the existing hardware
(power supplies) to produce and chromatically correct a
collision optics with β∗ = 10 cm at IP1 and IP5.

The first ATS MD [3] successfully commissioned the
new ATS injection optics and its ramp up to 3.5 TeV.
The second ATS MD [4] demonstrated an achromatic pre-
squeezed optics with β∗ = 1.2 m at IP1 and IP5, and then
a further squeeze of IR1 down to β∗ = 30 cm using the
telescopic techniques of the ATS scheme (i.e. using the
matching quadrupoles of IR8 and IR2). Finally the first
goal of the third MD [5] was to push the pre-squeezed β∗

down to its limit of 40 cm and validate the specific chro-
matic properties of this optics. An ultimate goal was then
to use the ATS techniques to further squeeze β∗ by a factor
of 4, simultaneously at IP1 and IP5, and then reach a β∗

of 10 cm in the two high-luminosity insertions of the LHC.
While the pre-squeeze was rather fast (2h) and successful,
the beam was lost during the preparation for the telescopic
part of the squeeze due to a bad manipulation between the
different sets of tune correction knobs which are foreseen in
the ATS scheme (see later). Unfortunately a second try was
not permitted due to the LHC ion run which was scheduled
right after the MD.

These machine studies were performed using very small
intensity (one pilot bunch ∼ 1010 p/bunch). The cross-
ing angles were always switched off in order to maximize
the available mechanical acceptance of the inner triplets
in IR1 and IR5. The parallel separation bumps were also
switched off, with Beam1 and Beam2 injected in Bucket 1
and 2001 in order to avoid collision, with the exception of
the third ATS MD where the parallel separation was actu-
ally switched on and set to its nominal value at injection
and during the ramp. The collimators and other protection
devices (e.g. TCDQ) were never ramped. Then the proce-
dure was a manual adjustment of the horizontal and vertical
primary collimators (TCPH and TCPV) at the end of the
ramp (set to fixed values in between 7 and 9 σ depending
on the β∗ targeted at the end of the pre-squeeze), together
with the tertiary collimators (TCT) of IR1 and IR5 set to
±12 mm and ±10 mm in the H and V planes, respectively,
in order to shadow the triplet for any β∗ (pre-squeezed or
squeezed).

Highlighted achievements

The new ATS injection optics The commissioning of
the new ATS injection optics was impressively fast, with
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Figure 3: Integer tunes of the ATS optics measured at injec-
tion: 62/60 compared to 64/59 for the nominal LHC optics

Beam1 and Beam2 successfully injected, circulating and
RF captured at the first attempt (being said that the or-
bit correctors were pre-set to their nominal injection val-
ues). Tune, coupling and chromaticity were then quickly
corrected using the standard knobs, of course after re-
calibration based on the new optics. Several LHC sub-
systems were also successfully tested, such as the trans-
verse damper (with new settings imposed by the change of
betatron phases in IR4) and the dump. As expected, a spe-
cific measurement gave 62/60 for the integer tunes, to be
compared with 64/59 for the nominal optics of the LHC
(see Fig. 3)

The beams were dumped at the very beginning of the
first ramp, because some interlocks (TCDQ) were not
masked. The second try was then a success showing an
almost perfect transmission of intensity through the ramp,
without any noticeable emittance growth. Tune, coupling
and chromaticity were then quickly adjusted at the end of
the ramp.

Detailed optics measurements were carried out both at
injection and flat top energy, for the β-beating, dispersion
or local coupling, showing no new specific features. Fig. 4
shows in particular the β-beating measured at injection and
3.5 TeV. Without any specific correction put in place, the
β-beating amounts to about 20-30% at injection, essen-
tially dominated by some contributions from the LHC in-
sertions. Then it naturally shrinks down to the 10-15%
level at 3.5 TeV, where the magnetic model of the stan-
dalone IR quadrupoles is more accurate at higher current,
and keeping in mind that the contribution of the arcs (ran-
dom b2 component of the main quadrupoles) has been min-
imized thanks to the sorting strategy which took place dur-
ing the installation phase of the LHC.

The ATS pre-squeezed optics and its chromatic prop-
erties Two ATS pre-squeezed optics were successfully
established, first with a β∗ chosen to 1.2 m during the sec-
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Figure 4: β-beating measurement for Beam1 with the ATS
injection optics, performed at injection (top) and 3.5 TeV
(bottom), without any specific correction put in place. The
large errors bars obtained for Beam1 in sector 12 and 23
(3.5 TeV) are due to the fact that only 50 turns were ac-
quired in these two sectors (courtesy of G. Vanbavinck-
hove).

ond ATS MD, then pushed down to 40 cm for the third
MD. In both cases the pre-squeeze was relatively fast, with
no specific problems related to the control of the tune, cou-
pling or chromaticity. For both pre-squeezed optics, it is
worth mentioning that a few empirical trims, deduced from
the local correction of the nominal optics [7, 8], were incor-
porated at β∗ = 4.4 m and then kept constant for lower β∗.
They were applied to preset the RQSX skew quadrupole
correctors of the inner triplets in IR1, IR2, IR5 and IR8,
but also to modify by about one permil the reference cur-
rent of three low-β quadrupoles in IR1 and IR5, namely
Q2.R1, Q2.L5 and Q2.R5.

Fig. 5 shows for instance the β-functions measured for
Beam2 at β∗ = 1 m and β∗ = 40 cm (H plane only) during
the third ATS MD. A correction of the β-beating also took
place at β∗ =40 cm, bringing it down below the operational
level of 20% (see Fig. 6)

As already mentioned, the ATS pre-squeezed optics fea-
ture interesting chromatic properties which are due to the
specific phasing conditions imposed between the inner
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Figure 6: β-beating measurement for Beam1 performed at
β∗ = 40 cm before and after correction (courtesy of R.
Tomas and G. Vanbavinckhove)

triplets of IR1 and IR5 and the chromaticity sextupoles of
the adjacent arcs, and to the different settings applied to
the two sextupole families available per plane in each of
the 8 sectors of the LHC (see Fig. 2). As a result, the
impact of the inner triplets on the non-linear chromatic-
ity (Q′′, Q′′′,. . .) and the off-momentum β-beating can be
very well controlled. This fact is illustrated in Fig. 7 show-
ing the chromatic variations of the betatron tunes measured
for Beam1 at β∗ = 1.2 m (second ATS MD) and β∗ =
40 cm (third MD). Off-momentum optics measurements,
unfortunately only available for β∗ = 1.2 m, are illus-
trated in Fig. 8, demonstrating as well that the induced off-
momentum β-beating is well-bounded in the four sectors
on either side of the two high-luminosity insertions, with
no sizable leakage in the collimations insertions IR3 and
IR7 and a good control in the inner triplets of IR1 and IR5.

Qx,y(δ) for β∗ = 1.2 m at IP1 and IP5

Qx,y(δ) for β∗ = 40 cm at IP1 and IP5

Figure 7: Chromatic variations of the betatron tunes mea-
sured for Beam1 at β∗ = 1.2 m (top) and β∗ = 40 cm
(bottom), during the second and the third ATS MD, respec-
tively. The linear chromaticity Q′ was corrected to a few
units using the standard knobs. The non-linear chromatic-
ity, Q′′, Q′′′, . . ., is quasi imperceptible over a momentum
window of the order of δp = ±1− 1.5× 10−3.
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Figure 8: Montague functions W measured for Beam1 at
β∗ = 1.2 m (second ATS MD): measurement (red) ver-
sus model (blue). A W function reaching 100 is equiva-
lent to an off-momentum β-beating of 10% at δp = 10−3

or, depending on the phase of the chromatic wave, to an
off-momentum α-beating. The value of 100 reached in
the inner triplets of IR1 and IR5 actually correspond to a
peak of off-momentum α-beating, i.e. to a vanishing off-
momentum β-beating. The W functions are minimized in
half the ring in particular in the two collimation insertions
IR3 and IR7. Due to BPM acquisition problems, some data
are missing in sector 56 (courtesy of G. Vanbavinckhove).
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The ATS squeezed optics The ATS scheme certainly
offers very attractive chromatic properties, which are al-
ready available for any pre-squeezed optics with β∗ fulfill-
ing the conditions given in Eq. (1). The second and biggest
advantage of the scheme is then to be able to deliver ultra-
low β∗ at IP1 and IP5, by involving the insertions IR8, IR2,
IR4 and IR6 in order to further reduce the pre-squeezed β∗

by a factor of typically 4 to 8. As a result, β-beating waves
are induced in the sectors 81, 12, 45 and 56 of the ma-
chine, which warrants the chromatic correction of the in-
ner triplets at quasi-constant strength in the sextupoles (see
Fig. 2).

The second (telescopic) part of the squeeze was then suc-
cessfully tested during the second ATS MD, where β∗ was
further reduced by a factor of 4 at IP1, therefore passing
from β∗ = 1.2 m to β∗ = 30 cm, keeping unchanged
the pre-squeezed optics of IR5 (see Fig. 9). It is never-
theless worth mentioning a net increase of the linear cou-
pling which was observed during this process. The cou-
pling was indeed only partially corrected due to a lack of
time, but hopefully anticipated keeping the injection tunes
62.28/60.31 (i.e. a fractional tune split of 0.03) as reference
for the tune feed-back during the overall process. A more
complete validation of the squeezed optics would then have
been a direct measurement of the non-linear chromaticity
and of the W functions at β∗ = 30 cm. These additional
checks however did not fit within the time allocated to the
MD. On the other hand, several measurements of the linear
chromaticity were taken during the squeeze of IR1 from
1.2 m to 30 cm. They demonstrated in particular one of
the most astonishing features of the scheme, which is the
preservation of Q′ during the telescopic part of the squeeze
at quasi-constant strength in the lattice sextupoles.

The ultimate goal of the third ATS MD was to reiterate
this exercise, not only in IR1 but also in IR5, and starting
from the pre-squeezed β∗ of 40 cm in order to reach in fine
a β∗ as low as 10 cm both at IP1 and IP5. For this pur-
pose an additional functionality was requested to the tune
feed-back, to be used when preparing the machine for the
squeeze from 40 cm to 10 cm. Without going too much into
the details, the request was to be able to switch from the
standard to a new set of tune correction knobs, which only
act on the tune shift quadrupoles located in the sectors 23,
34, 67 and 78 where the β-functions are kept unchanged
during the telescopic part of the squeeze. Unfortunately
the beam was lost due to several RQT circuits tripped by
the QPS right after the switch. The reason of these trips
was then rapidly identified and explained by the fact that
all the real time trims accumulated so far in the RQT cir-
cuits of sectors 81, 12, 45 and 56 were sharply sent to zero
by the tune feed-back system when switching from the first
to the second set of tune knobs. Obviously, the idea was
on the contrary to keep unchanged the RQT real time trims
during the switch, and then to continue to trim them later
on, based on the new tune knobs.
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Figure 9: Measurement of the pre-squeezed (top) and
squeezed (bottom) optics carried out for Beam2 during the
second ATS MD. The peak β-functions are increased by a
factor of 4 in the sectors 81 and 12 when the optics is fully
squeezed, enabling not only to further decrease β∗ by a fac-
tor of 4 at IP1, but also to work at quasi-constant strength
in the lattice sextupoles for the chromatic correction of the
inner triplets.

PLANS FOR 2012

MD plans

A clean pre-squeezed optics at β∗ = 40 cm One of
the priorities of the ATS MD program in 2012 is to estab-
lish a very clean pre-squeezed optics with β∗ = 40 cm
at IP1 and IP5: that is an optics not only optimized in
terms of β-beating (to reach ideally the 10% level as for
the nominal collision optics [9]), of course in terms of
coupling and chromaticity, but also corrected for the left
and right phase advances of the high-luminosity insertions
which are the keystone of the overall scheme, and as well
for the spurious dispersion in the horizontal plane. Indeed,
when the crossing scheme is switched off in the LHC ex-
perimental insertions, the spurious dispersion comes essen-
tially from the random field imperfections of the arc mag-
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Figure 10: Dispersion measurement for Beam2 carried out
at β∗ = 40 cm during the third ATS MD. In the present
configuration, the crossing angle is switched off in the four
experimental IRs, which means that the main source of
spurious dispersion is located in the arcs, induced by the
a2 and b2 random components of the main dipoles and
quadrupoles, respectively.

nets, more precisely from the random a2 components of
the main dipoles (MB) impacting on Dy , and the random
b2 components of the main quadrupoles (MQ) impacting
on Dx. While the MB installation sequence was also op-
timized for the vertical dispersion, the situation was much
more tricky for the main quadrupoles, due the many differ-
ent types of cryo-assemblies. Consequently, the minimiza-
tion of the β-beating was the only criteria retained to define
the MQ installation sequence. As a result, depending on the
betatron phase of the dispersion wave, peaks can show up
in the inner triplet of IR1 and IR5 with a magnification fac-
tor scaling with

√
βmax ∝ 1/

√
β∗. Thus, while no more

than Dy ∼ 70 cm was measured in the vertical plane at
β∗ = 40 cm (for Beam2 in the inner triplets of IR1), up
to 1.6 m was reached in the horizontal plane in the inner
triplets of IR5 (see Fig. 10). On the other hand, contrary to
the vertical dispersion where no correction knobs are avail-
able in the LHC, the spurious dispersion can in principle
be minimized in the horizontal plane, together with the β-
beating, during the optics correction campaign.

A safe pre-squeezed optics at β∗ = 40 cm The idea
is then to establish accordingly safe settings for the var-
ious collimator and protection devices (TCP, TCS, TCT,
TCSG6, TCDQ,..) and then offer to the ATLAS and CMS
experiments the opportunity to take physics data with a
very high pile up rate. Indeed, up to ∼ 100 − 110 events
per bunch crossing are a priori within reach, assuming a
few circulating bunches of very high brightness (e.g. with
Nb = 2.0 × 1011 and γε = 2.5μm) colliding at 8 TeV in
the center of mass, without crossing angle at IP1 and IP5,
and with β∗ = 40 cm.

The squeezed optics at β∗ = 10 cm Finally, coming
back to pilot bunches, the goal is to complete the validation
of the ATS scheme, at least for round optics, approaching
and hopefully reaching a β∗ of 10 cm at IP1 and IP5, carry-
ing out on-momentum and off-momentum optics measure-
ments at β∗ = 10 cm, and if possible β-beating correction.

Figure 11: Comparison between the nominal LHC optics
(top) and the ATS pre-squeezed optics (bottom) in terms of
off-momentum β-beating [%] at δp = 0.001 (Beam1, H-
plane), with β∗ = 60 cm at IP1 and IP5 and β∗ = 10 m at
IP2 and IP8.

Switching to the ATS pre-squeeze in 2012

With the so-called tight collimator settings [10], and
some further reduction of the margins between the var-
ious protection devices of the LHC ring, an operational
β∗ as low as 60 cm is not at all excluded for operating
the LHC in 2012 [11]. A careful evaluation of the chro-
matic aberrations induced is therefore very relevant to de-
cide on whether the ATS pre-squeezed optics might already
be needed for the luminosity production in 2012. The most
relevant observable is the off-momentum β-beating. As-
suming a β∗ of 60 cm at IP1 and IP5 (with β∗ = 10 m
at IP2 and IP8), the nominal LHC optics leads to an off-
momentum β-beating at one permil in the range of 25-35%
(see top of Fig. 11). This value is sizable not only for the
uncaptured beam (keeping in mind that the momentum cut
given by the IR3 collimation is around δp = 1.5 × 10−3),
but corresponds already to about 10% at 2σδp inside the RF
bucket (σδp ∼ 0.15× 10−3 expected for the LHC beam at
4.0 TeV [12]). This situation can then be directly compared
to the very small off-momentum β-beating which would
be obtained using instead an ATS optics pre-squeezed to
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β∗ = 60 cm (see bottom picture of Fig. 11).
The possible impact of the off-momentum β-beating on

the machine performance might be of different nature, pos-
sibly degrading the collimation efficiency (with less retrac-
tion between primary and secondary collimators for off-
momentum particles), increasing the background to the
experiments coming from the uncaptured beam, or even
exciting synchro-betatron resonances via the strong non-
linearities induced by the head-on beam-beam forces. All
these effects are however hardly predictable in the LHC in
order to give a strict limit to the off-momentum β-beating
and therefore decide to deploy already now the ATS optics
in order to exploit the machine in 2012, which of course
would not be without any risk in terms of additional com-
missioning time.

SUMMARY
The goal of the ATS scheme is twofold:

• first producing ultra-low β∗ optics for the HL-LHC,

• while targeting certain chromatic properties, related
to the control of the non-linear chromaticity and off-
momentum β-beating.

Contrary to the nominal collision optics of the LHC, these
chromatic properties are already available for the so-called
pre-squeezed optics (i.e. without β-mismatch in the arcs),
which makes the ATS scheme also very attractive for the
existing machine.
Concerning the validation of the ATS scheme with beam,
several milestones have been already reached during the
few machine studies which took place in 2011: the new in-
jection optics with different integer tunes, the pre-squeezed
optics pushed down to its limit of β∗ = 40 cm, the tele-
scopic part of the squeeze demonstrated to further reduce
β∗ by a factor of 4 from 1.2 m to 30 cm, but only at IP1.
Several important pieces are however still missing for a
complete validation of the ATS scheme, in particular apply-
ing the telescopic squeeze to IR5, that is using the matching
quadrupoles of the RF and dump insertions, IR4 and IR6.
This, indeed, corresponds to a completely new operational
mode of the LHC since the optics of these two insertions
are presently kept strictly unchanged from injection to col-
lision. Then, all these pieces will have to be combined to-
gether for squeezing IR1 and IR5 simultaneously, pushing
the pre-squeeze down to β∗ = 40 cm and then hopefully
reach, measure, and correct a fully squeezed optics with
β∗ = 10 cm at IP1 and IP5.
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EXPERIMENTS EXPECTATIONS, PLANS AND CONSTRAINTS 

B. Gorini, E. Meschi, CERN, Geneva, Switzerland 

 
Abstract 

The paper discusses the input from the experiments that 
is relevant to define the program for 2012. 

It covers the target for integrated luminosity, for both p-
p and Heavy Ion physics, the configuration for the Heavy 
Ion period (p-Pb, Pb-Pb or both) and the requests for 
special runs (high beta, VdM scan with un-squeezed 
beam, high or low pile-up runs…). 

The impact of LHC parameters and conditions on the 
experiments is also discussed, including the effect of pile-
up (would experiment performance be limited next year 
with 50 ns?), beam energy, bunch length, vacuum and 
background, etc.. 

Proposals for optimizations will also be discussed, 
including the use of satellite-main collisions to provide 
luminosity for ALICE and suggestions for reducing the 
overhead of ALICE and LHCb polarity reversals. 

PHYSICS GOALS 

Proton-Proton physics 
2012 is a crucial year for all LHC experiments, in 

particular considering the subsequent long shutdown. It is 
thus clear that few minimal results have to be achieved in 
2012.  

The major emphasis is of course on the search for the 
Higgs boson [1]. This year’s running period should 
provide enough statistics to either claim the discovery of 
the Higgs or exclude it to 95% confidence level down to a 
mass value of 115 GeV/c2 . 

 

  
Figure 1: Montecarlo estimates of achievable sensitivity, 
expressed in number of σs, for Higgs discovery as a 
function of the Higgs mass and for different LHC center 
of mass energy and integrated luminosity.  

 
Figure 1 shows an example of the Montecarlo 

predictions for the discovery potential as a function of the 

Higgs mass and the collected luminosity. One can deduce 
that, assuming a center of mass energy of 8 TeV for the 
LHC, about 15 fb-1 of integrated luminosity per 
experiment need to be collected before the shutdown, to 
ensure a sensitivity of 5 σ per experiment over the 
entirety of the Higgs mass range consistent with the 
Standard Model.  

 

 
Figure 2: The amount of integrated luminosity at 8 or 9 
TeV which gives the same median sensitivity as a 
function of Higgs boson mass as 1 fb−1 at 7 TeV. 
 

It is important to note that the luminosity usable for 
analysis is only a subset of the total delivered by the 
LHC. Typically,  extrapolations from the 2011 run 
indicate that about 15% of the delivered luminosity is not 
included in the analyses because of either data taking 
inefficiencies (causing the collision data not to be 
recorded on tape) or detector issues (causing the data to 
be rejected by quality checks).  

In addition to these considerations, it must also be 
noted that the data from 2011 have been collected at a 
lower center of mass energy, resulting in a lower effective 
statistical power for Higgs searches than the 2012 data. 
Figure 2 shows the estimated effect of the increased 
center of mass energy on the statistical sensitivity, as a 
function of the Higgs mass. 

These considerations lead us to conclude that an ideal 
target for total integrated luminosity collected before the 
first long shutdown would be 20 fb-1, which translates 
into a target of about 15 fb-1 for the 2012 data taking 
period alone. 

The Higgs search is only one of the topics of the very 
rich physics program at the LHC. In particular searches 
for new physics beyond the Standard Model are of 
paramount importance for CERN and all the experiment 
communities. As a benchmark example one can consider 
the very sensitive probe that is the branching ratio of the 
�� � �� decay [2]. Figure 3 shows the projected 
sensitivity of the LHCb measurement as a function of the 
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total integrated luminosity, and the comparison with the 
prediction from the Standard Model. It is thus possible to 
derive a target for the total luminosity integrated by 
LHCb before the shutdown of about 2.5 fb-1, 
corresponding to about 1.5 fb-1 for the 2012 data taking 
campaign. 

In addition to the low-beta program for proton-proton 
physics, very high β* measurements have a potentially 
very interesting program. Its ultimate goal is the 
investigation of the diffractive cross section in the very 
large pseudo-rapidity region, as well as the measurement 
of the total cross section for p-p interactions at the LHC 
center of mass energy [3]. In particular, an independent 
measurement of the total cross section requires the ability 
to measure the elastic cross section for very low 
momentum transfer, up to the region where the well-
understood Coulomb interaction contribution becomes 
dominant over the nuclear one. Figure 4 shows the 
relation between the beam optics and the distance of 
closest approach of the Roman Pots required to reach the 
region of interest. 

 

 
Figure 3: Interval for 3σ discovery of �� � �� branching 
ration as a function of integrated luminosity and 
comparison with the Standard Model prediction. 
 

Heavy ions physics 
After the success of Pb-Pb data taking in 2011, the 

main goal of the heavy ion run in 2012 will be to collect 
statistics in the more challenging p-Pb configuration.  

Measurements in such a configuration will provide first 
of all a baseline comparison for Pb-Pb physics, but also 
potentially very interesting QCD probes, e.g. for the 
investigation of parton saturation at low x. Describing the 
complete physics program in any detail would go beyond 
the scope of these proceedings, but the interested reader 
can find an overview in [4].  

Making estimates of achievable luminosities is subject 
to large uncertainties, due to the new machine 
configuration. Initial estimates indicate that a reasonable 
target for this year’s data taking would be to achieve 30 
nb-1 of integrated luminosity.  

Some data taking with proton-proton beams at different 
center of mass energy, to serve as a reference for Pb-Pb 
measurements, is also being considered for the Heavy 

Ions period, but a final program will only be agreed later 
in the year. 

 

  
Figure 4: Reachable four-momentum transfer squared t as 
a function of β* and for different distance of approach of 
the Roman Pot detectors to the beam, expressed in beam 
sigmas. The blue line shows the value of t for which the 
Coulomb and nuclear components of the elastic cross 
section have the same value. 
 

CONSIDERATIONS ABOUT P-P BEAM 
PARAMETERS 

The principal LHC configuration changes that are 
considered for 2012 are a possible increase in center of 
mass energy and a smaller β* for the high luminosity 
experiments.  

Figure 5 shows an estimate of the ratio of effective 
gluon-gluon luminosity [5], between different p-p center 
of mass energies as a function of the gluon-gluon 
invariant mass. It is clear that increasing the center of 
mass beam energy from 7 TeV to 8 TeV translates into a 
factor 2 to 4 increased reach for physics beyond the 
standard model. The benefit on sensitivity for the Higgs 
searches has already been discussed in the previous 
section. Taking all this into account the experiments have 
expressed a clear support for such an energy increase, 
under the assumption that the operational risks would not 
be significantly increased.  

With respect to further reduction of β*, or any other 
effort to improve the LHC peak luminosity, the main 
parameter to consider is the corresponding increase in 
pile-up level. In a configuration with 50 ns bunch spacing 
and β* of 0.6 m, the average number of p-p interactions 
per bunch crossing could reach a value of about 30 at the 
beginning of the fills. Despite the fact that ATLAS and 
CMS have been nominally designed for lower pile-up 
values, initial studies show no indication that the 
increased pile-up would prevent them from running. The 
effect of pile-up consists mainly of a progressive loss of 
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efficiency, mainly due to the impact of the tracks from the 
additional collisions on the reconstruction algorithms. 
Some effects can possibly be mitigated by an appropriate 
optimization of the said algorithms, for example the loss 
in vertex reconstruction efficiency. Some other effects, 
like the degradation of the energy resolution of the 
calorimeters due to the additional fluctuations induced by 
the energy deposition of the products of pile-up events, 
cannot be corrected. In the end, all these effects result in 
some of the delivered luminosity being unusable. The 
studies suggest that, even for the highest possible pile-up 
values foreseen for 2012, the induced inefficiencies will 
be more than balanced by the increase in effective 
delivered luminosity. Under these assumptions ATLAS 
and CMS support modifications to the running parameters 
intended to maximize the peak luminosity. At the same 
tine it is recommended that some effort would be invested 
in commissioning a luminosity leveling mechanism that 
could be potentially deployed as a mitigation mechanism 
whether needed.  

 

 
Figure 5: Ratio of parton luminosities as a function of the 
invariant mass. The solid lines are the luminosities for 
gluon-gluon fusion, which is the dominant process for 
Higgs production at the LHC. 
 

It is however important to stress that both high 
luminosity experiments consider essential to operate the 
LHC at 25 ns after the first long shutdown (LS1), to 
mitigate an otherwise unacceptable pileup level. The 
experiments hence suggest that some studies be scheduled 
in the course of the year to identify potential limitations 
of the 25 ns setup, and be able to address them before the 
restart after LS1.  

Concerning the running conditions for LHCb, it is 
mainly recommended that the external crossing angle be 
moved to the vertical plane, orthogonal to the internal 
crossing angle resulting from the experimental dipole 
field. This will result in a tilted net crossing angle whose 
absolute value will be independent of the dipole polarity, 
which needs to be frequently swapped to reduce the 
systematic error on the LHCb precision measurements. 

Concerning the beam conditions at the ALICE 
interaction point during the p-p period, it is suggested to 

use as a baseline the filling scheme that provides only 
collisions between main and satellite buckets [6]. This 
scheme avoids large separations at IP2 (to keep the 
luminosity under control) as well as optimizing the 
number of collisions provided to the other experiments. 
The scheme has been successfully tested at the end of the 
2011 data taking period, with the only limitation of 
providing slightly insufficient luminosity to ALICE. It is 
suggested to compensate this deficit by further squeezing 
the beams in IP2, to a value of β* of 3 m.  

SPECIAL RUNS 
The high β* program for 2012 has been briefly outlined 

in a previous section. Both the TOTEM collaboration and 
the ATLAS ALFA spectrometer plan to take data at the 
largest reachable β*. Based on current understanding [7], 
β* values beyond 500m seem extremely difficult to reach 
in 2012, thus effectively limiting the access to the 
Coulomb-interference region. Compensating these 
limitations by scraping the beams to very low transverse 
emittance, thus allowing a closer approach of the RPs, is 
being considered. TOTEM also plans to collect data at an 
intermediate value of 90m, mainly for diffractive physics 
studies. Both optics need to be commissioned. The 
possibility of operating the two experiments with a mixed 
setup (500m for ALFA and 90m for TOTEM) has been 
considered, though its applicability is limited due to the 
very different beam intensities required for the two types 
of physics. Interest has been expressed by the TOTEM 
collaboration in collecting data, possibly in conjunction 
with CMS, with squeezed beams. A complete beam-based 
alignment of the RPs would be required. 

Special runs are required by all four experiments to 
calibrate their luminosity measurement. At least one VdM 
scan with injection optics (β*=11m) is required to reach 
the ultimate precision. This will yield a mu of 1-2, 
sufficiently low not to mix VdM calibration with mu-
dependent corrections. It is also speculated that larger 
transverse luminous region sizes will allow to investigate 
correlations between horizontal and vertical beam 
transverse profiles using reconstructed vertices. At low 
β*, the transverse size is comparable with the vertex 
position resolution, thus making these studies impossible. 
In order to quickly recalibrate the experiments’ 
luminometers under new energy and beam conditions, a 
first VdM at nominal β* is also envisaged early on during 
the intensity ramp-up. 

Other special requests include dedicated data taking 
time with special low-pileup setups, based on beam 
separation in the non-crossing plane. In particular ATLAS 
will need to collect about 10 million events with a pileup 
of about 0.01 interactions per crossing. 

CMS has requested dedicated mini VdM scans, to be 
scheduled at the end of few fills to continuously monitor 
the drift in the response of the forward calorimeter (HF), 
which is used for the online luminosity measurement. 

 Altogether a quota of about 8 days have been allocated 
for special runs during the proton physics period. 
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TURN–AROUND IMPROVEMENTS

Stefano Redaelli and Walter Venturini Delsolaro, CERN, Geneva, Switzerland

Abstract

An efficient turn–around will be an important parameter
for the integrated luminosity performance at LHC in 2012,
when an operation with steady beam parameters and ma-
chine configuration will be achieved at the beginning of
the run. Improvements of the operational cycle were al-
ready put successfully in place after the 2010 experience
but additional ways to reduce the time required to setup
collisions are possible. In this paper, the 2011 turn–around
performance is reviewed and the benefits of the improve-
ments from 2010 are presented. Phases of the operational
cycle when further amelioration is possible are discussed
and some proposal for a faster turn–around in 2012 are out-
lined.

INTRODUCTION

The LHC performance in terms of integrated luminos-
ity depends critically on the machine turn–around, defined
here as the time between a beam dump at top energy and the
time of the declaration of the next “stable beams” mode that
identifies the start of the physics data taking periods. Min-
imizing the turn–around is achieved by reducing the time
spent in phases that are not providing useful collisions, e.g.
by making the injection more efficient, by shortening the
ramp and squeeze duration, by optimizing pre–cycle, etc.
Improving the turn–around has also an advantage outside
physics production periods as machine studies and com-
missioning periods also profit from a faster operational cy-
cle. For example, at the beginning of 2010 a typical cy-
cle with ramp and pre–cycle would take no less than 4 h
whereas in 2011 about half of the time could be sufficient,
with a clear advantage for all the “users”: commissioners,
MDers and physicists. In this paper, the improvements
achieved in 2011 are presented and further changes fore-
seen for 2012 are discussed. See also a companion paper
presented at Evian2011 [1].

After introducing the scope of this work and some defini-
tions, the improvements achieved with respect to 2010 are
presented for the different 2011 machine configurations.
Possible further improvements for the different operational
phases are proposed for the baseline machine configuration
in 2012. Note that details and definitions of the operational
cycle phases can be found in [2]. It is noted that only stan-
dard fills for proton and ion physics are considered. Studies
requiring special setups (high–β∗ optics, fills for Van der
Meer scans, etc.) are not addressed.

SCOPE AND DEFINITIONS

Different statistical approaches can be used to evaluate
the machine efficiency [3, 4]. Typically, one can look at
the average machine availability, and at the fraction of this
time spent in physics production. While such approached
provides the relevant figure of merit in terms of overall in-
tegrated luminosity production, this is not necessarily the
appropriate figure to address aspects related to the improve-
ments of operational phases. By definition, the overall av-
erage availability is biased by (a few) long fills affected by
equipment failures. The study of the optimization of this
down times is not in the scope of this paper. The average
turn–around varies between 5.4 h and 11.1 h depending
on the cut that is applied for the tails with long durations
(cuts at 15 h and 60 h, respectively, for the quoted extreme
cases). Indeed, a detailed analysis [1] shows that the ma-
chine availability is largely dominated by these equipment
failures with long recovery and only a small fraction of the
fills approached the theoretical turn–around minimum.

In order to identify improvements of the operational cy-
cle for a “failure–free” machine, the same approach used
for the 2010 turn–around analysis [2] is used: fills that suc-
cessfully made it to stable beams are considered. For each
fill, the duration of the operational phases (injection, ramp,
etc.) is calculated. Average figures are compared to the
theoretical minimum duration achievable for each phase,
i.e. what could be achieved with no down time of any in-
jector and accelerator system and without mistakes and un-
necessary delays by the operation crews. The reasons for
discrepancies between achieved average durations and the-
oretical minima are critically analyzed to identify areas of
improvement.

The source of data for the analysis is the LHC logging
database where the times of machine mode changes are
stored for each fill. The precision in the estimates of the
mode durations presented here is in the order of a few min-
utes due to intrinsic uncertainty coming from possible de-
lays associated to the operational procedures (e.g., beam
dump mode might be declared up to a few minutes later
than the moment when the dump occurred).

Details and definitions of the LHC operational cycle
phases can be found in [2] and are not reviewed here. It is
noted that one can distinguish between phases with a well
defined duration in time (ramp, squeeze, collision setup and
pre–cycle) – when the duration is determined by the length
of settings functions played synchronously by power con-
verters, RF and collimators – and discrete phases with un-
defined time duration (injection, ramp and squeeze prepa-
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Table 1: Machine configurations in 2011 at 3.5 TeV.

Protons 1 Protons 2 Ions
Feb.-Aug. Sep.-Oct. Nov.-Dec.

Beam energy [GeV] 3500 3500 3500
β∗ in IP1/5 [m] 1.5 1.0 1.0
β∗ in IP2 [m] 10.0 10.0 1.0
β∗ in IP8 [m] 3.0 3.0 3.0

Duration of setting functions
Ramp [ s ] 1020 1020 1020
Squeeze [ s ] 475 548 1233
Collision [ s ] 56 56 260

ration, flat–top, adjustment of collision). For the latter case,
the human intervention has obviously a larger, and often
difficult to quantify, effect.

TURN–AROUND IN 2011

2011 machine configurations

The different 2011 machine configurations for proton
and ion physics are listed in Tab. 1. Two configurations
with β∗ values of 1.5 m and 1.0 m in the high luminosity
interaction points IP1/5 were used. The ion run required a
further squeeze in IP2 only down to 1 m. The duration of
the setting functions for ramp, squeeze and collision func-
tions (i.e., the time required to collapse the parallel sepa-
ration bumps) are also given for all cases. The ramp was
the same for the three configurations. The squeeze for ions
took longer because it followed in time the squeeze in the
other IPs . The collision functions were also longer to ac-
commodate changes of polarity of the ALICE spectrome-
ter.

The theoretical minimum duration of the different phases
of the LHC proton operation cycle are listed in Tab. 2 to-
gether with the minimum achieved durations. These results
are discussed in details in the next sections. Note that the
injection times are listed for two configurations with differ-
ent number of bunches.

Turn–around statistics and mode duration

The overall distribution of the dump–to–stable beam
turn–around durations for proton runs is shown in Fig. 1.
The cases with different β∗ values are given in different
colors. The distribution for ion operation is given in Fig. 2.
For protons, the minimum achieved in 2011 was 2h07, to
be compared with 2h44 of 2010 [2], i.e. 22 minutes and
44 minutes more than the theoretical minima for the two
years, respectively. The average calculated taking into ac-
count the fills with turn–around below 20 h was 7.2 h in
2011 compared to about 11 h in 2010. The main reasons
for this improvement are presented in the next section. It
interesting to note that for both cases the average is about a
factor 3 longer than the minimum achieved.

Table 2: Minimum theoretical duration and minimum
achieved duration for the different phases of the operational
cycle, assuming a typical length of the SPS supercycle.

Operational phase Min. duration Min. Achieved
[ s ] [ s ]

Setup after dump at 3.5TeV 2490 2490
Inject probe (1092 b) 300 336
Inject probe (1340 b) 300 206
Inject physics (1092 b) 1574 1249
Inject physics (1340 b) 1574 1599
Prepare ramp 120 126
Ramp 1020 1026
Flat–top 0 13
Squeeze 1.5 m 475 558
Squeeze 1.0 m 548 663
Adjust 270 270
Total (1340 b, 1 m) 1h45’ 2h07’
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Figure 1: Distribution of dump–to–stable beam turn–
around times during the 2011 operation. The configura-
tions with β∗ of 1.5 m and 1.0 m are treated separately.
The minimum achieved was about 2 h and 7 minutes and
the average is 7.2 h (taking into account the fills given in
the plot with turn–around below 20 h).

The average of the different phases of the operational
cycle are given in the graph of Fig. 3. Even if various im-
provements took place, the turn–around duration is dom-
inated by the time spent at injection that took on average
more than 1.5 h (it was about 3 h in 2010). A zoomed–out
graph with the other modes only is given in Fig. 4. The
durations of the different modes is comparable for ions and
protons, with the exception of the squeeze because the one
in IP2 was added in series, with other IPs already squeezed.
The squeeze duration for protons was improved by about a
factor 3 compared with 2010, even if the β ∗ value was 3.5
times smaller in 2011 [5]. A gain of 6 to 7 minutes was
obtained in the ramp by an improved setting generation in
the first part of the energy increase where the main dipoles
have not yet reached the maximum rate of 10 A/s (expo-
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Figure 2: Distribution of dump–to–stable beam turn–
around times during 2011 ion operation, calculated as for
protons in Fig. 1.

Figure 3: Average duration of the different phases of the
LHC operational cycle, calculated for the fills with turn–
around below 20 h.

nential and parabolic branches).

Turn–around improvements from 2010

Several proposals for turn–around improvements were
discussed in [2]. Without going in detail of what was
achieved, we list here some of the key points that deter-
mined the turn–around improvements in 2011:

• Injection: (a) Possibility to request B1 and B2 in-
jection requests in parallel (i.e., request one beam
while the other is being produced). This change re-
duced dramatically the dependence of the injection
process on delays from the Injection Quality Check
(IQC) analysis of the previous injection; (b) Improved
threshold settings for BLM analyzed by the IQC that
reduced the unnecessary latched; (c) Dynamic com-
pensation of Q and Q decay at flat bottom.

• Ramp: optimization of the functions with reduced
duration of the initial exponential and parabolic

Figure 4: Average duration of the different phases of the
LHC operational cycle as in Fig. 3, without the injection
phase.

branches; change of crossing angle and separation set-
tings to achieved physics values at the end of the ramp.

• Orbit feedbacks: addition of dynamic references (lin-
ear variations in time) to enable change of settings
with feedback on.

• Squeeze: (a) Optimized distributions of intermediate
optics to reduce the duration of settings [5, 6]; (b) au-
tomated handling of orbit reference changes through
dedicated sequences (no need to stop at intermediate
points); (c) Function–driven collimator settings; (d)
continue execution of squeeze functions without stop
points (except for the addition of the squeeze down to
1. m).

• Miscellaneous: (a) Improved operational sequences
and graphical user interface of the sequencer applica-
tion; (b) possibility of parallel execution of the beam
preparation phases in the shade of the magnet pre–
cycle; (c) reduction of the manual phases; (d) Updated
procedure for the dump handshake, with maximum
timeout of 5 minutes.

It is important to note that many other improvements
have taken place between 2010 and 2011 to improve the
operational efficiency and robustness, even if their benefits
are not directly visible in this turn–around statistics analy-
sis. For example, the automated handling of orbit feedback
reference and the execution of the squeeze in one single
step led to a more robust operation that translated into a
much reduced number of beam dumps due to operational
mistakes. Clearly, not all the important operational im-
provements are reducing the turn–around duration.
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Table 3: Working assumption on the 2012 machine config-
uration for proton operation.

Parameter Value
Beam energy [TeV] 4.0
β∗ in IP1/5 [m] 0.6
β∗ in IP2/8 [m] 3.0
Ramp duration [s] 770
Squeeze duration [s] 819

IMPROVEMENTS FOR 2012

Working assumption

The estimates of turn–around in 2012 and the optimiza-
tion of the different phases are performed assuming the pa-
rameter set of Tab. 3. This is the parameter set proposed
for the operation at 4 TeV. In case of different beam energy
(3.5 TeV instead than 4.0 TeV) or β ∗ values in IP1/5, the
configuration of 2011 in Tab. 1 should be taken as refer-
ence. Details of the crossing angle and parallel separation
values are not yet determined but this has a minor impact
on the turn–around duration.

Injection

Aspects related to the improvement of the injection pro-
cess were discussed in detail in a dedicated session at the
Evian2011 LHC Operation workshop. A few operational
aspects where there is still room for improvement are listed
here: (1) The communication with the injector chain should
be improved in order to anticipate the preparation of the
LHC beams: the manipulations of the LHC beams in the
injectors are not trivial and it should start as soon as possi-
ble after an beam dump at the LHC, to exclude as much as
possible problems; (2) Dedicate LHC injection cycle with
a minimum of CNGS cycles in the SPS should be used,
to reduce the average duration of the SPS cycle while in-
jecting in the LHC; (3) The possibility to start steering on
the TEDs downstream of the transfer lines during the LHC
pre–cycle should be envisaged; (4) the injection sequencer
could be modified to allow injection requests before the
IQC analysis is completed: this would allow continuous in-
jections in the LHC for every SPS cycle whereas presently
only one cycle out of two can be used for one single beam.

Ramp and flat–top decay

The beam energy functions achieved in 2010 and 2011
and the proposed functions for 2012 are given in Fig. 5. As
a baseline, it is foreseen to use the same parameters for the
settings generation, which give a ramp time of 770 s be-
tween 450 GeV and 4.0 TeV. The time for the ramp was
680 s in 2011 however the change of energy was followed
by a plateau at 3.5 TeV for the compensation of tune and
chromaticity decay, that stretched the total length of ramp
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Figure 5: Energy settings versus time in 2010 and 2011
and proposed settings for 2012. For 2012 it is foreseen
to remove the decay plateau at flat–top with an alternative
method for the field decay compensation.

functions to 1020 s. The tune decay was below 0.002 and
the chromaticity decay was for both beams about -2.5 units
in the horizontal plane and 4.5 in the vertical plane. These
errors were corrected over 340 s with trims in the global
tune and chromaticity knobs. This scheme is not optimized
because the decay should be rather corrected locally by the
sextupole spool pieces that compensate the b3 decay in the
main dipoles. Another side effect is that the machine re-
mains “frozen” during this time because the knobs are also
needed for the squeeze that has then to wait until the 340 s
are elapsed.

In order to improve this situation, it is proposed to move
the correction of the chromaticity decay into dedicated set-
tings of the sextupole spool pieces (the compensation of
the tune poses no concerns as it is taken care of by the tune
feedback that remains until the beams are brought in col-
lision). This can be done by using longer ramp functions
only for the spool pieces while keeping 770 s long func-
tions for the rest of the power converters. Indeed, the spool
pieces are not used during the squeeze thus they can con-
tinue running while the squeeze starts. No delay is there-
fore induced. This also has the advantage that the duration
of the decay can be tuned to an appropriate length without
increasing the turn–around duration, with full flexibility on
the correction function shape.

The proposed scheme for the decay compensation can
easily be achieved with some trivial gymnastic in the LHC
sequencer by separating the converters of the sectupole
spool pieces from the rest of converters. Two ramp beam
processes of different lengths are then required, one for the
spool pieces and one for the rest of the converters. This ap-
proach will enable to achieve the minimum duration of the
ramp determined by main dipoles. It is noted that the spool
pieces are powered in series and can not be used to ap-
ply different corrections for the two planes. The proposed
scheme can therefore only be used to compensate the mean
value of the chromaticity decay. Dedicated measurements
are required early on during the 2012 commissioning to ad-
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Figure 6: β∗ functions versus time during the squeeze in
2011.

dress this aspect as well as to establish an optimum duration
and correction settings for the spool pieces.

Squeeze

The β∗ versus time during the squeeze for the configura-
tion “Protons 1” of Tab. 1 is given in the top graph of Fig. 6.
The duration was highly optimized [5] by a proper choice
of the intermediate matched optics, respecting the follow-
ing criteria: (1) Remove optics in the β∗ range above 2 m
already commissioned in 2010; (2) Use all the available
optics in the un-explored range below 2 m; (3) try to equal-
ize the β∗ values in the different IPs. The latter constraint
was motivated by the concern that dynamic variations dur-
ing the squeeze could be optimized by having similar β ∗

values, as the tertiary collimators in the IPs must be set to
protect the global bottleneck (protection setting are deter-
mined by the smallest β∗ value anyways). The experience
in 2011, when IP2 was squeezed with the other IPs already
at their minimum values, proved that this constraint can be
relaxed.

The proposed squeeze functions down to 0.6 m in IP1/5
and 3.0 m in IP2/8 are given in the bottom graph of Fig. 7.
Compared to the 2011 functions, a further optimization of
the number of matched points is carried out in the range
above 1 m and the squeeze is done without minimizing
the differences of β∗ in the different IPs. This allowed
a reduction of the overall duration by proceeding faster
with the squeeze in IP1/5 while the (slower) squeeze in
IP2 proceeds. The total squeeze duration is 819 s, how-
ever this preliminar estimate is carried out with a known
problem of the function generation application that does
not model correctly the inductance of monopolar Q4, Q5
and Q6 quadrupole. The final squeeze functions are likely
to be about 100 s longer.

Pre–cycle

The duration of the pre–cycle in 2011 was limited by
the ramp–down of the monopolar magnets. After promis-
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Figure 7: Proposed β∗ functions versus time during the
squeeze in 2012. The duration of 819 s is likely to be in-
creased due to the slow response of the monopolar Q4, Q5
and Q6 magnets. Detailed figures have to be evaluated in
detail at the beginning of 2012.

Table 4: Minimum theoretical duration and forecast for the
minimum achievable in 2012, calculates with a best–guess
of the operational delays for each phase.

Operational phase Theoretical Achievable
[ s ] [ s ]

Pre-cycle from 4.0 TeV 1740 1740
Inject probe 300 340
Inject physics 1574 1600
Prepare ramp 120 420
Ramp 770 770
Flat–top 0 60
Squeeze 900 960
Prepare collisions 56 360
Total 1h31’ 1h44’

ing hardware tests [7], a solution was found to reduce the
ramp–down time of these magnets. The predicted net gain
in time is 11 minutes. Tests will be performed during the
2012 hardware commissioning to address the feasibility of
this scheme before the final implementation in the nominal
operational cycle.

Achievable turn–around in 2012

The estimated minimum theoretical turn–around time
achievable in 2012, calculated on the basis of the improve-
ments proposed above, is given in Tab. 4. This figure as-
sume an operation at 50 ns. A guess of the minimum
achievable duration for each phase is also given, based on
the experience of 2010 and 2011. In 2012, a shorter dura-
tion than in 2011 could be achieved even if the LHC will
operate at higher energy and smaller β ∗ values in all IPs.
The main improvements will come from a faster pre–cycle,
the alternative scheme to compensate the decay at flat–top
and an optimized squeeze.
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CONCLUSIONS

The analysis of the LHC turn–around in 2011 was pre-
sented and the improvements with respect to 2010 were dis-
cussed. The operational experience in 2011 shows that the
minimum achieved turn–around is about 15 minutes longer
than the theoretical minimum: 2h07 could be achieved
in the best case. On the other hand, the average turn–
around is more than three times longer even for the case
of a ”fault–free” machine considered in this analysis, i.e.
for the “good” fills in which stable beams could be estab-
lished in less than 20h. The analysis of the overall LHC
availability shows that in practice the integrated luminosity
performance is dominated by bad fills where system faults
induce delays well above the quoted average figures. It is
nevertheless very important to continue the work to opti-
mize the minimum theoretical turn–around in order to push
the performance. The improvement obtained with respect
to 2010 (faster ramp and squeeze, more efficient injection,
more robust operational procedures, etc.) enabled an bet-
ter machine availability during physics production but also
during MDs and commissioning periods.

Further improvements are possible in 2012. Assuming
an operation at 4 TeV with β∗ of 60 cm in the high lumi-
nosity points, we expect to achieve a shorter overall oper-
ation cycle than in 2012: about 1h30 instead than 1h45 in
2011. This will be achieved thanks to a better implementa-
tion for the compensation of the field decay at flat–top, to a
faster pre–cycle and to a further optimized squeeze done in
parallel for the four experiments. The main bottleneck will
remain the injection process that only for few fills can be
completed with a duration close to its minimum. Overall, it
should be possible to achieved a turn–around times below
two hours.
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Abstract 
At the start of the 2011 physics run, quite some margin 

in the performance of the injectors was available and 
identified. Following the fast increase of the performance 
of the LHC itself during 2011, these margins have very 
much been exploited and some have even been pushed 
further.  

In view of further increase in the LHC luminosity, the 
2012 performance reach of the injectors will be reviewed. 
One of the arising topics is satellite bunches from the 
injectors. Until now concerted effort went into supressing 
satellite bunches to a minimum, but a recent successful 
test with “controlled” satellites might make their routine 
production and characterisation an important topic in 
2012.   

This paper will treat the 2012 performance reach for the 
protons in the injector chain and mainly concentrates on 
the beam with 50 ns bunch spacing, as the 25 ns bunch 
spacing variant does not meet the required integrated 
luminosity needs for 2012. This paper will not treat LHC 
Injector Upgrade (LIU) project tasks and will therefore 
not deal with the performance after the long shutdown, 
LS1, in 2013/2014.  

BRIEF REMINDERS OF LAST YEARS’ 
CHAMONIX WORKSHOP 

During the 2011 Chamonix workshop the performance 
reach of the injectors in 2011 was presented and 
discussed [1]. The emphasis was on the differences 
between the beam characteristics as specified [2] and 
those obtained, both given in Table 1 and 2, respectively.  

The injector complex performance profited from the 
margins that were available in the beams with bunch 
spacing larger than 25 ns. Beams with larger bunch 
spacing and thus less bunches, require injecting fewer 
protons into the PS Booster and result in lower transverse 
emittances, and thus higher beam brightness. 

Further possible sources of increasing beam brightness 
were addressed: 1) increasing the LINAC2 beam current 
from 160 mA to the specified 180 mA and 2) applying 
double batch injection from the PS Booster into the PS.  

A test with a LINAC2 beam current of 177 mA was 
performed, but the increase of beam brightness in the PS 
Booster was insignificant [3]. The second option, double 
batch injection from the PSB into the PS, was also 
followed up and gave results that exceeded expectations. 

 

Table 1: Documented beam specifications for principal multi-bunch LHC beams in the injectors [2]. 

                     PSB extraction                      PS extraction SPS extraction 

Beam 
Ip/ring 

[×1011] 

εh/v
*
 

[μm] 
nb 

batch 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 
εlong. 

[eVs] 

nb 

bunch 

25 ns 2.4 – 13.8 ≤ 2.5 2 4 + 2 0.2 – 1.15 ≤ 3 72 0.2 – 1.15 ≤ 3.5 ≤ 0.8 1 - 4×72 

50 ns 1.2 – 6.9 ≤ 2.5 2 4 + 2 0.2 – 1.15 ≤ 3 36 0.2 – 1.15 ≤ 3.5 ≤ 0.8 1 – 4×36 

 

Table 2: Possible beam characteristics for principal multi-bunch LHC beams in the injectors for 2011. 

 PSB extraction PS extraction SPS extraction 

Beam Ip/ring 

[×1011] 

εh/v
*
 

[μm] 
nb 

batch 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 
εlong. 

[eVs] 

nb 

bunch 

25 ns (DB) 16 2.5 2 4 + 2 1.3 2.5 72 1.15 3.6 0.7 1 - 4×72 

50 ns (SB) 24 3.5 1 3 x 2 1.75 3.5 36 1.45 3.5 ≤ 0.8 1 – 4×36 

50 ns (DB) 8 1.2 2 4 + 2 1.3 1.3 36 1.15 (?) 1.5 (?) ≤ 0.8 1 – 4×36 

  

 ________________________________________  

* Given transverse emittances are 1σ normalized. 
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THE 2011 INJECTORS PERFORMANCE 
The 2011 LHC commissioning and first stable beams 

were achieved using the single batch injection, 75 ns 
bunch spacing beam. However, the LHC quickly 
increased its capability to accept brighter beams and the 
injector complex needed to anticipate an increase in 
performance. 

Beam Evolution 
Following the successful scrubbing run, during the first 

week of April, the switch to the single batch injection, 
50 ns bunch spacing beam was made, increasing the 

number of bunches per extraction out of the PS from 24 to 
36. However, the intensity per bunch and the transverse 
emittance were initially similar. 

On July 14th the single batch injection into the PS was 
replaced by a double batch injection, reducing 
considerably the transverse emittances from about 3.5 μm 
1σ normalized to about 1.9 μm 1σ normalized, as 
mentioned in Table 3. Initially a controlled blow up of the 
transverse emittance was performed in the SPS in order to 
maintain the same beam conditions and thus brightness as 
with the single batch injected beam. This blow up was 
gradually decreased and definitively removed by the end 
of July, as is illustrated in Fig. 1. 

 

 
Fig. 1: LHC 50 ns beam brightness and intensity ejected from the SPS as a function of date, 
based on data extracted from the SPS logbook. 

 
The double batch injected, 50 ns bunch spacing beam 

has been the workhorse for the remainder of the 2011 run. 
After the controlled transverse blow up was removed, the 
performance of this beam was pushed further by 
gradually increasing the intensity per bunch from 1.2×1011 
to a maximum 1.5×1011 in the second half of October. 
Due to the nature of the beam production and injection in 
the PS Booster an increase of intensity also resulted in an 
increase of the transverse emittances. The intensity was 
increased by about 30%, while the transverse emittances 
increased by about 27%, which resulted in a small 
increase in the beam brightness, as is illustrated in Fig. 1. 
The final performance that was reached in 2011 for the 
different beams is summarized in Table 3. It is worth 
noting that the 25 ns bunch spacing beam was for the first 
time produced within specification throughout the entire 
injector chain. 

As indicated in Fig. 1 the LHC injectors ran in a kind of 
comfort zone until the start of October, with beam 

parameters that were relatively easy to produce and 
reproduce. However, from October 9th onwards, when the 
intensity was increased further from 1.3×1011 to 1.4×1011 
and later even briefly to 1.5×1011, the beam brightness 
was not increasing in a stable manner. Actually the 
average beam brightness decreased, indicating that the 
injector complex was performing at or close to a limit and 
that the beam quality at this intensity needed 
consolidation. 

Improved Operability 
The double batch 50 ns beam became actually only 

operational in 2011. Thanks to the many machine 
development sessions, but also during normal operation 
more and more experience was gained and improvements 
along the injector chain were made, such as the 
introduction of dedicated users for the 12 bunch and 36 
bunch versions, experience in adjusting the longitudinal 
bunch splitting parameters in the PS, etc. 
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Table 3: Beam characteristics for principal LHC beams in the injectors as produced in 2011. 

                                   PSB extraction                            PS extraction SPS extraction 

Beam Ip/ring 

[×1011] 

εh/v
*
 

[μm] 
nb 

batch 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 
εlong. 

[eVs] 

nb 

bunch 

25 ns (DB) 16 2.5 2 4 + 2 1.3 2.5 72 1.15 3.5 0.7 1 - 4×72 

50 ns (SB) 24 3.5 1 3 x 2 1.75 3.5 36 1.45 3.5 ≤ 0.8 1 – 4×36 

50 ns (DB) 10 1.4 2 4 + 2 1.6 1.6 36 1.5 1.9 ≤ 0.8 1 – 4×36 

            

THE LHC DOUBLE BATCH 50 NS BEAM 
PRODUCTION 

The LHC double batch 50 ns beam is produced in the 
PS [4, 5], receiving 4 bunches from the PS Booster during 
the first injection and 2 bunches 1.2 seconds later, during 
the 2nd injection. This results in a total of 6 bunches in the 
PS with an RF harmonic h=7, leaving one RF bucket 
unpopulated, to be used as extraction kicker gap. Fig. 2 
illustrates the PS cycle with the long flat bottom, 
indicating the injection scheme. 

 

 
Figure 2: LHC 50 ns double batch beam production 
scheme. 

 
The 6 injected bunches are each split in 3 by changing 

the RF harmonic from h=7 to h=21, resulting in 18 
bunches as indicated in the waterfall plot in the left 
bottom corner of Fig. 2. After acceleration to 26 GeV/c on 
h=21 each bunch is split in 2, increasing the number of 
bunches to 36 and leaving 6 RF buckets (h=42) empty. 
The bunches are subsequently handed over to h=84 
(40 MHz), keeping their spacing at 50 ns. Before 
extracting the beam an adiabatic voltage increase, using 
the 40 MHz cavity, reduces the bunch length to about 
13 ns, followed by a bunch rotation, using a non-adiabatic 
RF voltage increase on the 40 MHz and 80 MHz cavities, 
in order to obtain bunches of about 4 ns long at 4σ. As a 
result of the multiple longitudinal bunch splittings, the 
longitudinal emittance received from the PS Booster 
would ideally be divided by a factor of 6. However, 
controlled longitudinal blow-up with a phase modulated 

200 MHz RF system is applied to cross transition, to keep 
the beam stable thereafter and to provide the specific 
longitudinal emittance of 0.35 eVs per bunch at PS 
extraction. 

The small transverse emittances, of about 1.4 μm 1σ 
normalized, provided by the PS Booster rings, are 
reasonably well preserved during acceleration in the PS. 
Bunches of maximum 1.6×1011 protons within 1.6 μm 1σ 
normalized are then injected into the SPS in up to 4 
batches of 36 bunches each. These 144 bunches are 
accelerated in the SPS and after extraction bunches of up 
to 1.5×1011 protons within 1.9 μm 1σ normalized are 
delivered to the LHC. Table 3 provides an overview of the 
different beam characteristics along the LHC injector 
chain, as obtained in 2011. 

Potential issues impacting on the beam quality are 
space charge in the PSB and the PS that can cause an 
increase in transverse emittances. Above transition 
energy, longitudinal coupled-bunch instabilities are 
damped using a feedback on 2 of the 10 MHz cavities. In 
case these coupled bunch instabilities cannot be 
suppressed the longitudinal beam quality might be 
degraded such as: varying longitudinal emittance and 
bunch length along the batch, but also bunch-to-bunch 
intensity variation and significant satelites in-between 
bunches. Scrubbing in the SPS remains important for this 
beam, as otherwise e-cloud development could cause 
instabilities, especially if the intensity would be increased 
further.   

MARGINS LEFT FOR IMPROVEMENT 
The aim for the LHC injector chain is to improve on the 

beam characteristics in order to increase the beam 
brightness. Without making important hardware changes 
as proposed by the LIU project [6, 7], the main 
parameters of focus are the intensity per bunch and the 
transverse emittances. 

Increase of Beam Brightness 
Concentrating on the bunch intensity and the transverse 

beam emittance, the luminosity in the LHC is 
proportional to the square of the number of particles per 
bunch and inversely proportional to the transverse 
emittances, as is shown in Eq. 1, where the contribution 
from the geometric reduction factor has been neglected. 

 

                                 L  α  N2/ε                                    (1) _________________________________________  

* Given transverse emittances are 1σ normalized. 
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However, an increase in intensity from the PS Booster 
also results in an increase of the transverse emittances, as 
illustrated in Fig. 3. 

 

 
Figure 3: The linear relationship between intensity and 
transverse emittance per ring in the PS Booster. 

 
Since the relationship between intensity increase and 

emittance increase is approximately linear, the luminosity 
in the LHC becomes proportional to the intensity per 
bunch, as long as any emittance blow-up in the LHC itself 
can be neglected. Therefore Eq. 1 can be reduced to Eq. 2, 
provided the whole injector chain can deal with brighter 
beams without blowing up the transverse emittances 
further. 

 

                                    L  α  N                                     (2) 
 

This means that, without implementing major changes 
in the LHC beam production, as is foreseen within the 
LIU project, the gain is to be expected from an intensity 
increase. 

However, careful analysis of the graph in Fig. 3 
combined with PS double batch filling scheme as 
explained above, a small improvement could come from 
optimizing the selection of beam from the PS Booster 
rings. At present the PS injection scheme injects 4 
bunches from the 4 rings during the first batch and 2 
bunches from rings 3 and 4 during the second batch. The 
graph in Fig. 3 shows that the rings 3 and 4 provide 
higher brightness than the rings 1 and 2. Injecting 3 
bunches during each batch, selecting the best rings, could 
contribute to an increase of the beam brightness. The 
extreme possibility that could be considered is injecting 3 
batches, using ring 3 and 4 only. However, space charge 
issues during the prolonged flat bottom in the PS might 
become an issue.  

The ultimate solution would be to identify the reason 
for the increased emittances from the rings 1 and 2 and 
correct them if possible. 

Potential Issues for an Intensity Increase 
An intensity increase in the PS Booster needs to be 

done carefully, taking into account space charge, in order 
not to degrade the linear relationship between intensity 
and transverse emittances, as given in Fig. 3.  

The long PS flat bottom in combination with higher 
space charge increases the risk of transverse emittance 
blow up, especially for the batch injected first. Also 
transient beam loading in the cavities might increase 
slightly the spread in longitudinal beam characteristics 
within the bunch train. 

The SPS needs a well-scrubbed machine to avoid issues 
with e-cloud. Increasing the intensity might also increase 
the SPS injection losses requiring more intensity to 
compensate these losses, resulting in higher transverse 
emittances. For bunch intensities of 1.5×1011 and higher, 
the voltage of the electrostatic septum, used for the slow 
extraction of the beam towards the SPS North Area (ZS), 
needs to be lowered to values that are not compatible with 
beam extraction to the SPS North Area. The build-up of 
vacuum pressure in the same ZS, when accelerating many 
LHC cycles in a super cycle, also prevents the SPS from 
going to shorter LHC filling super cycles, making 
dedicated filling difficult or even impossible.  

A FEW WORDS ON SATELITES 
Satellite bunches have long been considered a nuisance 

by the experiments as they increase the background. 
However, recently the ALICE experiment expressed 
interest in using collisions between main and satellite 
bunches for their proton physics run. A test with enhanced 
or parasitic satellite bunches was made during the 2011 
run and the results have been discussed during the Evian 
workshop on LHC beam operation. During this workshop 
it became clear that the experiment would no longer 
request a beam with enhanced satellite bunches and that 
the spurious satellite bunches within the beam will be 
used. 

However, enhancing the main-bunch beam 
performance throughout the injector chain may alter the 
satellite bunch conditions. The injectors have at present 
no means to quantify or qualify these satellite bunches. 
Therefore they should be taken as they come.  

CONCLUSIONS 
The operational beam performance in the injector chain 

has evolved considerably since the 2010 run and is much 
better than ever anticipated. Available margins have been 
well exploited and leave little room for further 
performance increases, unless changes as foreseen by the 
LIU project are implemented. 

The best operational performance to the LHC in 2011 
was a beam with a bunch intensity of 1.5×1011 protons in 
1.9 μm 1σ normalized, resulting in a beam brightness of 
7.9×1010 p/b/μm. After careful adjustments of the beam in 
the injector chain the anticipated operational performance 
to the LHC in 2012 is a beam with a bunch intensity of 
1.6×1011 protons in 2 μm 1σ normalized, resulting in a 
beam brightness of 8×1010 p/b/μm. The beam parameters 
along the injector chain for this performance are 
summarized in Table 4. 

The injector chain will attempt to increase the 
performance beyond the values given in Table 4, but this 
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might mean that some compromises on the reproducibility 
of beam characteristics and brightness, but also on the 

North Area physics time, might need to be made. 

 

Table 4: Tentative operational beam characteristics for principal LHC beams in the injectors in 2012. 

                                   PSB extraction                            PS extraction SPS extraction 

Beam Ip/ring 

[×1011] 

εh/v
*
 

[μm] 
nb 

batch 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 

nb 

bunch 

Ip/bunch 

[×1011] 

εh/v
*
 

[μm] 
εlong. 

[eVs] 

nb 

bunch 

25 ns (DB) 16 2.5 2 4 + 2 1.3 2.5 72 1.15 3.5 0.7 1 - 4×72 

50 ns (DB) 10 1.6 2 4 + 2 1.8 1.9 36 1.6 2 ≤ 0.8 1 – 4×36 
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Proceedings of Chamonix 2012 workshop on LHC Performance

149



RUNNING THE RF AT HIGHER ENERGY AND INTENSITY 

P. Baudrenghien, T. Mastoridis, CERN, Geneva, Switzerland 

 
Abstract 

The improvements done to the RF parameters and 
hardware in 2011 are reviewed. Then the upgrades 
planned for 2012 are presented: further reduction of 
capture losses with the longitudinal damper, batch by 
batch blow-up at injection and modification of the 
controlled blow-up to preserve bunch profile. Operation 
at higher energy is readily possible with the present RF 
power, and does not degrade longitudinal stability thanks 
to the controlled longitudinal emittance growth during the 
ramp. For operation with higher beam current, the 
observations in 2011 indicate that there is no single bunch 
instability issue with up to 3 1011 p per bunch. With the 
large gain of the RF feedback and One-Turn feedback, the 
cavity impedance at the fundamental will not be a 
limitation for ultimate intensity (1.7 1011 p per bunch) 
with 25 ns spacing.  The klystron power (300 kW RF at 
saturation) is sufficient for 25 ns operation with nominal 
intensity (2808 bunches per beam, 1.1 1011 p per bunch).  
An RF roadmap for going beyond will be outlined: it calls 
for an upgrade of the LLRF only and should allow for 
operation with ultimate beam intensity (25 ns spacing, 
2808 bunches, 1.7 1011 p per bunch) after Long Shutdown 
one. 

NEW FEATURES 2011 VERSUS 2010 
The statistics on RF faults has been presented at the 

Evian workshop [1] and will not be repeated here.  

Increased capture voltage 
At extraction, the SPS RF is 7 MV (200 MHz). The 

bunch has 1.5 ns length* (4σt), and 4.5 10-4 energy spread 
ΔE/E (2 σE), resulting in a 4πσtσE emittance of 0.5 eVs†. 
In 2011 the LHC capture voltage was increased from 3.5 
 MV (2010) to 6 MV. The bucket area was increased from 
0.9 eVs in 2010, to 1.2 eVs. The bucket half height is now 
9.6 10-4 ΔE/E. With 7 MV at 200 MHz, the SPS bucket 
area at extraction is 3 eVs but the longitudinal distribution 
is limited to a much smaller region: controlled 
longitudinal blow-up is applied during the SPS ramp to 
keep the beam stable [2]. The blow-up is turned off near 
the moment when the voltage program corresponds to a 
bucket area of 1.05 eVs only. The voltage is then raised 
adiabatically to 7 MV for bunch shortening before 
transfer to the LHC. We can therefore limit the SPS 
bunch to a 1.05 eVs contour in a stationary 7 MV bucket 
                                                        
*
 We quote the 4σ length of a Gaussian bunch having the same Full 

Width at Half Maximum as the measured bunch. 
†
 At CERN it is customary to quote the longitudinal emittance as 

4πσtσE. Note that, for a Gaussian distribution, and small filling factor, 
95% of the particles are within a 6πσtσE area. The 4πσtσE area contains 
86.5% of the particles. 

(at 200 MHz).  Figure 1 shows the situation: the 1.05 eVs 
contour falls almost entirely within the LHC bucket. 
Assuming a Gaussian distribution for the SPS bunch, 
truncated at the 1.05 eVs contour, the calculated loss is 
0.02%. 

 
Figure 1: Longitudinal phase space at injection: We 
assume a Gaussian distribution for the SPS bunch and 
display contours corresponding to steps of 5% in 
integrated intensity. The Gaussian is truncated at the 
1.05 eVs contour (yellow).  

 
In figure 2 we introduce a small injection error (100 ps 

and 10-4 Δp/p). This results in a small portion of the bunch 
falling outside the LHC bucket (calculated 0.4 % loss 
with the truncated Gaussian model). In 2011 we have 
observed 0.5% loss from injection to start ramp. 

 

 
Figure 2: Longitudinal phase space at injection with a 
small error: 100 ps and 10-4 Δp/p. 

 
A consequence of the voltage mismatch (matched 

voltage is around 2.5 MV) is the bunch length reduction 
after capture (from 1.5 ns to 1.1 ns). We could take 
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advantage of the large available bucket to blow up the 
longitudinal emittance after each injection and restore the 
1.5 ns length (batch-by-batch blowup). With 1.5 ns and 
6 MV, we get 0.83 eVs (4πσEσt) emittance.  We could 
increase it further by capturing with 8 MV as for the Lead 
ions, leading to 0.97 eVs. This is planned for 2012. 

Larger voltage in physics 
In 2011, controlled longitudinal emittance blow-up was 

applied in the eleven minutes long ramp, keeping the 
bunch length around 1.2 ns, while the RF  voltage was 
increased linearly from 6 MV to 12 MV. (In 2010 we 
used 8 MV only in physics). The 12 MV provide a larger 
longitudinal emittance, thereby reducing the transverse 
emittance growth due to Intra Beam Scattering.  At the 
beginning of the 3.5 TeV flat top we now have 2 eVs 
longitudinal emittance in a 4.7 eVs bucket (1.5 eVs in a 
3.8 eVs bucket in 2010). 

One Turn Feedback 
The One Turn Feedback (OTFB) was commissioned on 

all cavities in October 2011. It produces gain around the 
revolution frequency sidebands only, thereby 
compensating for the transient beam loading and reducing 
the effective cavity impedance at the fundamental RF [3]. 
Figure 3 shows its performance with 0.38 A DC beam 
current, the highest achieved in 2011 (2100 bunches, 1011 
p/bunch, 25 ns spacing). The transient beam loading 
caused by the gaps between the batches and by the 10 μs 
long abort gap are clearly visible in the cavity field 
amplitude and phase.  Shown are the voltage amplitude 
and phase in a cavity without OTFB (C7B1) and with 
OTFB (C1B1). With the One Turn Feedback, the voltage 
modulation is barely visible (0.3%) and the phase 
modulation is 0.5 degree pk-pk. Not shown is the 
demanded klystron power. The transients are actually 
reduced with the One Turn Feedback. Figure 4 shows the 
phase noise Power Spectral Density (PSD) of a cavity in 
physics conditions, but without beam. It compares the 
spectrum without and with OTFB. On the revolution 
frequency harmonics the feedback reduces the phase 
noise power. Although the PSD is increased halfway 
between revolution lines, the beam does not respond at 
these frequencies. 

 

 
Figure 3a: Beam current. The very uneven bunch intensity 
is caused by the poor transverse lifetime with 25 ns 
spacing.  

 

 
Figure 3b: Cavity 7 Beam 1 field voltage and phase. The 
OTFB is OFF.  

 
 

Figure 3c: Cavity 1 Beam 1 field voltage and phase. The 
OTFB is ON.  
 

 
 

Figure 4: Phase noise PSD of Cavity 1 Beam 1 in physics 
conditions (1.5 MV, QL=60k), from DC to 500 kHz, no 
beam. OTFB on (blue trace) and OTFB off (black trace).  
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THE ISSUE OF BUNCH LENGTH 
The LHC design called for a 1 ns bunch length at the 

start of physics. In 2011 we have operated with 
1.2-1.25 ns, and have observed unexpected heating of 
some machine components (beam screen, kicker septa, 
collimator jaws), with a correlation with bunch length. 
For 2012 the best compromise must be found between 
heating and luminosity. 

The bunch length affects luminosity via the geometric 
factor 
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Table 1 gives a selection of parameters at the beginning 
of physics and the resulting geometric factor. 

 
Year Design 

length 2011

Energy (TeV) 3.5 3.5 4 4 4 7 7

β* (cm) 100 100 60 60 60 55 55

Normalized 

Transverse 

Emittance (μm) 2.5 2.5 2.5 2.5 2.5 2.5 2.5

Transverse rms 

beam size σ* 

(μm)
25.88 25.88 18.75 18.75 18.75 13.6 14

Full crossing 

angle θ (μrad) 260 260 300 300 300 250 250

4σ bunch length 

(ns)
1 1.25 1.25 1.35 1.4 1.25 1.4

Geometric 

factor F 0.94 0.90 0.80 0.78 0.77 0.76 0.72

2012 2016

Table 1: Geometric factor F for a selection of parameters 
at the beginning of physics.  

 
With the 1 ns design value (first column) we would 

have lost 6% luminosity from the crossing angle. In 2011 
(second column), we have lost 10% of luminosity due to 
the 1.25 ns bunch length at the start of physics. At 4 TeV 
in 2012, with a 60 cm β* we would lose 20% of 
luminosity (1.25 ns bunch length), and 23% with a 1.4 ns 
length.  

   With longer bunches we have particles close to the 
separatrix (limit of the RF bucket) and can expect worse 
longitudinal lifetime. An MD session was conducted in 
2011, with eight bunches per beam, identical bunch 
intensity but different length, circulating at 3.5 TeV 
without interaction [4]. The beams were separated at the 
intersection points. Figure 5 shows the loss rate, as a 
function of the bunch length. The scatter is large but there 
is a clear correlation of loss with length. In that 
experiment, we could circulate 1.6 ns long bunches with 
losses at 1.2 %/h, twice higher than 1.2 ns (0.5 %/h).  

 
Figure 5: Loss rate vs. bunch length measured during an 
MD session with 8 bunches per beam at 3.5 TeV, same 
intensity but different lengths. Beams separated. 
 

In physics we have never observed bunches growing 
beyond 1.40 ns. The interactions apparently modify the 
picture: figure 6 shows the lengthening for four different 
bunches during a physics fill. The bunches were carefully 
selected to have zero, two, three or four interactions 
points (IP) per turn (labeled by the indices of the 
corresponding IPs on figure 6). While the bunch with zero 
interaction grows to 1.4 ns (black trace) in the fifteen 
hours of physics, the number of IPs seems to reduce the 
lengthening, and the bunch colliding at all four IPs – 
1528-  grows to 1.25 ns only (grey trace).  

 
Figure 6: Bunch lengthening for four bunches in physics. 
Bunches were chosen to have zero, two, three or four 
interactions per turn. The bump after seven hours is 
caused by a cavity tripping and restarting. Reproduced 
from [5]. 

 
Our belief is that the interactions at the IPs lead to a 

saturation in bunch lengthening long before the RF bucket 
is full. Figure 7 shows the normal debunching during a 
fifteen hours long physics fill. The population in the 3μs 
long abort gap is monitored. It gives an indirect 
measurement of the debunching. If not supplied with new 
particles, the abort gap gets cleaned in fifteen minutes, 
time needed for the debunched particles to loose enough 
energy through synchrotron radiation and move to the 
momentum collimator. After five hours in physics, the 
abort gap population has reached an equilibrium between 
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debunching and momentum collimation. This happens 
when the bunch length reaches 1.35 – 1.4 ns. Thereafter 
we observe a clear saturation in bunch lengthening. These 
observations suggest that the effective momentum 
aperture is reduced by the beam-beam effect, compared to 
the bucket half height: bunch lengthening is replaced by 
particle loss. With a 1.4 ns long bunch, this regime will be 
reached from the start of physics. 

 
Figure 7: Oct 16-17, 2011. A long fill: more than 15 hours 
in collision. Beam current (Fast BCT) in green and beige, 
bunch length mean (red and orange) and abort gap 
population (blue and violet). 

LONGITUDINAL BLOW UP 
The LHC relies on Landau damping for longitudinal 

stability. To avoid decreasing the stability margin at high 
energy, the longitudinal emittance must be continuously 
increased during the acceleration ramp [6]. Longitudinal 
blow-up provides the required emittance growth [7]. We 
inject band-limited RF phase-noise in the main 
accelerating cavities during the whole ramp of about 
eleven minutes. The position of the noise-band, relative to 
the nominal synchrotron frequency, and the bandwidth of 
the spectrum are set by pre-defined constants, making the 
diffusion stop at the edges of the demanded distribution.  
The noise amplitude is controlled by feedback using the 
measurement of the average bunch-length. Only with this 
feedback, could we reproducibly achieve the programmed 
bunch length.  

As most hadron machines, the LHC Low Level RF 
(LLRF) includes a main phase loop that measures the 
beam to accelerating field phase error, averaged over all 
bunches at every turn, and corrects the RF to minimize 
the difference. In a hadron collider, this loop is essential 
to limit the diffusion caused by the RF phase noise at, and 
around, the synchrotron frequency fs0 [8]. While intended 
to cancel the effect of unwanted external noise sources, 
this loop would also null the effect of the phase noise 
injected into the cavity at fRF± fs0 for the controlled blow-
up. This noise signal was therefore injected as an offset in 
the main phase loop, hopefully resulting in the desired 
spectrum in the cavity field. As the main phase loop 
measures the bunch behaviour, it is most sensitive to the 
behaviour of the populated core of the bunch, and the 
feedback would therefore much reduce the excitation in 
the corresponding frequency range. The less populated 
tails would return a weaker signal, therefore leaving the 
excitation at full level. The result is a much distorted 
spectrum, with small excitation at the core and violent 
excitation at the edges of the bunch (figure 8). 

 
Figure 8: Measured Power Spectral Density of the RF 
phase noise, during controlled blow-up, towards the end 
of the acceleration ramp. The synchrotron frequency at 
the core of the bunch is 28 Hz. The intended excitation 
spectrum is flat from 24 Hz to 30.8 Hz. The spectrum 
measured in the cavity is not! The distortion comes from 
the response of the main phase loop that reduces the 
excitation in frequencies corresponding to the most 
populated parts of the bunch. 
 

As we average the phase error over all bunches, the 
main phase loop only damps the dipole oscillation mode 
zero‡. It will not interact with the excitation of the higher 
dipole modes, that is a noise spectrum around fRF±nfrev±fs0 

(with n≠0). After a first test in 2010, this scheme was 
refined during the ions run on December 7th, 2011 with 
excitation on the first revolution frequency band (n=1).  
At the time we had 358 Lead ion bunches per ring, of low 
intensity, so that stability is preserved without blow-up in 
the ramp. Figure 9a shows the length evolution bunch per 
bunch.  

 
Figure 9a: Blow-up on the first revolution frequency side-
band (from time 02:10 till 02:15) with 358 Lead ion 
bunches. December 7th, 2011.  
 

The machine gets filled in about 45 minutes, consisting 
of fifteen successive injections in each ring. The large 
spread in bunch length is the result of Intra Beam 
Scattering, very violent for ions at injection energy. 
Around 01:42 starts the acceleration ramp without blow-
up, resulting in a bunch length shrinking down to 
                                                        
‡
 This is strictly true for a bunch pattern symmetric around the ring only. 

In physics the LHC bunch pattern is close to symmetric. 
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0.6-1.0 ns§. Around 02:10 controlled blow-up is applied at 
fRF±frev±fs0 resulting in the regular and very uniform 
observed bunch lengthening in the five minutes long 
excitation period. Figure 9b shows the length averaged 
over all bunches during the five minutes long blow-up. 
The lengthening is smooth and regular. 

 
Figure 9b: Bunch length averaged over the 358 bunches 
during the blow-up. 

 
In the above trial we have kept the excitation amplitude 

constant, using no feedback from the measured bunch 
length. The new blow up appears much more predictable 
than the old one acting through the main phase loop. It 
opens the road to selective blow-up of the injected batch 
to reduce IBS driven transverse emittance growth of the 
idling bunches, during the thirty minutes long filling in 
2012 (twelve batch injections per ring).  

LONGITUDINAL DAMPER 
As mentioned above, the LHC relies on Landau 

damping for longitudinal stability and no longitudinal 
damper was planned in its design. Such a system, with a 
limited bandwidth, would be welcome to damp injection 
errors though. Indeed, long lasting dipole oscillations 
have been observed in batch mode (50 ns bunch spacing): 
growing for ten minutes after injection, then decaying 
with more than thirty minutes time constant [9] (figure 
10). 

In 2012, we will use the accelerating cavities as 
longitudinal kickers, changing the RF phase in the 1 μs 
long gap between the circulating beam and the freshly 
injected batch. The available kick strength (50 kV/cavity) 
is sufficient to damp the common mode, that is the 
average phase/energy error of the new batch, before 
filamentation takes place [10]. The longitudinal damper 
acting by modulation of the RF field phase looks 
promising for damping batch-per-batch injection errors 
but it does not have sufficient bandwidth to act on the 
bunch-per-bunch phase error in a given batch.   
                                                        
§
 The 1.1 1011 p bunch would be unstable with this length, but the Lead 

ions bunch has a much reduced bunch charge (1010 p equivalent) that 
makes it stable. 

 
Figure 10: Amplitude of the dipole (top) and quadrupole 
(bottom) oscillations with batch injection (12 bunches 
batch followed by a 36 bunch-batch). Reproduced from 
[9]. 

THE ROAD TOWARDS MORE 
LUMINOSITY 

Higher energy 
Thanks to the longitudinal blow-up that keeps bunch 

length constant, the stability is actually improved during 
the acceleration ramp as the voltage rises. At constant 
bunch length and voltage, it is independent of energy 
[7][11]. We therefore expect no problem from operation 
at 4 TeV in 2012. 

Higher bunch intensity 
In 2011 we have circulated single bunches of intensity 

2.85 1011 p at 450 GeV [12]. With the longitudinal blow-
up,  the stability margin actually improves in the ramp, 
and we therefore expect no problem related to the 
broadband longitudinal impedance. 

25 ns bunch spacing 
In 2011 all physics fills were with 50 ns bunch spacing, 

but during dedicated Machine Development sessions, we 
have circulated 2100 bunches at 25 ns spacing, 
1011 p/bunch, at injection energy [13]. The Low Level RF 
was designed to reduce the cavity impedance at the 
fundamental and our calculations indicate that the Landau 
damping provided by the 4 Hz synchrotron tune spread is 
sufficient to preserve stability at ultimate beam current 
(2808 bunches, 1.7 1011 p/bunch) [10]. The damping of 
the cavity HOMs is also designed for above ultimate. 
These conclusions rest on calculations only and must be 
confirmed by measurements of the damping rate of 
coupled bunch modes during Machine Development 
sessions in 2012. 

 The transient beam loading caused by the gaps in beam 
current is compensated by the Low Level RF at the 
expense of klystron power. With future nominal beam 
intensity (2808 bunches, 1.1 1011 p/bunch, 1.2 ns 4σ 
length), we would need 200 kW in physics 

Proceedings of Chamonix 2012 workshop on LHC Performance

154



(1.5 MV/cavity, QL=60000) and 110 kW during filling 
(0.75 MV/cavity, QL=20000).  With the present DC 
settings (50 kV, 8A), the klystrons saturate at 200 kW RF. 
For nominal beam operation we plan to change the DC 
settings, at the end of filling and before starting the ramp. 
With 57 kV and 8.7 A, the klystrons saturate at 270 kW 
RF, providing sufficient margin for regulation with 
respect to the 200 kW threshold. The change of klystron 
DC settings with beam circulating at injection energy, 
followed by the ramp, was tested successfully with 60 
bunches per ring at 25 ns spacing  in 2011[13]. It must be 
validated with longer batches in 2012.  

With ultimate conditions (2808 bunches, 25 ns spacing, 
1.7 1011 p/bunch) planned after LS1, the present scheme 
requires more than 300 kW in physics (12 MV), that are 
not available from the klystron. We would then accept the 
modulation of the cavity phase by the beam current 
(transient beam loading) and adapt the set point for each 
bunch accordingly. This mode of operation was planned 
during the design of the LHC RF [14]. Stability will be 
preserved and we would need 105 kW only, (in theory) 
independent of the beam current. The penalty is a 
modulation of the cavity phase that changes the bunch 
spacing and therefore the collision point. Figure 11 shows 
the resulting phase slip along the ring: the 65 ps 
displacement is small compared to the 1.2 ns 4σ bunch 
length. As the filling pattern of the two rings is very 
similar, the phase modulations  will cancel out in IP1 and 
IP5 and the resulting displacement of the collision vertex 
will be much smaller than the above 65 ps. This scheme 
will be tested during Machine Development sessions in 
2012 to prepare the way for after LS1. 

 

 
Figure 11: Modulation of the cavity phase by the transient 
beam loading in physics. 2835 bunches, 1.7 1011 p/bunch, 
1.5 MV/cavity, QL=60k. The abort gap spans 127 empty 
buckets (25 ns spacing) or 3.2 μs. Filling as in the original 
LHC design. 

CONCLUSIONS 
In 2012 the LHC RF intends the following upgrades 
• Further reduction of capture losses with the 

longitudinal damper.  
• Modification of the blow-up method.  
• Batch per batch blow-up at injection. 

Data indicate that in physics the momentum aperture is 
smaller than the bucket half height. With 1.4 ns, the 
effective bucket is full. If (and only if) it is really needed 
for other equipment, we propose to test physics with 
slightly longer bunches, early in the re-start. 

Thanks to the longitudinal blow-up, the stability is 
independent of the energy. Operation at 4 TeV should not 
cause problems. 

We have not approached the single bunch intensity 
limit. We have circulated 3 1011 p/bunch with no observed 
instabilities.  

There was no surprise from the first 25 ns tests. 
The RF can deal with nominal total intensity (2808 

bunches, 25 ns, 1.1 1011 p/bunch)  
• On the stability side, calculations show large 

margin from HOMs and cavity impedance at the 
fundamental. However we would like to measure 
damping time of coupled-bunch mode for 
confirmation. MD time needed. 

• On the klystron power side, we can deal with 
nominal if we increase the klystron DC settings 
(High Voltage) before the ramp (to be tested 
during 25 ns MDs). 

For ultimate intensity (2808 bunches, 25 ns, 
1.7 1011 p/bunch), the RF must allow for the modulation 
of the cavity phase by the transient beam loading. First 
tests should take place before LS1. 
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TRANSVERSE DAMPER

W. Höfle, CERN, Geneva, Switzerland

Abstract
Plans for the operation of the transverse damper in 2012

at bunch spacings of 50 ns and 25 ns and at increased colli-
sion energy will be reviewed. The increased energy and the
experience that will be gained at 25 ns are very important to
define any upgrades that may be necessary for the high lu-
minosity operation at 7 TeV after LS1. This means that the
available parameter space must be probed in 2012 which
in particular includes a higher feedback gain in the ramp
and with colliding beams. Limits for the feedback gain for
the current system will be outlined. The potential benefits
of running with higher feedback gain for a better emittance
preservation will be stressed and weighed against the oper-
ational difficulties and the potential impact of noise in the
damper system. A plan for re-commissiong at 50 ns and
25 ns for operation at 4 TeV will be outlined.

INTRODUCTION AND HIGHLIGHTS IN
2011

The LHC transverse damper (ADT) has become indis-
pensable not only for beam stability, but also as a tool to
excite beam oscillations, and to observe instabilities with
its turn-by-turn and bunch-by-bunch observation capabili-
ties. Highlights of 2011 include the operational use of the
abort gap and injection gap cleaning at 450 GeV and suc-
cessful tests of the abort gap cleaning at 3.5 TeV. These
applications are reviewed in more detail in [1].

Controlled Transverse Blow-up
Inspired by the successful gating used for the abort

gap and injection gap cleaning, a new method for selec-
tive blow-up was developed during 2011 and successfully
tested in an MD [2]. It could be shown that loss maps
for the qualification of the collimation system can be ef-
ficiently generated. Fig. 1 shows as an example a com-
parison of a loss map by the 3rd order resonance method
(bottom) and the excitation by the damper (top). The trans-
verse blow-up can also be used to produce larger emittance
bunches, both for machine studies and to probe the LHC
aperture limit. Fig. 2 shows as an example the selective
blow-up of a bunch of beam 2 in the vertical plane up to
18 μm normalised emittance while the bunch not targeted
remains at 2 μm emittance.

Following these successful tests in 2011 it is planned
to develop a user friendly application for the 2012 run for
the extensive use of the transverse damper blow-up for loss

Figure 1: Comparison of Loss maps with ADT blow-up
(top) and 3rd order resonance method (bottom), reproduced
from [2].

maps, aperture measurements and studies requiring larger
transverse emittances.

Operation with 50 ns Bunch Spacing
Operation at 50 ns bunch spacing with 1380 bunches has

been the standard mode of operation for Physics in 2011.
The transverse dampers were operated at high gain during
the injection plateau at 450 GeV, during which injection
damping with short damping times is particularly important
in order to preserve the small emittances available from the
injectors. The feedback gain is reduced before the start of
the ramp and the damping time remains larger throughout
the ramp. Before the beams are brought into collision at
top energy the gain is again increased, as described in [1].
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Figure 2: Selective blow-up by applying gated noise in ver-
tical plane (beam 2): bunch not blown-up (top) with 2 μm
emittance, bunch blown-up to 18 μm emittance (bottom).

The reduction in gain during the ramp had been intro-
duced in order to enable the tune feedback to lock on a
clear signal from the BBQ tune measurement system. With
too high damper gain the signal-to-noise ratio of the BBQ
system becomes too small for a reliable operation of the
tune feedback. Fig. 3 shows the BBQ signal amplitude (in

Figure 3: BBQ signal amplitude (red), damper gain and
beam energy (beam 1 horizontal plane, 26.10.2011).

red) as it increases as the damper gain is reduced.

It should be noted that the increased amplitude of the
BBQ signal is a result of increased transverse oscillatory
activity on the beam which should, according to theory, in-
evitable lead to emittance blow-up [3]. Indeed emittance
blow-up in the ramp has been observed [4], but no time
was dedicated in 2011 to systematically study the effects
of the damper gain setting on the blow-up. In 2012 the
study of the dependence of the emittance increase on the
damper gain will be a priority. Running at higher damper
gain requires a viable solution for the compatibility with
the tune feedback.

Observations with 25 ns Bunch Spacing
At 25 ns bunch spacing the required bandwidth in order

the damp bunch-by-bunch oscillations is 20 MHz. Towards
20 MHz the damper system has a very much reduced kick
strength and without compensating for this only a fraction
of the feedback gain will be active at this frequency when
compared with the low-frequency gain. In addition the
overall phase response and loop delay must be carefully
corrected to achieve damping at 20 MHz.

A first MD with injection of bunch trains with
48 bunches spaced at 25 ns on August 26, 2011, carried out
before the completion of the setting-up of the damper fine-
delays, illustrates this very well [5]. It had been the first
attempt of injection of 48 bunches spaced 25 ns into the
LHC. On two occasions beam was injected, but circulated
only for 500 turns (damper off), and 1000 turns (damper
on), respectively. It also has been the only attempt to in-
ject with low chromaticity into an unscrubbed LHC ma-
chine in 2011. Figs. 4 and 5 show the analysed bunch-by-
bunch data from the damper post-mortem system. With

Figure 4: Injection with damper off (top) and damper on
(bottom) of a bunch train of 48 bunches spaced 25 ns;
shown is the reconstructed vertical oscillation amplitude,
bunch-by-bunch for approximately 70 turns as an instabil-
ity develops, following which beams were dumped (cour-
tesy H. Bartosik [5]).

damper off (top pictures of Figs. 4 and Figs. 5) the beam
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Figure 5: Turn-by-turn spectrum from data of Figs. 4; low
frequency instability with dampers on (top) and high fre-
quency instability with dampers off (bottom).

was dumped after 500 turns as a low frequency instabil-
ity develops; most of the frequency contents (Fig. 5 top)
is contained within and band up to 2 MHz approximately.
With damper off the beam survived longer, 1000 turns,
and instabilities now developed for frequencies larger than
15 MHz. These high frequency instabilities may be due
to the electron cloud effect or the incomplete setting-up of
the damper (delay), or a combination of both. Subsequent
MDs were carried out with a high chromaticity (Q′ > 10)
and an improved setting-up of the damper (fine delay) with
the beam then surviving. For a complete discussion of the
data of this first injection test with 25 ns bunch spacing
see [5].

BEAM STABILITY, NOISE AND
FEEDBACK GAIN

Damper and Instability Control
Instability growth rates were calculated for 50 ns

bunch spacing using the current knowledge of the LHC
impedance and the operational parameters of the LHC
in 2011 [6]. The fastest coupled bunch mode growth rate
at low frequency is approximately 1/650 1/turns [6], and
much slower than the nominal damping time of the trans-

verse feedback of 40 turns. The transverse feedback gain
falls off towards higher frequency as a result of the design
principle of the power amplifiers [7]. However, the damp-
ing by feedback remains faster than the instability growth
rates at all frequencies of coupled bunch modes because the
impedance, dominated by the resistive wall effect, is also
diminishing with increasing frequency. This is depicted in
Fig. 6 where growth rates and damping times are compared

Figure 6: Time constants of damping and instability growth
rates [6] as a function of coupled bunch mode frequency for
2011 LHC operational parameters with 50 ns bunch spac-
ing.

for operational parameters in 2011.

Damper Signal Processing
A higher than nominal feedback gain is in theory desir-

able to reduce the impact of external transverse excitations
on the beam transverse emittance. On the other hand, noise
and interferences applied to the beam by the damper sys-
tem itself are undesirable effects and can lead to emittance
increase.

In order to study the impact of noise from the damper
system the exact signal processing of the turn-by-turn sam-
ples must be taken into account. The 2011 algorithms for
the signal processing are therefore reproduced here with
values for the exact phase shifts as programmed in LSA
summarized in [8]. Strictly speaking this analysis is only
correct for the single bunch case as the frequency roll-off
for the multi-bunch case is not taken into account.

In the following the notation of [3] is used and the
essential ingredients for a turn-by-turn simulation repro-
duced: The transverse damper signal processing starts from
a notch filter, subtracting two successive turns and eliminat-
ing the closed orbit offset, followed by a FIR filter with 7
taps in order to adjust for the correct phase in the feedback.
It can be described by the following turn-by-turn map:

zn+1 = eiμ3

(
ei(μ2+μ1)zn − iδθ̂n

)
,

δθ̂n = g1

K−1∑

k=0

A
(1)
k Xn−k−nd

(1)
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+ g2

K−1∑

k=0

A
(2)
k Yn−k−nd

,

Xn = Re{zn − zn−1}+
δx

(1)
n − δx

(1)
n−1√

βp1

,

Yn = Re{eiμ1(zn − zn−1)}+
δx

(2)
n − δx

(2)
n−1√

βp2

,

where z = x/
√
β − i(

√
βθ + αx/

√
β) is the complex

bunch coordinate with x and θ being actual bunch position
and angle; n enumerates turns so that the beam coordinates
are referenced to pickup 1, β is the beta-function which is
equal to βp1 and βp2 in pickups 1 and 2; α = −β′/2; μ1

is the betatron-phase advance between pickups 1 and 2, μ2

between pickup 2 and kicker, and μ3 between kicker and
pickup 1; g1 and g2 are the gains of the system for pick-
ups 1 and 2, A(1,2)

k are the coefficients of the digital filters
for the pickups, K = 7 is the order of the digital filter,
and δx

(1,2)
n are the measurement errors for pickups 1 and

2, so that the entire noise in the damper is referenced to
the errors of the pickup position measurements. For each
transverse plane and beam the signals from the two avail-
able pickups are treated independently and the processed
signals added to provide the input to the power chain of the
feedback system.

For the signal processing a Hilbert filter is chosen, which
can be parametrized by a single angle ϕ (S = sinϕ, C =
cosϕ)

Ak =

[
− 2

3π
S, 0, − 2

π
S, C,

2

π
S, 0,

2

3π
S

]T
(2)

which effectively is a phase shift that needs to be applied to
the pickup signal and is programmed as function in LSA.
The phase shift for optimal damping, i.e. for a purely re-
sistive damping and minimised damping time, depends on
the overall machine tune and the optics parameters at the
pickups and kickers.

The signal processing takes into account the beam sig-
nal on past turns. Consequently, the region of stability and
fast damping is influenced by the machine tune. During the
2011 run the parameter nd = 2 in (1) and samples from a
history of 7 turns had been taken into account. The region
of stability (range of tunes the feedback achieves damping)
is relatively limited. Figs. 7 show the range of stability in
a gain versus phase shift (top) and gain versus tune dia-
gram (bottom) for the vertical dampers of beam 2 using the
pickup Q7 only. More details can be found in [8]. The op-
erational values for the phase shift, experimentally found,
are close to the theoretical values derived from the optics
model of the LHC.

It should be noted that for the LHC damper the figure of
merit for the signal processing is not the range of stability
but rather the impact of noise on the emittance. For 2012,
as it is transparent with respect to the impact of noise, the
synchronisation of data within the digital part of the sys-
tem can be modified to save a single turn delay leading

Figure 7: Stability and lines of equal damping for the ver-
tical damper module 2 of beam 2 with use of pickup Q7, at
collision settings, for fixed tune as a function of gain and
and phase shift (top) and for fixed phase shift (operational
value from 2011) as a function of gain and tune deviation
from nominal tune (59.32); courtesy V. Zhabitsky [8].

to a slightly larger stability region. Any further modifica-
tion of the signal processing needs to be compared with the
current scheme and modifications must be clearly justified,
and improve or be transparent in terms of their impact on
the emittance.

Beam Response to Noise
Fig. 8 (top) shows the signal of a pickup in simulation

with the feedback loop closed and an initial error of 1 mm.
The oscillation is quickly damped and the envelop follows,
as expected, an exponential. In the simulation the pickup
signals have been assumed to be polluted by gaussian noise
(errors not correlated turn-by-turn, taken from a gaussian
distribution), such that the rms fluctuations at the pickups
agree between simulation and experiment. The residual
rms fluctuation amounts to 2 μm rms when the slow varia-
tions corresponding to orbit movements that are present in
measured data are removed.

In principle, the simulations demonstrate that it is possi-
ble to extract the tune information from the residual damper
in-loop data, by looking at the valley visible at the tune lo-
cation in the spectra, see Fig. 8 bottom plot. A practical dif-
ficulty is the required averaging taking into account more
than one bunch and a number of successive acquisitions
per bunch. Real-time averaging, as needed to generate a
signal for the tune feedback, requires the fast computation
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Figure 8: Simulated damping in the presence of noise with
gain and noise level adjusted to mimic observed damping
time and residual beam position fluctuation; turn-by-turn
data (top) and spectra of pickup signal, kicker signal and
actual beam movement (bottom, only data after completion
of damping of simulated injection error of 1 mm are taken
into account).

of spectra and the handling of a large number of data. For
2012 it is foreseen to implement additional memory on the
FPGA treating the ADT feedback signal and a fast access
by software to extract these data. Following a successful
off-line analysis of these data it can be envisaged to specify
at what rate and with what precision the tune can be ex-
tracted from the damper signals. An upgrade of the signal
processing hard- and software may be required in partic-
ular should averaging over a large number of bunches be
necessary for an accurate tune determination.

The simulations have also revealed a peculiarity: If
the transverse damper is not adjusted for perfect resistive
damping the valley in the spectra stay at the original un-
perturbed tune while the actual beam tune is shifted by the
feedback. This is illustrated in Fig. 9 where the top plot
shows the situation with perfectly adjusted feedback phase
and the bottom plot shows signals with a 30◦ phase error
applied. The phase error leads to a shift of the actual beam
tune (peak of red trace). However, this signal is not ob-
servable in the damper loop. The fft spectra of the pickup
signal and the kick signal observed in the damper loop do
not show this shift. This can be explained by the fact that
the valley in the spectra is essentially due to the peak of

Figure 9: Comparison of spectra (data from simulation)
with feedback phase correctly adjusted (top: pure resistive
damping, no tune shift) and with phase error in feedback
(bottom: tune of beam shifted).

the beam transfer function without feedback which is not
shifted in frequency.

In summary, the valley will only coincide with the tune
for a perfectly adjusted feedback which can be considered
as a certain limitation to use this signal for a tune feedback.
On the other hand the difference in location of the valley
and the actual tune (which can be measured by the BBQ
system) could potentially serve as a tool to correctly ad-
just the feedback phase to its optimal value, i.e. to a value
where the feedback is not introducing any tune shift.

Improvements to Compatibility of ADT and BBQ
Tune Measurement System

Machine studies will be carried out in 2012 to study
whether the tune can also be extracted in practice from the
data as described above.

In the short-term, an improvement of the BBQ signal
can be put in place that relies on larger oscillations of the
12 leading bunches of the standard filling pattern. To this
end the damper gain will be modulated to have different
values for the different batches. The leading 12 bunches
can thus be allowed to make larger oscillations, better vis-
ible to the BBQ system (at the expense of a possible emit-
tance increase). Possibly this method requires a higher in-
tensity for the leading bunches or a gating of the BBQ sig-
nal to achieve a real improvement.
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The feasibility of this method will be checked in MDs
in 2012. Beyond the simple modulation of the gain it
can also be envisaged to put in place a mechanism in the
damper signal processing that maintains a certain oscil-
lation amplitude for the leading 12 bunches at all times
(”dead band/excitation”). The oscillations that then are
building up will also be visible on the ADT pickup sig-
nals and open up another possibility to use the leading
12 bunches for a tune measurement, should the BBQ con-
tinue to not give a satisfactory signal for the tune feedback
at high damper gain.

SUMMARY AND PRIORITIES FOR 2012
AND TOWARDS A HIGHER BEAM

ENERGY
Priorities for the operation in 2012 are

• deployment and commissioning of an application for
the transverse blow-up

• new observation memory for fast collection and anal-
ysis of data in view of a tune measurement

• batch-by-batch modulation of the damper gain

The latter can be used to study the impact of damper gain
on the emittance and on the quality of the BBQ signal, in
view of a short-term improvement in the ADT-tune feed-
back compatibility.

In the quest for a higher beam energy with a physically
smaller beam, it is desirable to improve the noise level in
the ADT systems. Means to do this include improvement of
cabling, electronics, signal processing and the use of more
than the present set of two pickups per plane and beam.
While there are no limitations expected to come from ADT
for the target beam energy of 4 TeV for 2012, studies must
be carried out in 2012 to define the improvements needed
for after LS1 for operation towards 7 TeV design energy.
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Abstract 
2011’s very successful LHC operation has provided 

valuable input for the detailed analysis of radiation levels 
and radiation-induced equipment failures. Radiation 
levels around LHC critical areas and the LHC tunnel were 
studied in detail and compared to available simulation 
results, as well as put in perspective to LHC operation 
parameters. Observed radiation-induced failures were not 
only analyzed in detail, but already addressed through 
early relocation measures and patch-solutions on the 
equipment level. Both improvements continued during 
this Winter Break together with the installation of heavy 
shielding around the RBs and UJs in Point 1. Based on 
measured radiation levels, calculations for the shielding 
improvements, and expected operational parameters, this 
report provides an update on the expected radiation levels 
around LHC critical areas. It briefly summarizes the 
mitigation measures and equipment patches already 
performed and provides an estimate on the expected 
equipment failure rates during 2012 operation. Required 
beam and measurement studies are highlighted in order to 
further improve the predictions of both radiation levels 
and expected equipment failures, the latter driving the 
chosen mitigation actions for Long Shutdown 1 (LS1). 

INTRODUCTION 
Based on previous studies [1] and respective analysis, 

2011’s LHC operation provided key elements in analyzing 
radiation-induced failures on machine equipment. From 
early operation onwards, strong emphasis was put in the 
detailed analysis of equipment failures which could 
possibly be linked to radiation. To study in detail the latter 
correlation, a number of criteria were set, implying that 
one, several, or, ideally, all of the following conditions to 
be fulfilled: 

• Equipment failure occurs during periods with beam-
on/collisions/losses (i.e. the source of radiation 
being present);  

• The failure(s) is/are not reproducible in a technical 
laboratory; 

• The failure signature was already observed during 
radiation tests (CNRAD, H4IRRAD, and others); 

• The frequency of the failures increases with higher 
radiation levels.  

 
This obviously still includes remaining uncertainties 

which can lead to failures being attributed to radiation but 
which in reality they are not. However, as shown in this 
report, the detailed studies performed throughout the 2011 
operation reduce these uncertain cases to only a few. On 
the contrary, there is also a limitation in the sense that the 
analysis is likely to miss radiation-induced failures which 
do not lead to a beam dump, as well as more complex 

cases where one piece of equipment is affected by 
radiation and indirectly causes a problem to another, thus 
leading to either longer downtimes or beam dumps.  

 
In the following we provide a summary of the radiation 

levels and induced failures for the LHC operation in 2011, 
including an overall estimate of the respective machine 
downtime. The impact of performed countermeasures is 
highlighted and the conclusions for further mitigation 
measures are drawn. It is shown that the detailed 
monitoring of the radiation levels, as well as the detailed 
analysis of radiation-induced failures remains a high-
priority for the upcoming years of LHC operation. It is the 
mandate of the R2E project [2] to minimize all radiation-
induced failures in the LHC.  

RADIATION LEVELS AND 
PARAMETERS SCALING 

The radiation levels in the LHC tunnel and in the 
shielded areas have been measured by using the RadMon 
system [3]. The major radiation-induced failures observed 
during 2011 LHC operation are due to Single Event 
Effects (SEE) on electronic equipment. The probability of 
having an SEE is related to the accumulated High Energy 
Hadron (HEH) fluence (see [1] and references therein) 
which is summarized in Table 1 for the most critical LHC 
areas where electronic equipment is installed. The HEH 
fluence measurements are based on the reading of the 
Single Event Upsets (SEU) of SRAM memories whose 
sensitivity was previously calibrated in various  
facilities [3].  

 
Table 1: Predicted and measured HEH fluence in LHC critical 

areas based on 2011 operation conditions. 

 
The results obtained during 2011 LHC proton operation 

show that the measurements equate FLUKA calculations. 
In addition, in the few areas where there is a greater 
difference, an actual explanation was found based on 
LHC operation conditions (e.g. the TCL collimators not 
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being at nominal position for Points 1 and 5, and non-
nominal collimation settings for Point 7).  

 
Based on the results for 2011, the radiation levels can 

be scaled for the following years by using the expected 
machine parameters, chosen according to the main 
radiation sources for a given critical area. The latter can 
be grouped into three main categories:  

a) Direct losses in collimators and absorber-like 
objects; 

b) Particle debris from beam-beam collisions in the 
four main experiments; and  

c) Inelastic interactions of the beam with the residual 
gas inside the beam pipe.  

 
As far as the beam energy is concerned, according to 

calculations, the operation at 7 TeV will increase the 
radiation levels by a factor 1.5, while an increase to 
4 TeV will only lead to a marginal increase of about 10%, 
thus largely within the overall uncertainties. 
 

For the shielded areas close to the beam collision 
points, as well as for the Dispersion Suppressor (DS) 
zones, the radiation levels are scaled with luminosity 
which will increase for nominal operation by a factor of 
10 for the ATLAS and CMS experiments and by a factor 
2 for LHCb. For the arc of the LHC tunnel, the radiation 
levels depend on the beam-gas interaction the impact of 
which is related to beam-intensity, bunch spacing and 
conditioning of the vacuum (residual gas pressure). The 
scaling factor for the latter radiation source is affected by 
high uncertainties of the expected average residual gas 
pressure towards nominal LHC operation and can 
therefore vary between a factor of 10 and 100.  

 
The expected scaling factors for the collimation areas 

also have associated uncertainties as both the absolute 
number of protons lost, as well as the loss distribution 
among the collimators depend on the collimator settings 
themselves and on operational parameters. Dedicated 
beam time should be reserved during 2012 operation to 
get a clearer understanding of the effects of the residual 
beam gas as well as the collimator settings on the 
resulting radiation levels. The scrubbing period during the 
start of 2012 operation will possibly help in clarifying the 
long-term impact of 25ns operation on the average 
pressure in the arc.  

 
On the basis of the previously listed considerations, the 

expected HEH fluences for the next operational year 
(2012) can then be extrapolated from the radiation levels 
measured during 2011 and are reported in Table 2. It is 
important to note that the effective radiation levels for the 
UJ14/16 areas are less for 2012 due to the additional 
shielding put in place during the winter shutdown.  

 
As far as the ion beam operation is concerned, a 

preliminary analysis shows that the losses significantly 

increased from 2010 to 2011 operation and are localised 
in the DS areas and in particular in the LHC tunnel cells 
from 9 to 13 (Points 1, 3, 5, 7), where, in a few weeks, the 
radiation levels reached the same levels as those 
accumulated throughout the year during proton beam 
operation. For 2012 ion operation, the impact is expected 
to be significantly reduced due to the proton/ion beam 
configuration.  

 
Table 2: HEH fluence expected in LHC critical areas  

during 2012 LHC operation. 

  
 

MITIGATION MEASURES PUT IN PLACE 
PRIOR TO 2011 OPERATION 

 
Following the list of critical areas based on FLUKA 

and early operation studies [1, 3, 4], a prioritization of 
mitigation measures was defined and followed throughout 
the R2E mitigation project: 

- 1st Priority – critical safety: envisage/prepare for 
immediate relocation (performed at the earliest 
stage of all R2E related activities); 

- 2nd Priority – shielding options: aim for fast and 
overall improvement of a large number of 
equipment (continuously performed taking into 
account the criticality of the concerned area and 
the time available during machine stops); 

- 3rd Priority – most sensitive equipment and areas: 
relocation and shielding measures selecting the 
equipment/area with the highest impact on 
operation (as started during 2011 operation and 
continued during this Winter Break with a strong 
focus on radiation-tolerant patch-solutions for 
equipment design); 

- 4th Priority – remaining critical equipment/areas: 
prepare long-term mitigation actions including 
additional shielding, consequent relocation and 
radiation-tolerant design for the remaining 
equipment. 
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Table 3 summarizes both the past and present mitigation measures leading to acceptable conditions for 2011 LHC 
operation and put in place prior to 2012 restart, as well as the global relocation and shielding measures foreseen for 
LS1. Additional design and development of radiation-tolerant equipment (for power converters, quench-protection 
systems and others) is, however, not listed in this summary table. 

 

 
 

FAILURES OBSERVED IN 2011 AND 
CORRESPONDING MITIGATION 

ACTIONS 
 
Radiation-induced failures on the LHC equipment as 

observed during 2011 LHC operation were analysed in 
detail thanks to a weekly shift organization within a group 
of four R2E members. For the analysis, the main sources 

of information were the LHC e-logbook and the LHC 
operation follow-up meeting, held daily [6] and the direct 
and detailed interaction with the equipment groups. 
Throughout the year, the collaboration between TE-EPC, 
TE-MPE, TE-CRG, and EN-STI groups was highly 
appreciated and allowed the improvement of the failure 
analysis.  
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Once, a failure is suspected to be related to radiation 
effects, the following information is collected and stored 
on the web page of the RADiation Working Group 
(RADWG) [7]:  

a) Equipment type and system part/component;  
b) Type of failure; 
c) Location of the equipment;  
d) Consequence of the failure; 
e) LHC fill number.  

 
In some cases, it is not so straight forward to 

understand whether a failure was actually caused by 
radiation. The event is then marked as ‘to be confirmed’ 
and further analysis is required to understand exactly 
what happened. The number of the LHC fill is used as a 
direct link to insert information in the Post Mortem (PM) 
database and to track the beam dumps that were due, or 
possibly due (‘to be confirmed’) to radiation, and also 
enable respective analysis by the LHC operation team.  

 
In addition, a dedicated tool was developed to easily 

retrieve statistics on the type of failures from the PM 
database [8]. Figure 1 shows the failures due to the SEEs 
throughout 2011. Four distinct failure cases are reported:  

a) Events leading to beam dump; 
b) Events leading to beam dumps which are 

possibly due to radiation; 
c) Failures which did not lead to beam dump;  
d) Failures which do not lead to beam dump and 

are possibly due to radiation.  
 
It is important to note that the ‘to be confirmed’ events 

only represent a small fraction and will therefore not 
affect the overall conclusion for the required mitigation 
measures. The increase of SEE failures starting from 
week 22 which did not lead to beam dump indicates the 
effectiveness of the mitigation solutions applied by the 
equipment groups as countermeasures to radiation effects. 
In fact, the active follow-up of the failures proved to be 
an effective and necessary task to reduce the total number 
of beam dumps encountered during the year. 

 

 
 
Figure 1: SEE failures along 2011 LHC operation. 
 

Figure 2 shows the locations of the equipment affected 
by SEU radiation failures. The majority of the failures 
related to tunnel equipment were related to the Quench 
Protection System (QPS) electronics and happened in the 
Dispersion Suppressor (DS) areas (Fig. 2A). Mitigations 
at firmware level were already applied as from the 
2010/2011 Winter Break in order to avoid a non-
acceptable number of beam  
dumps [9].  

 
A) 

 

 
B) 

Figure 2: Locations of the equipment affected by radiation-
induced failures. Figure A) reports all the cases for the tunnel 
and shielded areas; Figure B) shows the failure distribution in 
the so-called shielded areas (i.e., not LHC tunnel areas, thus 
RRs, UJs, UAs). 

 
The shielded areas at Point 1, UJ14 and UJ16, resulted 

in being the most critical zones (Fig. 2B) both in terms of 
the number of failures as well as observed radiation 
levels. In summer 2011, it was decided to consider these 
areas of highest priority and to improve the shielding of 
equipment during the 2011/12 Winter Break. The 
proposed solution should enable the expected HEH 
fluence for 2012 to be reduced by a factor of 2 when 
compared to 2011 operation and this despite the expected 
luminosity for the ATLAS experiment to be increased by 
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a factor of about 3 (Table 2). In the long-term, the 
relocation of the equipment will be the definitive 
mitigation action and is scheduled for LS1.  

 
In addition to the shielding and relocation actions 

performed during 2010/2011 and during the upcoming 
Winter Break, additional effective countermeasures were 
applied by the groups in order to reduce the impact of 
radiation effects on machine operation. In the following 
subsections, the failure-analysis and envisaged mitigation 
actions for all the affected equipment groups are briefly 
summarized. 

 
QPS 

Failures on the QPS systems happened both in the 
tunnel and in the shielded areas. Most of the failures on 
the tunnel equipment are due to SEUs on an optical 
isolator (ISO150). An intermediate countermeasure at 
firmware level was designed to avoid beam dumps with a 
hardware change envisaged as a long-term possibility. 
Other sensitive parts of the QPS system are the 
communication and acquisition modules used for the 
protection of the magnets, splices and 600 A Power 
Converters (PC). It is important to note that all observed 
SEE-induced failures never compromised the safety of the 
machines. Various additional countermeasures are 
planned for the winter shutdown and for the technical 
stops programmed throughout 2012 to reduce the 
radiation-induced failures. The details of the actions are 
given in [9]. 

 
Cryogenics 

The cryogenic equipment also suffered various types of 
failures. Both destructive and non-destructive SEU 
failures affected the PLC (Programmable Logic Counter) 
in Points 1 (UJs), 4 (UX), 6 (UX), and 8 (US). A false 
temperature reading on the current leads triggered 
unnecessary beam dumps in several shielded areas. In 
addition, power supplies failed due to destructive single 
events. The cryogenics group has therefore planned and 
integrated several mitigation actions. The most sensitive 
PLCs were or will be relocated in safer areas in the winter 
shutdown, the weaker power supplies were replaced with 
older models, more resistant to radiation. Patch solutions 
were applied at firmware levels to avoid non-destructive 
single events on the PLC system and on the temperature 
reading circuit which could trigger beam dumps. The 
details of those actions are given in [10].  

 
Collimation equipment 

Abnormal controller reboots, memory corruption and 
power supply failures affected the control equipment of 
the collimation system installed in UJ14, UJ16, and UJ56. 
As a countermeasure, the survey of critical registers will 
be implemented to increase the safety of the collimator 
operations. The failures of the power supply were 
investigated in detail and can be mitigated by applying a 
redundant system. However, this solution is not yet fully 
approved since the delivered monitoring card of the 

redundant power stage was found to be sensitive to 
radiation. Thus, for the 2012 restart no immediate 
mitigations are expected on this equipment which will 
mainly benefit from the shielding at point 1 to reduce 
radiation failures. Further mitigation actions will continue 
to be studied throughout 2012 operation. 

 
Access System 

During 2011 operation, the access doors and iris scan 
systems were blocked in many LHC Points, even at the 
surface. Therefore, in a general manner, replacing all the 
electronics for the access system has been programmed in 
order to change obsolete systems. However, the failure 
analysis showed that the fault cases which happened at 
UJ14 and UJ16 are higher in number and therefore 
expected to be partly related to radiation effects. The 
shielding of the UJ14 and UJ16 areas should reduce the 
number of these events by a factor 2 with the long-term 
relocation scheduled for LS1. It is important to note that 
newly installed system upgrades are not tested for 
radiation environments, thus a detailed failure-analysis 
during 2012 operation remains mandatory. A previously 
proposed mitigation measure to switch off the access 
control hardware during operation was not maintained 
since a possible failure of the equipment due to regular 
powering on and off could not be excluded by the 
equipment owner.  
 
Beam/Power/Warm Interlock System 

The PLC used for the Power Interlock Control (PIC) 
system was affected by the loss of communication with 
the respective remote Input/Output modules in the 
UJ14/UJ16 and UJ56 zones. Since, in view of possible 
SEE induced failures, the infrastructure for the relocation 
of this equipment was already prepared the previous year, 
the equipment owners decided to move its system from 
the critical UJ14/16 areas during a scheduled 2011 
technical stop. No further failures happened after this 
relocation. The relocation of the equipment from UJ56 
and US85 was performed during this winter stop. No 
respective radiation-induced failures are expected in the 
future. The VME-based part is known to be more robust, 
thus its relocation remains foreseen for LS1, with the 
required cabling already prepared during this Winter 
Break in order to allow higher reactivity in case an earlier 
need for relocation manifests itself during 2012 operation. 

 
Power Converters 

During 2011 operation, an auxiliary power supply of 
the 600 A Power Converters (PC) suffered 8 destructive 
events. In addition, the digital filter of the Function 
Generator Controller (FGC) was corrupted in several 
cases and did not ensure correct current measurements. 
These events mainly happened in the UJs of Point 1, RRs 
of Points 1, 5, and 7, and in the UJ and UA of Points 2 
and 8. The affected auxiliary power supply will be tested 
under radiation early this year in order to find the weak 
component(s) and possibly prepare a mitigation action 
already in 2012. For the time being, the main benefit will 

Proceedings of Chamonix 2012 workshop on LHC Performance

167



be the shielding of the UJ14/16 (cumulative radiation 
levels reduced by a factor 2). In addition, the digital filter 
of the FGC has already been improved to avoid 
measurement corruption and neither the radiation failures 
nor the respective observed failure modes are expected in 
the future. In the long-term, both the power stage and the 
FGC of the PCs will be redesigned to be radiation-
tolerant. Moreover, the relocation of the PCs will be 
carried out where it is feasible. 

 
Electrical Distribution equipment 

The Uninterruptible Power Supply (UPS) of the 
electrical network exhibited destructive events in the 
UJ56 and US85 areas. Although the failure analysis was 
inconclusive (dedicated tests could not be performed), the 
probability that these destructive faults were induced by 
radiation is considered as high, due to the observed failure 
mode, the affected locations, and the power components 
involved. On this basis, the UPS was already relocated 
during this winter stop from the UJ56 where the radiation 
levels are expected to increase by a factor 3 in 2012. The 
remaining relocation of the UPS from US85 is foreseen 
for LS1. It is important to note that additional UPS units 
are installed around the LHC in all the REs. As they will 
possibly be replaced by a new type of UPS, it was agreed 
that the power and control part will be qualitatively tested 
for radiation in order to avoid installing a very weak 
system even in areas where the radiation levels are still 
considered to be very low. 
 

FAILURE SUMMARY AND 
2012 OUTLOOK 

 
Table 3 presents a summary of the number of dumps and 
failures for 2011 operation per equipment. The number of 
avoided dumps is also reported to underline the 
effectiveness of the mitigation actions taken throughout 
the year. The estimation of the machine downtime caused 
by the radiation-induced failures is presented in the before 
last column of Table 3. The latter analysis was performed 
by using the data collected on the RADWG website and 
PM database. A manual iteration of the data was required 
to take into account the downtime due to issues not 
related to SEEs which happened before or after the beam 
dump and led to longer downtimes than the radiation-
induced failure itself. Although, the analysis is limited by 
the available details in the respective operation logbooks, 
it gives a fair indication of the operation time-loss due to 
radiation. The downtime for the cryogenics failures 
includes the recovery of the cryogenic temperatures, 
therefore clearly dominating the overall impact. 
 
By knowing the integrated radiation levels in 2011, the 
number of occurred failures per equipment, and the 
expected HEH fluence for 2012, the failures for 2012 
operation can be estimated as shown in Table 4. The 
analysis has been restricted to failures which lead to a 

beam dump. Without any additional mitigation actions, 
about 220 beam dumps would be caused by radiation 
effects. 

 
Table 3: Summary of the SEU failures in 2011. 

 
 
If one considers the improvement of the shielding in the 
UJ14/16, the additional mitigation actions (relocation and 
equipment patches) which have been applied towards the 
end of 2011 and the ones that will be applied in the winter 
shutdown, the total number of beam dumps is expected to 
be reduced to about 30-50. These figures show the 
importance of the winter shut-down operations, and 
suggest that each group must continue their efforts to 
apply new patch solutions during 2012.  
 

Table 4: Expected SEU failures in 2012 with and without the 
mitigation actions. 

Equipment 2012 
#Expected Dumps 

(no additional 
mitigation) 

2012 
#Estimated 

Dumps  
(with mitigation) 

QPS ~70 ~20 
Cryogenics ~80 1-2 

Power Converter ~40 10-20 
Collimation 

Control 
~20 ~5-10 

B/P/WIC ~10 0 
Access - - 
EN/EL ~20 ~1 
Total ~240 ~30-50 

 
As a matter of fact, new failure signatures, which did not 
show up in 2011, might appear in 2012 and must be 
analyzed as they will dominate the failure scenario after 
LS1. It is important that a careful evaluation is performed 
in 2012 to ensure the mitigation measures planned for 
LS1 fully cover the latter failure scenarios. 

CONCLUSIONS 
 
A summary of the radiation levels and induced failures 

for the LHC operation in 2011 have been presented. 
About 70 beam dumps were provoked by radiation effects 
on electronic equipment causing a downtime for the 
machine of about 400 hours. The impact of the radiation 
effects would have been significantly higher without the 
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countermeasures that were already applied in the past 
years. Furthermore, the prompt reaction of the LHC 
equipment groups to design patch solutions for mitigating 
radiation effects enabled the number of failures 
throughout 2011 which could have led to a beam dump to 
be reduced. The detailed failure analysis has permitted the 
UJ14/16 to be identified as the most critical shielded area 
already at an early stage and ensure that additional 
shielding will be installed during this winter shutdown. In 
addition, equipment groups have also programmed the 
implementation of additional mitigation actions during 
the winter technical stop to further improve the robustness 
of their equipment against radiation effects. Thanks to 
these efforts, the expected number of failures which can 
potentially dump the beam in 2012 is expected to be 
around 30-50, although the radiation levels will increase 
by a factor of 3 on average, with respect to 2011, in both 
the tunnel and shielded areas. The monitoring of the 
radiation levels will be a continuous job which aims at 
reducing uncertainty factors, mainly related to the beam 
gas effects and losses in the collimation areas. Dedicated 
beam time during Machine Development (MD) tests is 
required to better understand figures and, thus, increase 
confidence in the predications of the radiation levels in 
the following years. The detailed follow-up and analysis 
of equipment failures remains crucial to ensure a prompt 
reaction to possible new failure signatures which might 
appear in 2012. 
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Abstract 
The interconnections between the LHC main magnets are 
made of soldered joints (splices) of two superconducting 
cables stabilized by a copper bus bar. The measurements 
performed in 2009 in the whole machine, in particular in 
sector 3-4 during the repair after the 2008 accident, 
demonstrated that there is a significant fraction of 
defective copper bus bar joints in the machine.  In this 
paper, the limiting factors for operating the LHC at higher 
energies with defective 13 kA bus bar joints are briefly 
reviewed. The experience gained during the 2011 run, 
including the quench statistics and dedicated quench 
propagation tests impacting on maximum safe energy are 
presented. The impact of the by-pass diode contact 
resistance issue is also addressed. Finally, a proposal for 
running at the highest possible safe energy compatible 
with the pre-defined risk level is presented.  

INTRODUCTION 
The Large Hadron Collider (LHC) at CERN has made 

remarkable progress during the 2011 run, well exceeding 
its ambitious goal for the year in terms of integrated 
luminosity delivered to the LHC experiments. As in 2010, 
the operation with beam energies of 3.5TeV was pursued 
during the whole 2011 run. The first promising results of 
the analysis of the data acquired in 2011 and the first 
precursors to a discovery of the Higgs boson strived for 
further energy increase for the 2012 run.  

The protection of the superconducting circuits of the 
LHC, i.e. magnets, bus-bars and current leads is ensured 
by electronic quench detection systems in combination 
with active protection elements such as quench heater 
discharge power supplies and energy extraction systems 
[1], [2]. The LHC superconducting magnets are well 
protected against the quench induced damage. The 
protection of superconducting bus bars and current leads 
relies on a sufficient cross-section of copper stabiliser, 
allowing the conduction of the current during the energy 
discharge in case of a bus-bar quench. As it is discussed in 
detail in several papers [3], [4], [5], the LHC 
interconnection joints of the main circuit bus bars do not 
have the required quality and are of major concern for 
running the LHC at higher energies.  

The main dipole and quadrupole magnets in each of the 
eight sectors of the LHC are powered in series. Each main 
dipole circuit (RB) includes 154 magnets and 156 bus bar 
segments. The quadrupole circuits (RQ), depending on 
the sector, include either 47 or 51 magnets and 96 or 104 
bus bar segments respectively. Both types of bus bars 
contain a single 15.1x1.5 mm2 Nb-Ti Rutherford cable in 
the centre of the copper bar. The main difference between 
dipole and quadrupole bus bars is the total cross section 
which is 20x16 mm2 for RB circuits and 20x10 mm2 for 

RQ circuits [6]. The 10307 connections between the bus 
bars are soldered by inductive heating using Sn96Ag4 
alloys. During this process the two superconducting 
cables are connected (spliced) with an overlap of 
120 mm. The expected average splice resistance Rspl is 
about 0.3 nΩ at 1.9 K with an acceptance limit of 0.6 nΩ. 
The number of splices in a single bus-bar segment varies 
from 2 to 6 in RB circuits and from 5 up to 32 in RQ 
circuits. 

In a good bus bar interconnection joint [3], the copper 
stabilizer in the joint together with the bus bar stabilizer 
on either side of the joint, should work as a continuous 
electrical shunt to the SC cables. This is achieved when 
the Sn96Ag4 solder fills all voids in and around the splice 
(see Fig. 1). Even if there is a correct splice resistance 
between SC cables, a 13 kA joint can burn-out, should 
there be a quench, due to a bad bonding between the SC 
cable and the copper bus, coinciding with a discontinuity 
in the copper stabilizer. 

 
Figure 1: Schematic view of a 13 kA splice with and 
without good solder filling. 

Significant lack of soldering material can result in both, 
a discontinuity in the copper stabilizer and a lack of SC 
cable bonding to copper. In such a situation, a quench in 
the splice can lead to a fast thermal runaway generated by 
the heating in the SC cable. In addition, the bad thermal 
and electrical contacts between the cable and copper 
stabilizer prevent efficient conduction of heat. In 
defective splices the current will not flow continuously 
through the splice stabilizer, but will be forced to flow in 
the SC cable, which in its normal conducting state 
exhibits significantly higher resistance than copper. 

The proposal for the maximum safe beam energy in 
2012 is given at the end of the paper and is based on the 
following inputs: 

• the status of the copper joints and the SC splices, 
• diminution of the multiple quench events, 
• heat propagation in the quenched magnet towards 

the interconnect, 
• excessive resistance in the by-pass diode leads. 
These topics are discussed in the next sections of this 

paper. 
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STATUS OF THE INTERCONNECTION 
JOINTS RESISTANCES IN THE LHC 

MAIN MAGNET CIRCUITS 
 Status of the copper joints 

The main input to the computation of the probability of 
a splice burnout is the resistance of the copper stabilizer 
joints in the machine. The estimation of the percentage of 
joints with an excess resistance above a critical value for 
given energy relies on a very limited set of 134 direct 
joints measurements (out of 10307 joints) performed in 
the machine in 2009 [7]. Our knowledge of the condition 
of the defective joints comes from a subsample of 23 
joints, exhibiting excess joint resistances above 
20 μOhms. The analysis fits a functional form on the 
distribution of these 23 values and this functional form is 
used to estimate the number of joints exceeding a specific 
threshold, critical for a given maximum safe energy of the 
LHC. This analysis is in practice unchanged since 2009 
[8]. 

 
Status of the SC cable splice resistances 

The new layer of the enhanced magnet Quench 
Protection System (nQPS) consists of 436 electronic 
crates distributed along the LHC tunnel. By means of 
these crates, the resistance of every one of the 2048 main 
magnet bus bar segments is monitored. During the 2009-
2010 LHC commissioning campaign [9] dedicated 
powering cycles, the so-called pyramids, were performed 
on all LHC main magnet circuits. The data sets were 
recorded with the nQPS system during current ramping 
up and down with 10-12 current steps. The current was 
kept constant during 10-20 min for each step. These 
measurements allowed to qualify the bus bars for each 
higher current level, evaluating the superconducting bus 
bar segment resistances with unprecedented resolution, 
better than 1nΩ in challenging signal to noise conditions.  

Since March 2010, when the LHC was successfully 
restarted at 3.5TeV, the bus bar resistances are monitored 
during all long physics fills. The current plateaus are 
automatically detected, the nQPS records the voltage and 
the resistance is calculated. The resistance calculations 
are triggered if the LHC operates about one hour at 
injection level and stays afterwards for more than one 
hour at top energy. The bus-bar segment resistances 
Rsegment are calculated by a linear fit of U(I) curves which 
are constructed from the acquired U(t) and I(t) time series 
taking into account only the plateau points. The current 

data I(t) are provided by the controllers of the LHC power 
converters with an accuracy of about 2 ppm [13]. In total, 
the bus-bar resistances have been calculated from about 
500 ramps of the LHC beam operation in 2010 and 2011. 

An overview of all measured resistances of the LHC 
main magnet bus bars based on two years statistics is 
presented in Fig. 2.  

Since each bus bar segment contains n splices (see 
Table 1) it is not possible to measure the resistance of an 
individual splice. However, an estimation of the 
maximum splice resistance in a segment can be made 
assuming that the excess resistance is localized in one 
splice only, so Rspl,max = Rsegment – (n-1) * Rspl,avg, where 
Rspl,avg is the average splice resistance. The average splice 
resistance Rspl,avg is about 0.30±0.08 nΩ for the RB and 
0.30±0.3 nΩ for the RQ (see Fig. 3).  

 

 

Figure 3: Gaussian fit of the dipole and quadrupole 
splice resistances. 

 

Table 1: The bus bar characteristics of the LHC Main 
Magnet circuits 

Circuit X-section 

[mm2] 

No of 
segments 

Number of splices per 
segment 

RB 20x16 1248 2 - 6 2 (30%) 

3 (65%) 

RQ 20x10 800 5 - 32 8 (91%) 

 
The highest measured splice resistance is 2.70±0.09 nΩ 

for the dipole and 3.30±0.13 nΩ for the quadrupole bus 
bars. The results of the quadrupoles have a larger spread 
due to the higher number of splices per segment. About 
3% of the splices have Rspl,max > Rspl,avg + 3σ. From an 

Figure 2: The maximum splice resistances Rspl,max versus 
tunnel position, where Rspl,max = Rsegment – (n-1)* Rspl,aver. Figure 4: LHC bus bar splice resistances at the end of 

2011 versus the end of 2010. 
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electrical point of view these outliers cause no problem 
for the LHC operation, as their values are still well below 
the maximum allowable resistance of about 20 nΩ at 
13 kA [10]. However, a high splice resistance might 
indicate a mechanical weakness of the joint due to an 
improper soldering process. Deterioration over time 
cannot be excluded, although the two years monitoring of 
the splice resistances from each high current plateau did 
not show any degradation of these splices so far (see Fig. 
4). 

DIMINUTION OF MULTIPLE MAGNET 
QUENCH EVENTS  

One of the most important challenges for the magnet 
quench detection system is to cope with the 
electromagnetic transients and/or the high inductive and 
high resistive voltages caused by a fast power abort 
(FPA), involving switching off the power converter and 
activation of the energy extraction to the dump resistors 
[14]. The vulnerability of the LHC quench detection 
system to withstand the effects of a hostile environment 
and various transient signals produced by circuit elements 
caused a number of multiple magnet quench events in 
2010. An example of a multiple dipole magnet quench 
observed on 11.3.2010 in sector 1-2 is shown in Fig. 5. 

 

 
Figure 5: Example of a multiple dipole magnet quench 
observed on 11.3.2010 in sector 12. 

The electromagnetic transients can cause spurious 
triggers both in the initial and new QPS, resulting in a 
quench of a number of magnets. Initially, the power 
converter was switched off at the same time when the 
energy extraction resistors were switched into the circuit. 
To reduce the transient signals, a modification of the 
resistance in the passive filter at the output of the RB 
power converter was implemented and delays of the 
energy extraction at the even and the odd side of the 
sector were introduced with respect to switching off the 
power converter. At the same time, the snubber capacitors 
were installed in parallel to the switches to reduce the 
electrical arching and related transient voltage waves in 
the circuit (see Fig. 6).  

In Fig. 7 the results of numerical simulations of 
transient voltages appearing during the FPA for three 

different configurations are shown. All three 
configurations were implemented and investigated in the 
machine, namely: 

• Configuration 1: original configuration used 
before March 2011, 

• Configuration 2: featuring a delay between the 
power-converter switching-off and the opening 
of the extraction switches, 

• Configuration 3: featuring a delay between the 
power-converter switching-off and the opening 
of the extraction switches as well as the 
snubber capacitors in parallel to the extraction 
switches and additional resistance in the filter 
at the output of the power-converter.  

QUENCH PROPAGATION TESTS 
For each main dipole and quadrupole magnet, a diode is 

installed in parallel in order to bypass the current during 
the discharge in case of a magnet quench. During several 
technical stops in 2011, the resistances of the diode leads 
for six dipole magnets and for six quadrupole magnets 

Umag (SymQ buffers whole sector except: B16L2, B19L2, B20L2) 

Figure 6: New snubber capacitors installed in RB circuits. 

Figure 7: Example of the numerical simulations of 
transient voltages appearing during FPA. 
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were measured. The results showed non-reproducible 
resistances much larger than expected 5 μΩ (see Table 2). 

 

Table 2: The dipole by-pass diode lead resistances 
measured in the machine. 

 
  
The performance of diodes observed in the machine was 

unexpected, but analysis of the data from the past has 
shown that similar behavior was already present during 
the reception tests of diodes. The recorded signals could 
not be explained by simple Joule heating in the resistive 
bus bars with constant contact resistances. The analysis 
indicates that most of the excess resistance must originate 

at the “diode - heat sink” contact (see Fig. 8). Thanks to 
the diode stack design the heat sink has a significant 
enthalpy margin, and relatively large excess resistances 
between the diode and the heat sink are acceptable, as 
long as there is sufficient thermal contact between these 
elements. In contrary, the bolted contacts of the diode 
leads are critical with respect to the contact resistances 
and must be carefully investigated. For this purpose a 
series of cold tests of well instrumented diode stacks was 
performed in cryogenic condition in SM18 test facility in 
order to give more insight into the behavior of the 
contacts. As a main result, the behaviour of diodes 
observed in the LHC tunnel has been confirmed as a 
typical one and, even if not yet fully explained, it is not 
considered as a critical issue for the LHC operation. The 
observed behaviour seems to be characteristic of the 
diode to heat sink contact at cryogenic condition and for 
intermediate current levels. Further tests are on-going in 
SM18. No massive intervention is planned on the diodes 
during LS1, however local tests and/or inspections are 
possible. 

MAXIMUM BEAM ENERGY FOR 2012 
Update on burnout probability calculations 

The simulations presented during Chamonix’11, 
performed varying the RRR and cooling conditions, in 
order to find the worst-case scenario, i.e. the case that 
gives the lowest thermal runaway current for a given joint 
resistance are in principle still valid. The only new 
parameter, relevant for the burnout calculations is the new 
minimum RRR of the SC cable in the splice area. In 
previous simulations the minimum cable spec value of 
RRR=80 was assumed, confirmed by measurements on 
bare cables. This RRR value is affected by the inductive 
heating applied during the joint soldering process.  The 
values measured on real joints in the FRESCA test facility 
allows an increase of the minimum RRR to 100, which is 
then used as a more realistic input for safe current 
simulations shown in Fig. 9 (solid line “Chamonix 2012). 

 
 

Figure 9: Defective splice burn-out calculations including 
RRR = 100 for SC cable in the splice area. 

Figure 8: The dipole by-pass diode stack and its elements. 
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What has really changed since Chamonix’11? 
In 2011 the number of spurious quenches was radically 

reduced. This was achieved mainly by improvements 
introduced to QPS after and thanks to much better 
simulations and understanding of transient effects in the 
main circuits. In 2011 only 1 single-magnet spurious 
quench (most probably due to SEU) was recorded. The 
number of observed spurious quenches is the most 
important difference between 2010 and 2011 and it 
impacts on both arguments that in Chamonix’11 lead to 
limit the energy to 3.5 TeV. The best proof of significant 
improvement with respect to the spurious quenching was 
the event of August 18th when a total power cut at LHC 
was experienced at the most critical for magnet circuit 
moment close to the top energy (see Fig. 10). No single 

magnet tripped. If such an event had occurred one year 
earlier, we would have experienced massive QPS trips 
around the ring. 

 
Maximum safe beam energy 

During the Chamonix’11 we were at the “edge” 
regarding the decision about the 4 TeV/beam operations 
with 52 s energy extraction time constant. The decision to 
not operate LHC at 4 TeV/beam was difficult, in 
particular because no showstoppers from equipment point 
of view were identified. 

Main arguments against 4 TeV were:  
• number of spurious quenches observed over 2010, 

in particular several events involving large number 
of dipoles, 

• no experience with quench sensitivity to beam 
losses for beams with high energies (of the order of 
100 MJ), 

• very small margin for nQPS (symmetric quench 
detectors) at 4 TeV with τ = 52 s. In case of 
simultaneous quench of 15 dipoles the nQPS 
symmetric quench detectors are saturating and are 
blind. 

  In 2011 the number of spurious quenches was radically 
reduced. No single beam induced quench was observed 

and during the whole year of operation only 1 high 
current, single magnet spurious quench with beams was 
experienced, most probably due to the SEU. This was 
achieved mainly thanks to the snubber capacitors 
installation and improvements introduced to the power 
converters and energy extraction delays  

  The risk factor is the product of probability and 
impact. The probability of a splice burnout at 4 TeV/beam 
in 2012 is for sure not higher than the probability which 
had been estimated in 2011 for 3.5 TeV/beam, but it is 
important to remember that the number of spurious 
quenches must be kept low. In particular, the events 
involving a large number of quenching dipoles must be 
avoided. 

 
Re-commissioning of the protection systems 

The re-commissioning campaign will profit from the 
experience gained so far. Additional tests will be required 
during the powering tests in order to qualify some newly 
installed upgrades of the quench detection and energy 
extraction systems, as well as qualification of all magnet 
circuits to the 4 TeV top energy level. 

 

SUMMARY  
 
There is some new information and measurements that 
were performed in 2011: 
• during  LHC operation in 2011 it was demonstrated 

that the risk for multiple dipole quenches due to 
electromagnetic coupling is greatly reduced by the 
installation of snubber capacitors, modification of the 
power converter passive filters, and modifications of 
the energy extraction, 

• the parameter, crucial for the burnout calculations, 
which is the minimum RRR of the SC cable in the 
splice area, is higher than originally anticipated. In 
previous simulations the minimum cable spec value 
of RRR=80 was assumed, whereas due to the 
inductive heating applied during the joint soldering 
process the RRR is increased to about 100. 

In addition:  
• the assumption that all measured copper joint excess 

resistance is concentrated at a single splice on its one 
side is considered as very pessimistic, 

• the measured anomalous resistances of the diode 
leads has been localized near the heat sinks and due 
to the heat sink heat enthalpy margin are not critical, 

• there was not a single beam induced quench with 
circulating beams in 2011, 
Operational experience with beams exceeding 

100 MJ demonstrated that the BLM thresholds are 
efficient to dump the beams before the beam losses 
exceed the quench level. In particular, the total power cut 
on 18 August 2011 on the ramp near maximum magnet 
current with high beam intensity, did not result in a single 
quench. This confirms that the systems are working very 
well, the beams are dumped in time without risking 

Figure 10: An ultimate test of the magnet QPS 
vulnerability to transient effects experienced during a 
total power cut at LHC on August 18, 2011. 

Proceedings of Chamonix 2012 workshop on LHC Performance

174



quenching the magnets and that electromagnetic coupling 
is no longer a serious concern.  

The risk factor is the product of probability and 
impact. The probability of a splice burnout at 4 TeV/beam 
in 2012 is not higher than the probability which had been 
estimated in 2011 for 3.5 TeV/beam. With the 
improvements made in 2009 (installing additional small 
Helium release valves in all sectors, and larger valves in 
more than half the LHC) the impact of any splice damage 
would now also be lower than in 2008 by about a factor 
of two [11] and also by another factor of two due to 
reduction of the decay time constants during the energy 
extraction. 
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OPTICS OPTIONS FOR THE 2012 PROTON RUN 

M. Giovannozzi, CERN, Geneva, Switzerland 

Abstract 
The experience from the past LHC proton run has 

provided plenty of information and can be used to define 
possible scenarios for the 2012 physics run. The key 
parameters such as β* and crossing angle will be 
reviewed assuming a 4 TeV beam energy and considering 
options for 25 ns and 50 ns. Possible scenarios for the 
high-beta optics configuration during the 2012 run will be 
presented. 

INTRODUCTION 
The analysis presented in this paper is based on a 

number of results obtained during the 2011 run, either 
based on the analysis of the LHC performance during the 
physics run [1,2] or of dedicated MDs performed to probe 
specific phenomena, such as beam-beam and impedance 
effects [3-7]. The definition of optics configurations 
requires criteria to determine the minimum β* compatible 
with aperture, the collimators settings, and the required 
beam-beam separation. The key parameters used 
throughout this paper are:  

• Energy: the beam energy at collision has been 
assumed to be 4 TeV.  

• Transverse emittance: it is assumed, based on the 
measured performance during the 2011 proton 
physics run, that at top energy an emittance of 
γε=2.5 μm is realistic in case of 50 ns bunch spacing. 
On the other hand, an emittance of γε=3.5 μm is 
realistic in case of 25 ns. 

• Beam-beam separation: it is assumed that the 
required separation should be 9.3 σ for the case of 
50 ns bunch spacing, while is should be around 12 σ 
for 25 ns bunch spacing [2-4]. 

• Collimator settings: the details of the possible 
configurations of the collimator system for the 2012 
physics run can be found in Refs. [1, 8]. The 
alternatives are between relaxed or tight settings. 
Furthermore, it has been recently shown that 
tolerances might be added in quadrature as they are 
due to uncorrelated effects. This, in turns, generates 
two additional sub-cases. 

• Impedance effects: according to the results presented 
in Refs. [5-7], strong octupoles will be needed to 
counteract impedance effects. For this reason, 
hardware commissioning of the Landau octupoles up 
to the nominal current of 550 A has been requested.  

In the next section a recap of the optics configurations 
in 2011 is presented. In the other sections the proposed 
options for the 2012 proton run will be discussed in 
details, including the performance reach and some special 
configurations required by the experiments for CMS and 
LHCb, as well as high-beta optics for forward physics9.  

RECAP OF 2011 BEAM OPTICS 
CONFIGURATIONS 

Injection 
The list of β*, half crossing angle, and half parallel 

separation is reported in Table 1. 
 

Table 1: Main optical parameters at injection used during 
the 2011 physics run. The crossing angles and the parallel 
separations are half values and only the absolute value is 
quoted here. For the case of Alice and LHCb the external 
angles are reported in this table.  

 ATLAS Alice CMS LHCb 

β* (m) 11 10 11 10 

Crossing angle (μrad) 170 170 170 170 

Parallel separation (mm) 2 2 2 2 

 
These values are similar to those quoted in the LHC 

Design Report [9] and are those listed in an earlier 
document concerning the physics run parameters for 2010 
[10]. It is worth noting here that these values are 
compatible for both 50 ns and 25 ns bunch spacing.  

Top energy 
The 2011 physics run was performed at 3.5 TeV/beam. 

The beam parameters for the second part of the proton run 
are reported in Table 2. 

 

Table 2: Main optical parameters at top energy used for 
the second part of the 2011 proton physics run. The 
crossing angles and the parallel separations are half 
values and only the absolute value is quoted here. For the 
case of Alice and LHCb the external angles are reported 
in this table.  

 ATLAS Alice CMS LHCb 

β* (m) 1 10 1 3 

Crossing angle (μrad) 120 80 120 250 

Parallel separation (mm) 0.7 0.7 0.7 0.7 

 
It is worth recalling here that these parameters were put 

in operation after carefully measuring the available 
aperture in IR1 and 5 [11] and this required a re-
commissioning of the last part of the squeeze [12]. 
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2012 OPTICS OPTIONS: INJECTION 
For efficiency reasons no changes will be made to the 

optics settings at injection for the 2012 run. This would 
enable maximising the physics time by reducing, as much 
as possible, the re-commissioning time. Few changes, 
however, could have been implemented, which could 
have provided some improvements of the running 
conditions.  

Collision tunes at injection 
The successful test of collision tunes applied since 

beam injection [13] has shown that this approach could 
bring and advantage in terms of beam lifetime (see 
Fig. 1).  

Figure 1: Tune evolution (top) and beam lifetime (bottom) 
at injection energy from Ref. [13]. The improvement in 
beam lifetime is clearly seen. 

The lifetime appears to increase when the tunes are 
moved towards the collision values. This could have also 
shortened the time required to prepare beams for 
collisions at top energy, thus improving the overall 
efficiency by maximising the time for physics.  

Lower β* in ATLAS and CMS 
Injecting the beams using a smaller value of β* for 

ATLAS and CMS would have been an advantage in terms 
of time required to perform the complete squeeze. The 
new value of β* should have been determined on the 
basis of aperture considerations, but a reduction by a 
couple of metres seems to be feasible.  

The squeeze time is clearly foreseen to increase in 2012 
due to the reduced value of β* proposed for the run and 
any speed up of the various beam processes would be 
beneficial for the total time spent in physics. It is also 
clear, that such a change would have been particularly 
useful if coupled with the proposed combined ramp and 
squeeze [14]. Indeed, the lower-than-nominal energy 
makes it hardly possible to perform the whole squeeze 
during the ramp. Therefore, starting from a lower value of 
β at the interaction point would have made more effective 
the proposed manipulation during the ramp. This proposal 
will be certainly considered for future runs.  

New optics for IR6 
Recently, a proposal for a new optics in IR6 has been 

made [15]. The aim is to improve the phase advance 
between the dump kicker and the TCSG. This 
configuration would have an impact on the collimators’ 
settings, either in the sense of allowing a lower β* or by 
providing more operational margin for the currently 
proposed value of β*. While some aspects require still 
further investigations [16], it is clear that efforts in this 
direction will be useful in the future.  

2012 OPTICS OPTIONS: TOP ENERGY 
The proposed configurations for top energy envisage a 

half parallel separation of 0.65 mm, which is obtained by 
rescaling the 2011 value with √γ. 

The crossing angles and the values of β* are then 
derived from other considerations. Two sets of parameters 
can be obtained, depending on the bunch spacing. In 
Table 3 the parameters for 50 ns as well as 25 ns are 
reported.  

These parameters’ sets have been already presented and 
discussed in [17, 18] following the discussion at the Evian 
2011 Workshop. A sizeable reduction in β* is indeed 
possible, thus allowing to boost the 2011 performance. 
The various scenarios can be used to derive the 
performance reach expected for 2012, which is 
summarised in Table 4. For simplicity, only the high-
luminosity experiments are reported. The beam 
parameters have been assumed based on the 2011 
performance for the 50 ns case (transverse emittance, 
bunch intensity, and bunch length). For the 25 ns case, the 
latest results of the MDs in the SPS have been taken into 
account. It is also worth stressing that, in spite that 
impedance-related effects might produce an increase in 
the bunch length for the 25 ns case, this fact as not been 
taken into account in the numerical estimates reported in 
Table 4. Such an effect will reduce even further the peak 
luminosity, thus making even less interesting the 25 ns 
case (a detailed discussion of the pros and cons of the 50 
vs. the 25 ns case can be found in Ref. [19]).  

Apart from the striking performance of the 50 ns 
configurations, which is due to the excellent performance 
of the injectors’ chain and of the LHC machine, the high 
pile-up is also clearly seen, even if this does not seem to 
be a source of performance limitation for the experiments. 
It is also worth stressing the impact of the crossing angle 
on the value of the peak luminosity: the reduction of the 
geometric factor is rather sizeable and the benefit for a β* 
reduction below 0.70 m in terms of increase of peak 
luminosity should be carefully considered against the 
pushed situation in terms of aperture requirements, 
collimation settings, and impedance effects. These aspects 
will need to be considered when defining the 
commissioning strategy for 2012.  

It is also clear that there is much more to define and to 
study than proposing a β* value. The additional points 
will be considered in the next section.  
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Table 3: Main optical parameters at top energy proposed for the 2012 proton physics run and the case of 50 ns and 25 ns 
bunch spacing. The crossing angles and the parallel separations are half values and only the absolute value is quoted 
here. For the case of Alice and LHCb the external angles are reported in this table. In all the cases the half parallel 
separation is 0.65 mm.  

Bunch spacing Collimators 
settings 

Key assumption  ATLAS Alice CMS LHCb 

50 ns 

Tight 

Quadratic sum of tolerances 
β* (m) 0.60 3 0.60 3 

Crossing angle (μrad) 145 90 145 230-250 

Linear sum of tolerances 
β* (m) 0.70 3 0.70 3 

Crossing angle (μrad) 134 90 134 230-250 

Relaxed 
 β* (m) 0.90 3 0.90 3 

Crossing angle (μrad) 118 90 118 230-250 

25 ns 

Tight 

Quadratic sum of tolerances 
β* (m) 0.80 3 0.80 3 

Crossing angle (μrad) 192 90 192 230-250 

Linear sum of tolerances 
β* (m) 0.90 3 0.90 3 

Crossing angle (μrad) 181 90 181 230-250 

Relaxed 
 β* (m) 1.10 3 1.10 3 

Crossing angle (μrad) 163 90 163 230-250 

 

SOME CONSIDERATIONS OF THE 
SQUEEZE AT 4 TEV 

A number of points should be considered for assessing 
the feasibility of a squeeze sequence. 

Optics files 
The optics database under afs is already available for 

generating the settings required for the 2012 physics run. 
Already in 2011 the squeeze sequence for IR1 and 5 has 
been optimised to reduce the beta-beating observed for 
Beam 2 around 1 m [20]. These improved optics solutions 
have been already in operation in the second part of the 
2011 physics run. It is worth noting that below 1 m β*, 
matched optics are available in steps of β* of 10 cm. It is 
also worthwhile mentioning that the squeeze sequence for 
IR2 has been polished in 2011 [21]. During the ion run 
period it was decided not to use such an improved 
configuration, but it might be useful to review the 
situation in 2012 and verify whether the optimised 
sequence should be implemented in operation.  

Magnets and power converters 
One of the features of the IR1/5 squeeze sequence is 

that some of the magnets are decreasing their strength 
when β* is reduced. This has two main potential 
drawbacks: i) the power converter might be forced to 
operate in a regime in which its performance is not 
optimal; ii) the decrease in strength brings the magnet on 
the other side of the hysteresis curve, thus introducing 

magnetic errors unless special care is paid. In Fig. 2 the 
evolution of the current in the independently powered 
quadrupoles as a function of β* is shown.  

 

Figure 2: Evolution of the current of the independently 
powered quadrupoles in IR1 for Beam 1. The decrease of 
the current for some quadrupoles is clearly visible as well 
as the very low value achieved by the Q6 magnet. 

The sudden jump that occurs for β*=11 m is due to the 
fact that the optics is kept constant between injection and 
the arrival at flat top. Then, the reduction of current for 
some quadrupoles is clearly seen and Q6 reaches the 
lowest value at the end of the squeeze sequence. Of 
course, this potential issue would be mitigated by running 
at higher energy. For the proposed squeeze sequence the 
current can be as low as 239 A for Beam 2, corresponding 
to about 4 % of the maximum current rating of the power  
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Table 4: Summary of performance reach for the high-luminosity experiments in 2012, based on the parameters reported 
in Table 3. The number of events/crossing has been evaluated assuming a total cross section of 76 mbarn, 

Parameter Unit 50 ns 25 ns 

β* m 0.90 0.70 0.60 1.10 0.90 0.80 

Crossing angle  μrad 118 134 145 163 181 192 

Total nuber of bunches  1380 2760 

Bunch intensity 1011 1.50 1.15 

γ ε  μm 2.50 3.50 

Protons per beam 1014 2.1 3.2 

Current per beam mA 372.4 571.1 

Stored energy per beam MJ 132.7 203.5 

RMS bunch length cm 9.40 9.40 

Beam size mm 0.023 0.020 0.019 0.030 0.027 0.026 

Geometric factor  0.901 0.849 0.809 0.891 0.848 0.818 

Number of colliding pairs  1331 2662 

Luminosity (1033) cm-2 s-1 4.6 5.5 6.2 3.1 3.6 3.9 

Events per crossing  23.2 28.2 31.3 7.9 9.2 10.0 

 
converter. The risk is that the performance of the power 
converter is degraded, in particular the ripple stability. 
Tests were performed [22], indicating that indeed the 
device is performing well and the ripple is not worse than 
at higher current, as it can be seen in Fig. 3, where the 
power converter performance as FFT of its output is 
shown for high current (top) as well as low current 
(bottom). No sizeable difference can be seen. 

More detailed tests will be performed during the 
forthcoming hardware commissioning period, but these 
results are certainly encouraging.  

The issue with the wrong branch of the hysteresis curve 
has been considered already long ago in the framework of 
the activities of the FiDeL Working Group [23]. At that 
time the analysis showed that the impact of the transfer 
function error due to the magnet being controlled using 
the wrong branch of the hysteresis curve was negligible. 
Nevertheless, it was decided to implement in LSA a 
mechanism to take into account the sign of the current 
derivative to compute the settings [24]. Unfortunately, 
this was shown to generate steps in the current functions 
and hence it was removed. Such a mechanism could be 
replaced by a deterministic knob to be applied at the end 
of the squeeze sequence to compensate for the wrong 
settings. It is worth noting that the analysis made was 
based on a slightly different squeeze sequence and it is 
therefore planned to check once more the situation in 
terms of beta-beating and the need to implement a 
correction using the up-to-date squeeze.  

Non-linear correctors in the triplets 
As it was stated in the past and then re-checked recently 

 

 

Figure 3: FFT of power convert output at 2000 A (top) 
and 200 A (bottom). No relevant difference can be found. 

[25], the non-linear correctors in the triplets should not be 
used unless β* is lower than 1 m. In principle, the 
collimators’ settings are such that there should be no 
particles at relatively large amplitude such that they can 
experience the non-linear fields generated by triplet 
quadrupoles. For these reasons, and also taking into 
account the difficulties in controlling the temperature of 
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the higher-order correctors, it has been decided to ask for 
a complete hardware commissioning of the normal 
sextupolar correctors only, as it was done for the 2011 
run. Octupolar correctors should be tested such that they 
could be used during dedicated machine experiments. It is 
also worth recalling that during recent aperture 
measurements parasitic data-taking was performed to 
collect information concerning the tune and coupling 
variation as a function of the various bumps used for 
probing the location of the cold aperture (see Refs. [26, 
27] for more details). The data analysis is in progress, but 
these data might give some insight on the actual 
triplets’field quality and the need for correction. 

Chromatic beta-beating 
Another aspect that should not be neglected is the 

chromatic beta-beating that is generated by the squeezed 
insertions and degrades inversely proportional with the 
value of β*. In Fig. 4 a plot of the beta-beating for off-
momentum particles is reported. In the upper part of the 
plot the chromatic beta-beating is shown for both the 
horizontal and the vertical planes. The situation 
corresponding to the 2011 proton physics run is compared 
with the proposed one for 2012. The increase in 
chromatic beta-beating is clearly visible and it 
corresponds to about a factor of two with respect to the 
2011 configuration. 

Even if the optical conditions for the ion run in 2012 
are not covered by this paper (see Ref. [28] for more 
details), it is interesting to see the impact of a third 
insertion squeezed to β* = 0.6 m. Indeed, in Fig. 4 
(bottom) IR1, 2, and 5 are all squeezed to the minimum 
value and once more the degradation with respect to 2011 
running conditions is approximately a factor of two.  

The chromatic beta-beating could affect the 
performance of the collimation system, which relies on 
phase advance relationships and these are different 
between the on-momentum and off-momentum particles. 
In Refs. [29, 30] a detailed analysis of these chromatic 
effects was performed and the conclusion was that no 
particular issue was to be expected. Still, it is important to 
highlight that this year the optical conditions will be 
really demanding and a completely new regime will be 
explored.  

SPECIAL CONFIGURATIONS FOR CMS 
AND LHCB 

In addition to the overall optical configuration that will 
be changed with respect to the one used in 2011, there 
will be a couple of details that might be changed also in 
the way beams are brought in collision in IR5 and 8. 

Vertical IP shift for CMS 
Recently it has been announced that the CMS PIXEL 

detector has been found misaligned with respect to the 
nominal position as well as the centre of the experimental 
vacuum pipe. Assuming that the reference system used at 
the IP coincides with the one that is used to express the 

position of the LHC magnets, then the inner tracker is 
displaced by -4 mm in the vertical plane (and also by 
-2.5 mm in the horizontal plane), while the experimental 
vacuum pipe is displaced by about -2 mm in the same 
plane [30]. The first displacement might have a negative 
impact on the data-taking and a request was made 
whether the IP could be moved in the vertical plane to 
compensate for about half of the observed hardware off-
set. A preliminary analysis was presented in Ref. [30], 
while a complete solution was given in [31] and then 
presented in [32]. In Fig. 5 the proposed bumps are shown 
(top) together with the aperture in triplets as a function of 
the vertical IP shift (bottom).  

 

 

 

Figure 4: Off-momentum beta-beating for Beam 1 (top) 
for proton physics configuration, and for the ions physics 
configuration (bottom). In both cases the origin of the 
horizontal axis is IP1. In the bottom plot the effect of the 
squeezed IR2 is clearly visible. 

The strength of the dipole correctors used to generate 
the special bumps does not exceed 63 % of the available 
strength at 4 TeV and it is fully acceptable. 

Of course, the available triplets’ aperture is reduced 
from 10.4 σ to 9.8 σ whenever the IP shift is applied 
(detailed computations to evaluate the aperture loss in 
case of luminosity scans should be carried out). In the 
lower part of Fig. 5 it is clearly seen that up to -1.2 mm of 
vertical IP shift the limitation is still in the crossing plane 
and therefore, the triplets’ aperture remains constant. 
Then, if the IP shift is further increased, the aperture starts 
to decrease as the limitation flips to the separation plane.  
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Figure 5: Proposed vertical bumps to shift the IP position 
(top). The standard separation bumps are also shown for 
reference. The available triplets’ aperture vs. vertical IP 
shift (bottom) shows a change in its behaviour, as the 
limiting plane flips from the crossing to the separation 
one.  

It is worth mentioning that the reduced aperture in the 
triplets could be accounted for by re-adjusting the 
position of the vertical TCTs without affecting the β* 
reach. Of course, such a proposal should be approved by 
the competent machine protection bodies before being put 
in operation. 

Additional vertical crossing angle for LHCb 
Since quite some time, the crossing scheme for IR8 was 

studied in order to propose alternative solutions to the 
current horizontal crossing [34]. Recently, this topic has 
been raised once more in view of providing a crossing 
scheme for which the net crossing angle, i.e., the sum of 
the spectrometer angle and the external angle, does not 
depend on the polarity of the spectrometer magnet. In this 
respect a vertical crossing angle would be the best 
solution, but is not compatible with the orientation of the 
beam screens in the triplet magnets. Therefore, while it 
seems hard to propose an alternative scheme to the 
nominal one at injection energy, it seems possible to 
improve the situation at top energy where the aperture is 
larger [35]. The idea would be add a vertical crossing 
angle of 90 μrad that should provide enough beam-beam 
separation (this is the same situation as in IR2). 

Therefore, the key point is the definition of the 
operational procedure that should bring from separated 
beams in the vertical plane and a crossing angle in the 
horizontal one to colliding beams with a crossing angle in 
the vertical plane. In addition, it is worth emphasising that 
the procedure should envisage a strategy to perform the 
luminosity levelling that is essential for the LHCb data-
taking. The situation is being reviewed and the procedure 
will be defined shortly.  

2012 OPTICS OPTIONS: HIGH-BETA 
After the very successful commissioning of the 

high-beta optics [36] during the MD periods in 2011 [37] 
and a successful data-taking period for TOTEM, the 
performance reach in 2012 becomes a key point. Indeed, 
this question is not only relevant for defining the 
conditions of the 2012 physics run, but also to gather 
enough information in view of taking decisions for the 
hardware activities during LS1. In fact, one should recall 
that the so-called three-lead powering scheme for the 
independently powered quadrupoles introduces strong 
coupling between the two beams. Not all possible 
combinations of gradients for the two beams can be 
achieved. In order to overcome this difficulty it was 
proposed to add cables to some pre-defined quadrupoles. 
The exact details of these hardware changes should be 
determined via theoretical analysis of the matching 
flexibility, but also via dedicated beam measurements. For 
this reason a detailed list of MD studies has been 
submitted [38] in order to clarify the situation by mid-
2012 in view of defining the in advance activities for LS1. 

As far as possible optics configurations for the 2012 
physics run are concerned, in addition to the “classical” 
90 m β* solution, it seems feasible to reach values of 
400-500 m with the current hardware and with typical 
beam parameters, i.e., few bunches of 3×1010 p each and a 
transverse emittance γε of about 2 μm. The matched 
optics for the un-squeeze sequence are being studied and 
prepared for settings generation in the coming weeks. 

CONCLUSIONS 
During the 2012 LHC physics run the machine 

performance will be pushed, aiming at very low β* 
values, comparable with the nominal ones [9] even if the 
energy will be only 57 % of the nominal one. A review of 
the possible optical configurations at hand has been made 
together with a discussion of the potential issues that 
might be encountered during the beam commissioning.  

Some hardware issues (hysteresis effect and power 
converter performance) that are linked with the squeeze to 
very low β* and at reduced energy, can be anticipated not 
to be show stoppers. On the other hand a number of beam 
physics issues might not be at all excluded. As far as 
single-particle effects are concerned, the optics 
performance, such as the correction of beta-beating, is 
assumed to be as good as in the previous year, but only 
beam will tell whether this assumption is realistic. Other 
effects might become more and more relevant, such as the 
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longitudinal displacement of the triplet quadrupoles, for 
which a solution is known, but also chromatic effects, for 
which a proper solution is known only if the nominal 
optics is changed to the proposed ATS for HL-LHC as 
discussed in Ref. [39]. As far as the collective effects are 
concerned, clearly beam-beam and instabilities will 
become harder to control. Last but not least, the impact of 
the strong octupoles required to stabilise the beams in the 
presence to the tight collimators’ settings on the overall 
beam dynamics will need to be assessed carefully during 
the beam commissioning period.  
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Abstract

Collimator settings and performance are key parameters
for deciding the reach in intensity and β∗. In order to con-
clude on possible limits for the 2012 run, a summary is
first given of the relevant running experience in 2011 and
the collimation-related MDs. These include among others
tight collimator settings, a quench test, and aperture mea-
surements. Based on the 2011 experience, we conclude on
possible running scenarios for 2012 in terms of collima-
tor settings, intensity and β∗from the collimation point of
view.

INTRODUCTION

This article discusses some highlights from 2011 related
to collimation and machine performance and uses these
points as input for the 2012 run. Only performance lim-
its related to collimation are discussed.

The LHC collimation system [1, 2, 3, 4] is based on a
multi-stage cleaning hierarchy, where the different collima-
tor families have to be ordered strictly with different dis-
tances to the beam for optimal cleaning performance and
machine protection [1]. Closest to the beam, in the IR7 be-
tatron cleaning insertion, are primary collimators (TCP),
followed by secondary collimators (TCS7), both robust
and made of graphite. Further out are tungsten absorbers
(TCLA). In IR6, at the beam extraction, are special dump
protection collimators (TCS6 and TCDQ). They should be
outside the TCS7, since it is not desirable to have the losses
from the tertiary halo in the IR6 dispersion suppressor - the
leakage rate from the collimators to the cold magnets in
IR7, where the TCLAs are present, is much lower. Further-
more, in the experimental IRs, tertiary collimators (TCTs)
made of tungsten are installed in order to provide local pro-
tection of the triplets. The TCTs are not robust and should
be positioned outside the dump protection in IR6 in order
to avoid the risk of being hit and damaged in the case of a
dump failure [1].

LHC collimation is directly related to the performance
and luminosity of the LHC in several ways. The instanta-
neous luminosity for round beams can be written as [5]

L =
N1N2frevkB
4πβ∗εxy

× F, (1)

where Ni is the intensity in beam i, frev the revolution fre-
quency, kB the number of bunches per beam, β∗the optical
β-function in the collision point, εxy the geometrical emit-
tance and F the geometric reduction factor.

∗ roderik.bruce@cern.ch

As can be seen in Eq. (1), the luminosity is inversely pro-
portional to β∗, meaning that it is desirable to operate with
β∗ as low as possible. However, when β∗ is decreased, the
beam size increases in the inner triplets, so that the mar-
gin to the aperture there decreases. In a squeezed optics,
the triplets are the limiting aperture bottleneck of the ring,
which must always be protected by the LHC collimation
system. Otherwise, quenches induced by high beam losses
or, in the unlikely case of an asynchronous dump, even
damage to the triplets could occur. Therefore, β∗should
be as low as possible without compromising machine pro-
tection.

Margins are needed between the different collimator
families in order for the collimation hierarchy to be re-
spected, also when there are machine drifts such as β-beat
and orbit variations. These margins can be calculated using
the models outlined previously [6, 7, 8] as a function of the
observed machine stability. Thus, starting from the setting
of the TCP, and adding the necessary margin to each family,
the required setting of the TCTs can be calculated and, by
calculating the necessary margin between TCT and aper-
ture according to the same principles, the minimum aper-
ture that can be protected is defined [6, 7, 8]. By compar-
ing with the required aperture in different configurations of
β∗and crossing angle, the minimum β∗can be calculated.

The collimation performance has also a direct influence
on the intensities Ni in Eq. (1). If both N1 and N2 in Eq. (1)
can be increased by a certain factor a, the luminosity in-
creases by a2. The maximum allowed intensity Nmax that
can be stored per beam is limited by [9, 10, 11]

Nmax = τmin ×Rmax, (2)

where τmin is the minimum beam lifetime and Rmax is
the maximum tolerable loss rate on the primary collimators
without the leakage out of the cleaning insertion causing a
quench. The smaller the cleaning inefficiency (the leak-
age ratio of particles out of the collimation system and into
the the cold magnets), the larger Rmax can be achieved.
Furthermore, the intensity is also limited by the impedance
from the collimators, which might cause fast losses and in-
stabilities [12].

HIGHLIGHTS IN 2011

Tight collimator settings
One way of decreasing the limit on the aperture that can

be protected is to move all collimators closer to the beam.
This was tested in several MDs in 2011. In May, an MD
was performed where the collimators were set to the nom-
inal 7 TeV settings in mm, keeping the centres from the
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Figure 1: Losses with tight settings in the cleaning insertion
IR7, for the two planes in beam 1, in collimators and cold
and warm elements during the crossing of the third order
resonance, from MDs in May (top) and November 2011
(bottom). An excellent long-term stability of the cleaning
hierarchy with tight settings was observed.

setup in March, followed by loss maps [13]. It was then
found that, for the nominal settings, the hierarchy was vio-
lated in Beam 1. The smallest retraction between TCP and
TCS7 without a hierarchy violation was empirically found
to be 2 σ. Consequently, what is called tight collimator set-
tings were defined as having the TCPs at 4 σ, TCS7 at 6 σ
and the TCLAs at 8 σ at 3.5 TeV. Thus, the gain in aperture
comes both from the TCP being closer to the beam and a
smaller margin between TCP in TCS7.

Later in the year, these tight settings were re-qualified
in MDs in September [14] and in November [15] and an
excellent reproducibility in terms of hierarchy and clean-
ing efficiency was found. As an example, we show in
Fig. 1 the loss maps in IR7 for horizontal losses in beam 1
both in May and November 2011. Both loss maps show
a preserved hierarchy with no degradation over time, de-
spite the fact that no intermediate collimator alignment
was performed. We can thus expect the tight settings to
be stable over longer time scales. A significant reduction
of the cleaning inefficiency by a factor 3.3–10 was also
found, compared to the relaxed settings, which according
to Eq. (2) can be used to gain in intensity reach.

These MDs were carried out with only 1–2 bunches,
while an end-of-fill study was done with higher intensity
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Figure 2: The intensity in both beams as a function of time
during the squeeze in the MD with tight settings in Novem-
ber 2011 [15]. About 5% of beam 1 is lost when beam is
scraped off at the primary collimators due to orbit oscilla-
tions.

in August 2011 [16]. This study showed promising results
but had to be aborted pre-maturely due to an interlock in
IR6. Further studies with 84 bunches were done on Au-
gust 29 [17, 12]. At the end of the squeeze to β∗ = 1 m,
high beam losses were observed. In an analysis by the
impedance team [12] it was concluded that the likely cause
was a combination of beam-beam and impedance effects,
and that such events could likely be avoided in the future
by raising the octupole currents to 450 A, a well-controlled
chromaticity close to zero or even negative, and by not re-
ducing the beam-beam separation below what was used in
the 2011 run.

Another problem was also observed with the tight col-
limator settings, which was most clearly seen in the MD
in November [15]. During the ramp and squeeze, the orbit
was drifting, which caused a significant amount of beam to
be scraped off by the TCPs—the worst case showed a 5%
loss of the total intensity during the squeeze as can be seen
in Fig. 2. This is not acceptable for physics operation but
a solution for improved orbit correction, developed by the
operation team, is underway at the time of writing [18].

To conclude, some detrimental effects were observed
with tight collimator settings but the problems are under-
stood and solutions underway. The tight settings provide
room to squeeze β∗to smaller values and a better clean-
ing efficiency, which allows higher intensities to be stored
safely, while maintaining full protection of the machine.
Furthermore, tight settings provide valuable experience for
future 7 TeV operation—in fact, the tight settings (in mm)
can be considered as relaxed settings at 7 TeV, since the
TCP is at its nominal position while the other collimators
are further retracted.

Other important results

Several other aspects of the 2011 operation should be
mentioned in the context of collimation-related perfor-
mance issues. Aperture measurements were performed by
the aperture team both at injection energy [19] and top
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energy [20, 21]. The results show evidence of a well-
aligned machine with smaller errors than foreseen during
the design phase. The top-energy aperture measurements,
which show a triplet aperture close to the mechanical de-
sign value, were used to refine the experimental basis of
the calculation models for the reach in β∗ [22] and allowed
β∗to be reduced to 1 m keeping the relaxed collimator set-
tings. The results of all the aperture measurements in 2011
are summarized in Ref. [23].

Another important MD in 2011 was the quench test [24].
A very high loss rate of 9×1011 p/s was achieved by cross-
ing the third order resonance using a beam consisting of
12 bunches. This corresponds to 0.5 MW of beam power
impacting on the primary collimators but with no quench
observed. This result can be directly used in Eq. (2).
Through a scaling of the measured BLM signals at the TCP
and at the highest cold loss location, the achieved beam loss
power was estimated to 335 W in the Q8.

It should be noted that the achieved loss rate of 0.5 MW
equals the specified design loss at 7 TeV that the collima-
tion system should be able to handle (a 12 minute beam
lifetime and an intensity of 3.2 × 1014). Since no quench
was observed, the quench test only establishes a lower limit
on the loss rate. However, at 3.5 TeV the quench limit of
the magnets are also significantly higher than at 7 TeV due
to the lower current and field.

The orbit stability in 2011 has also been analyzed in or-
der to assess the necessary margins between the collimator
families [8, 25]. It was shown that a 1.1 σ retraction is
needed both between IR6 and the TCTs, and between the
TCTs and the triplet aperture, to account for 99% of all ob-
served orbit movements. This is an improvement by 0.5 σ
in the IRs compared to 2010. We note that IR1 was found
to have better orbit stability than IR5; the cause of this is
not well understood. The analysis was also complicated by
the fact that one BPM in IR5 was excluded since it had an
error flag and showed an unrealistic orbit.

Other margins, not related to orbit, have not changed
during the year. The β-beat was found to be at a level of
10% as previously, and the errors related to positioning,
setup, and lumi-scans are assumed to be unchanged.

COLLIMATION IN 2012

Based on the operational experience in 2011, we pro-
pose collimator settings for 2012, which we then use to
address the collimation-related performance limits. In all
calculations, we assume that the beam energy is increased
to 4 TeV, even though some results are shown for other en-
ergies for comparison.

Proposed collimator settings in 2012

We have seen that most error sources that make up the
margins IR6-TCT-aperture are unchanged, except the orbit
in the IRs, where a 0.5 σ improvement is found compared
to 2010. This improvement was already visible in the fist

part of 2011 and reported in Mini-Chamonix [26]. Increas-
ing the energy to 4 TeV does not lead to significantly in-
creased margins, as for example the BPM systematics is
not expected to improve [8]. However, a significant gain of
2.5 σ is possible by moving in the TCP and the TCS7 to
tight collimator settings.

In addition, further gains can be made by noting that it
is unlikely that all margins would simultaneously assume
their maximum value and add up in the same direction. An-
other approach for calculating the margins would therefore
be to sum the individual errors in squares instead of lin-
early, relying on the assumption that they are statistically
independent. Therefore, if Δi is the error margin needed
for a 99% confidence level (as previously done for the orbit
margins) for each contributing error i, the total error margin
needed for 99% confidence is [8]

Δtot =

√∑

i

Δ2
i . (3)

The only exception to this is the margins for lumi-scans,
which we add linearly as described in Ref. [8]. Putting
all the changes together, a set of proposed collimator set-
tings for 2012 has been calculated [8], as shown in Ta-
ble 1. The corresponding settings for 3.5 TeV and 7 TeV
are shown for comparison. It should be noted that an addi-
tional 0.4 σmargin has been added between the TCTs and
IR6 in order to make the margin larger than the interlock
on the orbit movement [25]. This additional margin could
possibly be cut out in the future, thus giving a small im-
provement in performance. No changes are proposed in
IR3.

Table 1: Proposed collimator settings based on individual
errors added in square using Eq. (3). IR3 is assumed to stay
at the same settings as in 2011.

3.5 TeV 4 TeV 7 TeV

TCP 7 (σ) 4.0 4.3 5.7
TCS 7 (σ) 6.0 6.3 7.7

TCLA 7 (σ) 8.0 8.3 9.7
TCS 6 (σ) 6.8 7.1 8.5

TCDQ 6 (σ) 7.3 7.6 9.0
TCT (σ) 8.5 9.0 10.4

aperture (σ) 9.9 10.5 12.3

Apart from the change in settings, the TCL collimators,
which are copper absorbers positioned around IR1 and IR5,
will be moved in to 10 σ. In previous runs, these collima-
tors were open. It is hoped that they will catch significant
fractions of the collisional debris coming out of the IPs,
which could improve the radiation to downstream magnets.

Furthermore, a new and faster semi-automatic setup al-
gorithm with a 8 Hz collimator movement will be used to
align the collimators around the beam.
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Figure 3: The measured beam current in beam 1 (blue) and beam 2 (red) during the quench test MD [24]. The current
decays by about 9× 1011 protons in beam 2 over 1 s starting at t = 01 : 07 : 36.5.

Intensity limits

The collimation limit on intensity can be addressed us-
ing the result Rmax = 9 × 1011 p/s from the quench test
MD [24] in Eq. (2). Together with an observed minimum
lifetime of about 1 h [9], this gives an allowed intensity of
3 × 1015. If we in addition assume that tight settings are
used, a further improvement of the cleaning efficiency by
a factor 3.3 can be assumed, which gives a total achiev-
able intensity of 1.1 × 1016. This is about 30 times nomi-
nal intensity at 3.5 TeV. We thus conclude that even if the
quench limit is slightly worse at 4 TeV, there is no inten-
sity limit from collimation within reach in 2012, provided
the lifetime does not degrade. The rest of our discussion is
therefore focused on the limit in β∗.

Limits on β∗

The collimator settings in Table 1 give the minimum
aperture that can be protected, which together with the re-
quired aperture for different β∗and crossing angle can be
used to calculate the limit on β∗. In this article, we deal
only with limits on β∗ from collimation and aperture. For
other optical limitations, the reader is referred to Ref. [27].

The aperture has been calculated in Ref. [8], using both a
scaling of the measured aperture and the n1-method. It has
been assumed pessimistically that the available aperture at
β∗=1 m and 120 μrad half crossing angle is 14 σ. This cor-
responds to the configuration that was qualified with loss
maps (TCTs retracted to 14 σ without leakage). The 14 σ
is a smaller value than what was found in the aperture mea-
surements when referring to the gap of the TCTs [21]. This
conservative approach is motivated by the uncertainties in
the aperture measurements (influence of bump shape on the
location of the aperture limit, BPM systematics, and the de-
pendence on the phase advance between these specific orbit
correctors and the aperture bottleneck).

Certain assumptions must be made on the beam-beam
separation in order to define the crossing angle as function

of β∗. Calculations by the impedance team [12] show that a
9.3 σ beam-beam separation is likely to be sufficient for al-
leviating the instabilities observed with tight settings, cor-
responding to the running conditions during the last part of
the 2011 run (β∗ = 1 m and a 120 μrad half crossing an-
gle for a normalized emittance εn = 2.5 μm.). Keeping
this assumption for 2012, the estimated scaled aperture as
function of β∗, taken from Ref. [8], is shown in Fig. 4.

However, this is only true for the 50 ns filling scheme. If
a 25 ns scheme is used instead, a 12 σ separation should be
envisaged [28]. On top of that, the emittance delivered by
the injectors is larger (could be εn = 3.5 μm) in 25 ns oper-
ation. Therefore, the crossing angle has to be significantly
increased.

The resulting allowed values of β∗and crossing angle at
4 TeV, at 25 ns and 50 ns, are shown in Table 2, using
the calculated aperture in Fig. 4 and the collimator settings
in Table 1. It should be stressed that before putting any
new configuration into operation, the aperture has to be re-
measured, since it cannot be guaranteed that the influence
of imperfections stays as small.

Table 2: Values of β∗at 4 TeV in IR1 and IR5 where the
aperture is compatible with the collimator settings shown
in Table 1.

β∗ half crossing angle

50 ns 0.6 m 145 μrad
25 ns 0.8 m 192 μrad

We note that at 4 TeV, there is still some margin to the
aperture at β∗ = 0.6 m, which is estimated at 10.8 σ(see
Fig. 4), and that this aperture estimate is likely to be pes-
simistic. Therefore, this provides some extra margin for
comfortable operation. On the other hand, we conclude
that in this scenario the nominal β∗ = 0.55 m is not far
away and may be reachable—using instead the n1-method
with no error margins, this is indeed the case (estimated
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Figure 4: The aperture margin as function of β∗ for dif-
ferent energies assuming that the beam-beam separation
is kept constant from the configuration β∗ = 1 m and a
120 μrad half crossing angle. The initial aperture assumed
for the scaling is 14 σ (3.5 μm emittance assumed). The
ATS optics [29, 30] was used for the calculation, but the
nominal optics gives the same result within fractions of a
σ.

aperture at β∗ = 0.55 m and 4 TeV is then 11 σ).
It should be stressed that several operational challenges

are connected with the proposed scheme: the orbit feed-
back during the squeeze has to work, and the octupoles and
chromaticity must be set in such a way that instabilities are
suppressed. Both these issues are expected to be solvable,
but the solutions are still to be demonstrated experimentally
and operationally. Furthermore, a small β∗ causes a large
off-momentum β-beat in the experimental insertions [27].
The effect of this on collimation has be examined more
closely during the qualification of the cleaning.

In the case of unexpected problems, where the settings
in Table 1 could not be used, several fall-back options are
possible: β∗ = 0.7 m and margins added linearly as before
or β∗ = 0.9 m if relaxed settings must be used. These
options are discussed more in detail in Ref. [8].

The proposed configuration is not yet at the final limit
of the LHC. Several measures, which require further in-
depth studies, can still be taken in the present machine to
achieve improvements [8]. Some topics include optimizing
further the margins in IR7 and IR6, and better understand
what parts of the drifts of the BPMs in the experimental IRs
correspond to real beam movements [31].

On a longer time scale, several upgrade scenarios exist
with much smaller β∗, profiting from new hardware (such
as collimators equipped with BPM buttons [32]) and the
ATS optics [29, 30]. A dream scenario would be to use
only about 0.1 σ for orbit and furthermore move in the
TCPs to 4 σ also at higher energies This would mean that
β∗ ≈ 25 cm might be within reach at 7 TeV [8]. However,
it should be stressed that such a scenario is highly demand-
ing in terms of impedance and orbit correction, so the op-
erational feasibility is extremely challenging and still to be
proved. The relative gain in luminosity is also decreased
due to the geometric reduction factor F in Eq. (1) which is

decreased with smaller β∗ [33].

SUMMARY
We have summarized some important results from oper-

ation and MDs in 2011 in order to define scenarios for col-
limation in 2012. Based on this, we have examined the re-
sulting machine performance. Tight collimator settings—
with primary collimators at 4 σ—showed an excellent long-
term stability, improved cleaning performance and more
room to squeeze β∗. However, before these settings can be
used in physics operation, the orbit correction in ramp and
squeeze has to be improved and large beam losses caused
by a combination of impedance and beam-beam effects al-
leviated. Solutions have been proposed but must be demon-
strated experimentally.

A quench test established 0.5 MW of beam power as
a lower limit on the acceptable loss rate on the primary
collimators that does not cause a quench. Together with
observed beam lifetimes of about 1 h, this means that
30 times nominal intensity can be tolerated at 3.5 TeV.
Consequently, no intensity limit from collimation is within
reach at 4 TeV either, if the lifetime does not degrade.

Aperture measurements carried out by the aperture team
showed that the inner triplet aperture in IR1 and IR5 is very
close to the mechanical design aperture, which has positive
consequences on the reach in β∗.

For 2012, several changes of the collimator settings are
presented. Apart from the use of TCL collimators and a
faster setup, tight settings and the summing of error mar-
gins in squares are proposed. This gains room to squeeze
β∗further—at 4 TeV, β∗ = 60 cm and a half crossing an-
gle of 145 μrad is compatible with the protection of the
aperture. This scheme can be made operational only if the
detrimental effects of tight settings, outlined above, can be
overcome as expected. The proposed scenario assumes also
that the aperture stays as good as previously found. To con-
firm this, the aperture has to be re-measured in the new
configuration.

More relaxed running scenarios were discussed as fall-
back solutions, with tight settings but linear addition of the
errors (β∗ = 70 cm) or keeping the intermediate settings
(β∗ = 90 cm). The proposed scenarios are not yet at the
performance limit of the LHC and several possibilities for
improvements, requiring further in-depth studies, exist.
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PERFORMANCE REACH IN THE LHC FOR 2012 

G. Arduini, CERN, Geneva, Switzerland  

 
Abstract 

Based on the 2011 experience and Machine 
Development study results the performance reach of the 
LHC with 25 and 50 ns beams will be addressed for 
operation at 3.5 and 4 TeV. The possible scrubbing 
scenarios and potential intensity limitations resulting from 
vacuum, heating will be taken into account wherever 
possible. The paper mainly covers the performance of the 
two high luminosity regions in IR1 and IR5. 

2011 PEAK PERFORMANCE 
Table 1 summarizes the main machine and peak beam 

parameters achieved at the end of 2011 and the 
corresponding peak performance. A peak luminosity of 
3.6×1033 cm-2s-1 has been exceeded thanks to: 
• the excellent quality of the beams delivered by the 

injectors with a brightness exceeding the nominal 
values by 75% allowing to inject beams with almost 
1.5x1011 p/bunch in transverse emittances of 2 μm 
[1]; 

• the large number of bunches with 50 ns spacing that 
could be accumulated as a result of the successful 
scrubbing run [2]; 

• the good control of the collective effects related to 
beam-beam, electron cloud and impedance [2,3,4]; 

• the reduction of β* down to 1 m in the high 
luminosity regions [5]; 

• the excellent performance of the collimation system 
allowing to handle safely the corresponding 
impressive beam energy of up to 115 MJ [6]; 

• last but not least, the good availability and reliability 
of all the machine systems [7]. 

 
The evolution of the transverse emittance in collision 

(estimated from the average peak luminosity data from 
ATLAS and CMS and from the average bunch 
population) as a function of the average bunch population 
is shown in Fig. 1 for the physics fills with 50 ns beams 
following the suppression of the controlled transverse 
emittance blow-up in the SPS. 

A part from a few physics fills (red markers in Fig. 1) 
with larger transverse emittance coming from the 
injectors (resulting from the blow-up in the transfer from 
PSB and PS) the emittance of the beams in collision 
follows a linear trend as a function of the bunch 
population (blue markers). The transverse emittance in 
collision for a bunch population of 1.5×1011 p is 2.6 μm to 
be compared with a transverse emittance of 
approximately 1.8 μm at extraction from the SPS. An 
important blow-up (35 to 40 %) is therefore taking place 
in the LHC. This is partly occurring at the injection 
plateau and during the ramp and squeeze [8]. The origin 

of the observed blow-up is not known. It must be noted 
that in the two fills (2030 and 2032) a reduction of the 
blow-up by almost 20% has been measured but no 
motivation could be found for that. 

The linear fit to the data (blue markers in Fig. 1) is 
given by: 

 
ε*

coll [μm]=1.900×10-11 Nb - 0.2956  (1) 
 
Momentum [TeV/c]  3.5 

β* [m] IP1/2/5/8 1/10/1/3 

εcoll*(start fill) [μm]  2.6 

Half Ext. Crossing angle θcross IP1/2/5/8 [μrad]  120/80/120/250 

Max. Bunch Population Nb [1011 p]  1.49 

Max. Number of bunches  1380 

Max. Brightness [1011/μm] 0.64 

Max. Number of colliding pairs  1331/0/1331/1320 

Full bunch length (4 σ)[ns]/ (r.m.s.) [cm] 1.25 / 9.4 

Max. Beam Current [A]/population[1014 p]  0.37 / 2.05 

Max. Stored energy [MJ]  115 

Peak luminosity Lpeak [1033 cm-2s-1] in IP1/5 3.6 

Lpeak/coll. pair [1030 cm-2s-1] in IP1/5 2.7 

Beam-beam tune shift ξ (start fill)/IP ~0.007 

Min. beam-beam separation dsepσ [σ] 9.3 

Measured Luminosity lifetime [h] 20 

Average pile-up at IP1/5 (start fill) - <PU>peak 17/17 

Table 1. Peak performance reached in 2011 with 50 ns 
beam. 
 

 
Figure 1. Transverse emittance in collision vs. bunch 
population for the physics fills with 50 ns beams from 
number 1986 to 2267 (included). 

2011 INTEGRATED PERFORMANCE 
Figure 2 shows the evolution of the peak luminosity 

and of the number of colliding bunches in IR1/5 during 
the run 2011. 
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Figure 2. Evolution of the peak luminosity and of the 
number of the colliding bunches in IR1/5 during the 2011 
run. 
 

The following operational phases can be identified 
during the run 2011: 
i. physics with 75 ns beams with up to 200 bunches 

(194 colliding in IP1/5) with a β* of 1.5 m in 
IP1/5; 

ii. operation with 50 ns beams (β* of 1.5 m) and an 
increasing number of bunches (up to 768, 700 of 
which colliding in IP1/5) with population of 
~1.2×1011 p following the successful scrubbing run 
with 50 ns beams proposed in Chamonix 2011 [9]; 

iii. operation at high total intensity (up to 1380 
bunches, 1318 of which colliding in IP1/5) and 
bunch population of ~1.2×1011 p; 

iv. adiabatic reduction of the transverse emittance by 
suppression of the controlled transverse blow-up 
applied in the SPS and increase of the bunch 
population up to ~1.3×1011 p; 

v. reduction of β* to 1 m in IP1/5 and increase of the 
bunch population up to ~1.5×1011 p. 

 
The integrated luminosity during a given period is 

determined by the peak luminosity but also by other 
parameters like the efficiency for physics (i.e. the fraction 
of time spent in stable beams with respect to the 
corresponding scheduled physics time, in the following 
called Stable Beam fraction) and by the luminosity 
lifetime. 

The convolution of the stable beam fraction and of the 
effect of the luminosity lifetime can be represented in the 
so-called Hübner factor. A “sliding” Hübner factor HFi 
can be defined for every fill leading to stable beams as:  

 

iipeak,

ΔT

0
i

ΔTL

Ldt

HF

i

∫
=  

 
where Lpeak,i is the peak luminosity for the ith fill and ΔTi 
is the time between the end of the (i-1)th

 stable beam 
period and the end of the ith one. 

For each of the physics period above mentioned the 
following parameters have been estimated: 

• HFpeak, a Hübner factor related to the peak luminosity 

of one period:  
∑

∑ ∫
=

i
iipeak,

ΔT

0
peak

ΔT)Max(L

Ldt

HF

i

i  

• <HF>, a average Hübner factor, that is the average of 
the “sliding” Hübner factors HFi over one period, 

N

HF

HF i
i∑

>=<  

• A LHCb Hübner factor where Llevelling is value of the 
luminosity at which LHCb was levelled during the 
period in consideration.  

∑

∑ ∫
>=<

i
ilevelling

ΔT

0

LHCb

LHCb
ΔTL

dtL

HF

i

i . 

Table 2 lists the values of the above parameters, the 
stable beam fraction, the average peak luminosity per 
colliding pair and the average beam brightness for each of 
the five operational periods with 50 ns beams above 
mentioned. The LHCb Hübner factor has been calculated 
for phase V assuming a luminosity levelling at 0.35×1033 
cm-2s-1. 

 

Period 

Stable 
beam 

fraction 
[%] 

HFpeak <HF> <HFLHCb> 

Average 
peak 

luminosity 
per colliding 

pair 
[1030 cm-2s-1] 

Average 
brightness 
[1011/μm] 

II 32.8 0.14 0.32 - 1.07 0.43 

III 29.2 0.19 0.26 - 1.07 0.43 

IV 29.1 0.15 0.26 - 1.35 0.54 

V 32.8 0.2 0.26 0.31 2.41 0.58 

Table 2: Evolution of the stable beam fraction, Hübner 
factors, average peak luminosity per colliding pair and the 
average beam brightness during the four operational 
periods with 50 ns beams above indicated. 

 
The above Hübner factors can be used for the 

estimation of the luminosity evolution for 2012. 
Differently from <HF>, the parameter HFpeak contains 

the information about the luminosity ramp-up (either in 
terms of number of bunches or bunch population or beam 
brightness). The lower values of HFpeak for phases II and 
IV are the consequence of the significant increase in peak 
luminosity during these periods (see Fig. 2) while the 
higher values in phases III and V are more typical of 
luminosity production periods with mild evolution of the 
luminosity. The average Hübner factor <HF> is 
approximately constant after an initial reduction from 
Phase II to Phase III due to the reduction in the stable 
beam fraction resulting from downtime due high intensity 
effects like SEUs, UFOs, vacuum activity. The slight 
increase in the stable beam fraction observed in Phase V 
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as compared to IV is likely the result of the measures put 
in place during the previous phases to mitigate the impact 
of the high intensity effects above mentioned. No 
significant increase on the average Hübner factor has 
been observed and this could be due to a reduction of the 
luminosity lifetime following the increase in luminosity 
(faster burn-off) after the reduction of the β* to 1 m. 

For the estimation of the performance reach in terms of 
integrated luminosity in 2012 the parameters 
corresponding to phase V will be considered for the 
following reasons: 
• they have been obtained after the commissioning of 

the machine with a reduced β* (although more 
relaxed) and therefore in the conditions which are 
closer to those expected in 2012; 

• in this phase the number of bunches was kept 
constant and equal to the value that could be used for 
operation in 2012 (at least for 50 ns operation); 

• during this phase the emittance of the beam was the 
minimum that could be delivered by the injectors and 
no controlled transverse blow-up was applied in the 
SPS; 

• machine parameters like β* and crossing angles were 
kept constant during this phase; 

• bunch population was adiabatically increased from 
1.2 to 1.5x1011 p during this period (~1.5 months) 
and the emittance followed the evolution represented 
by Eq. 1; 

• during this phase the highest bunch population and 
brightness (very close to the values expected for 2012 
operation) as well as peak luminosity have been 
achieved; 

• given the highest intensity and luminosity this period 
should be the most representative in terms of 
efficiency for physics for 2012 operation with respect 
to effects like SEUs and UFOs, also taking into 
account that some of the mitigation measures for 
these phenomena were already in place for this phase. 

2012 EXPECTED PEAK PERFORMANCE 
WITH 50 AND 25 NS BEAMS 

Emittance preservation in the Injectors and the 
LHC [8][1]  

The experience in the injectors and the LHC with the 
LHC beams during machine development, operation and 
during the 25 ns beam tests has shown that for the 50 ns 
beams a bunch population up to 1.6×1011 p can be 
delivered by the SPS in transverse emittances of 2 μm 
although this might be accompanied by a loss of 
reproducibility. Extrapolating the performance observed 
in the LHC up to 1.5×1011 p (described by Eq. 1) we can 
expect the emittance in collision for bunch populations of 
1.6×1011 p to reach 2.8 μm. 

For the 25 ns beam the SPS is expected to deliver a 
maximum bunch population corresponding to the nominal 
(1.15×1011 p) with a transverse emittance larger than 3 
μm. Assuming that an additive emittance blow-up of ~0.7 

μm (observed for single bunch beams during dedicated 
machine development sessions [8]) is observed in the 
LHC the expected emittance in collision is equal or larger 
than 3.7 μm, very close to the nominal value. 

For the evaluation of the peak performance in 2012 it 
seems reasonable to assume that progress will be made in 
the reproducibility of the parameters of the beam 
delivered by the injectors up to 1.6×1011 p/bunch and in 
the understanding of the emittance blow-up in the LHC. 
Therefore, the peak beam parameters assumed for the 
LHC beams in collision are summarized in Tab. 3. 

 
Bunch spacing 

[ns] 
Bunch population 

[1011] 
ε*coll 
[μm] 

Brightness 
[1011/μm] 

25 1.15 3.5 0.33 

50 1.6 2.5 0.64 

Table 3. Peak beam parameters in collision in 2012. 
 

Beam-beam effects [3] 
For the peak beam parameters listed in Tab. 3 the head-

on beam-beam tune shift ΔQhead-on~Nb/ε* is equal or 
smaller than that achieved in 2011 and no hard limits 
have been observed so far. Operation with 50 ns beams 
with long range beam-beam separation down to 9.3 σ (for 
a normalized transverse emittance of 2.5 μm) has been 
demonstrated with bunch populations up to 1.5×1011 p. 

The expected dependence of the dynamic aperture on 
the long range beam-beam separation is shown in Fig. 3 
[3] for the 25 (red) and 50 (green) ns beams and for a 
bunch population of ~1.2×1011 p. The green vertical line 
corresponds to a separation of 9.3 σ. For this separation 
the expected dynamic aperture is close to 8 σ.  The 
expected dynamic aperture for 1.6×1011 p is close to 6 
σ (larger than the primary collimator aperture with tight 
settings) given that the dynamic aperture for long range 
beam-beam effects is inversely proportional to the bunch 
population [3]. 

 
Figure 3. Dependence of the dynamic aperture on the 

long range beam-beam separation (in beam σ) for the 25 
(red) and 50 (green) ns beam for a bunch population of 
1.2×1011 p [3]. 

 

Proceedings of Chamonix 2012 workshop on LHC Performance

191



For 25 ns spaced beams the number of long range 
collisions is 120 as compared to 64 for 50 ns beams. In 
order to get the same dynamic aperture the long range 
beam-beam separation (in σ) has to be increased by 
approximately 20% (to ~11 σ as indicated by the vertical 
red line) for the 25 ns beams at constant bunch 
population. In the following it has been assumed a long-
range beam-beam separation of 12 σ for 25 ns beams and 
9.3 σ for 50 ns beams for the beam parameters in Table 3. 
This assumption is rather pessimistic for the 25 ns beam 
given its lower bunch population and taking into account 
that the dynamic aperture resulting from long-range 
beam-beam encounters is inversely proportional to the 
bunch population. 

β* reach [6][10] 
The collimation system defines minimum aperture that 

can be protected and therefore the limits on the minimum 
β* that can be safely achieved taking into account the 
available aperture and the tolerances (e.g. β beating, orbit, 
etc.) and taking into account that the beta function at the 
triplets increase as we progress during the squeeze and we 
reduce the β*. Tight collimator settings have been tested 
during machine development studies [11] and are 
proposed for operation for 2012 with intermediate 
collimator settings (used in 2011) as back-up solution in 
case of issues with orbit control and/or impedance. The 
minimum β* achievable in 2012 at 3.5 and 4 TeV and the 
corresponding (half) crossing angle required to keep long 
range beam-beam separation to 9.3 σ for the 50 ns beam 
are listed in Table 4 [6] for different collimator settings. A 
scheme with a β* of 0.6 m can be also conceived 
assuming that the errors are not correlated among them 
and therefore can be added in quadrature instead of being 
added linearly. 
 
β* 
[m] 

θcross [μrad] @ 
3.5 TeV 

θcross [μrad] @ 
4 TeV 

Comments 

0.6 155 145 
Tight collimator settings – 

errors in quadrature 

0.7 143 134 
Tight collimator settings – 

linear error sum 

0.9 126 118 
Intermediate settings – linear 

error sum 

Table 4. β* reach for 50 ns operation for different 
collimator settings and tolerances [6]. 

 
For 25 ns beam a β*=0.8 m is achievable at 4 TeV with 

a half crossing angle of 190 μrad [6], providing a (rather 
conservative) 12 σ separation for long range encounters in 
the optimistic case in which the machine can be operated 
with tight collimator settings with a transverse emittance 
of 3.5 μm i.e. with the primary collimators at 4.3 beam σ. 

Impedance effects [4][12] 
Operation with tight collimator settings is expected to 

be possible for the beam characteristics listed in Table 3, 
provided the chromaticity is controlled and kept to 

approximately 1 unit. As a back-up solution operation 
with larger values of the chromaticity (2 units) is possible 
provided that the strength of the Landau octupoles is 
increased (corresponding current > 450 A) but this might 
entail a reduction of the beam lifetime at 4 TeV. 
Operation with 50 ns beam is expected to be more critical 
than that with 25 ns beam from the point of view of the 
beam stability related to impedance because of the larger 
bunch population.  

Impedance and in particular longitudinal impedance 
can induce heating of the components responsible for the 
impedance. So far the following main issues have been 
identified although they do not represent a real show 
stopper and possible mitigation measures have been 
identified. 
• TDI beam screen heating. The TDI gaps will have to 

be opened to parking position (110 mm) as soon as 
injection is stopped. This might slow-down filling 
during a scrubbing run; 

• MKI heating remain one of the major potential 
limitations. This occurs during the ramp and in 
physics and it might impact the turn-around time as 
high intensity injection is not allowed if the measured 
kicker temperature exceeds the interlock level. 

 
Bunch length increase and bunch shape tailoring [13] 

could help in reducing the TDI and MKI heating. It is 
planned to increase the bunch length to 1.35 ns (from the 
present value of 1.25 ns) during the run. This is going to 
increase correspondingly the length of the luminous 
region but it is considered to be acceptable by the 
experiments. The increase in bunch length will also 
reduce the peak luminosity by up to 3% as a result of the 
crossing angle. A possible reduction of the luminosity 
lifetime has been hypothesized and its extent must be 
assessed. 

Vacuum effects and scrubbing [14][2] 
During the 2011 run vacuum spikes have been observed 

in LSS2/5/8 during high intensity operation. The analysis 
of the data and the investigations performed during the 
Christmas stop have revealed that this behaviour was 
related to non-conform RF fingers and not, as initially 
suspected, to electron cloud. The non-conform RF fingers 
have been replaced and no limitation is expected from 
vacuum within the envelope defined in Tab. 3 [14]. 

Suppression of the electron cloud effects with 50 ns 
beams at 4 TeV requires [2]: 
• Secondary Electron Yield (SEY)< 2.1 in the arcs; 
• SEY<1.6 in the uncoated/unbaked straight sections. 

 
These values were achieved at the end of the scrubbing 

run in April 2011 (5 days with 50 ns beam). Lower values 
were achieved during dedicated 25 ns beam tests in fall 
2011. 

During the winter stop the LHC arcs have been kept at 
temperatures below 80 oK and care is going to be taken to 
cool down the magnets preventing condensation of gases 
released from the cold bore on the beam screens. It is 
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therefore hoped to find the same SEY as at the end of 
2011 but this needs to be confirmed and if this is not the 
case it is expected that scrubbing of the surface should be 
fast. 

The long straight sections around points 2/5/8 have 
been vented and high vacuum activity is expected during 
the start-up with high intensity beams. Scrubbing with 50 
ns beams will take ~15 h of effective beam time at high 
intensity (~1000 bunches circulating with bunch 
population >1.4×1011 p). With 25 ns beams (~2000 
bunches per beam circulating with bunch population 
>1.15×1011 p) few hours will be required. 

It is proposed to precede any significant beam intensity 
ramp up with 50 ns beams with 1 day of scrubbing with 
25 ns beams (composed by trains of 72 bunches). The 
scrubbing should be preceded by approximately 1 day for 
the setting-up of the 25 ns beam and 1 day should be 
added as reserve in case of problems during the setting-up 
or scrubbing. This short scrubbing run would: 
• allow verifying the conditions of the beam screen 

surface (in particular in the arcs) after the winter stop 
providing important input for future operation at 25 
ns and for the requirements for the recovery after a 
winter stop; 

• create clean conditions for operation with 50 ns 
beams with intensities above those reached in 2011 in 
the arcs and in the straight sections; 

• possibly mitigate (by conditioning) other effects like 
UFOs during operation. 
 

Operation with 25 ns at 4 TeV would require lower 
SEY values [2]: 
• SEY<1.35 in the arcs; 
• SEY<1.2 in the uncoated/unbaked straight sections. 

 
In the following an attempt is made to estimate the 

amount of machine time required to achieve the above 
conditions with a dedicated scrubbing run. 

At least 20 hours of beam time at 450 GeV/c [2] are 
estimated to be necessary to approach the above values. 
Accumulation of up to 2100 bunches with trains of 72 
bunches would be followed by accumulation of larger 
number of bunches with trains of 144, 216 and 288 
bunches. During the last 25 ns test (which was preceded 
by 3 machine development sessions with 25 ns beams) on 
24th-25th October 2011, 2 hours of beam time with 2100 
bunches (on beam 1 only) were accumulated in ~14 h of 
machine time. The low efficiency (~14%) was due to the 
losses (affecting mostly the trailing bunches of each 
bunch train) and the beam dumps triggered by the LSS6 
BPM when the population of the trailing bunches 
decreased below ~0.3×1011 p. The vacuum activity at the 
injection kickers MKI and in particular at those located in 
point 8 also contributed to increase the filling time. It 
must be noted that during that test the machine 
availability was close to 100% and furthermore the TDI 
was left in injection position during the whole session. 
This will not be possible in 2012 if we want to minimize 
the heating of the TDI beam screen and the movement of 

the TDI before any injection could add additional 
inefficiency to the scrubbing. 

 Assuming the above efficiency (14 %) 140 hours (~6 
days) of machine time are required to delivered the 
required electron dose at 450 GeV/c. 1 day of setting-up 
of 25 ns beam (injection of trains of 72 bunches) and 2 
shifts of commissioning for each additional step in the 
injected number of bunches (144-216-288) must be 
added, for a total of 3 days. 

In order to achieve the above mentioned SEY for the 
operation at 25 ns some time must be devoted to 
dedicated ramps starting with a reduced number of 25 ns 
trains for  scrubbing/operation at 3.5-4 TeV with 
increasing number of bunches to validate operation at 
high energy. 

A total of 11 days of machine time with very good 
machine availability and no contingency is therefore 
required for creating the conditions necessary for 
operation with 25 ns at 3.5-4 TeV, therefore a scrubbing 
run of 2 weeks is a realistic estimate for operation with 25 
ns beams. 

Peak performance for 50 ns beam 
The expected peak parameters for operation at 3.5 TeV 

with 50 ns beams for the three values of the β* presented 
in Table 4 are listed in Table 5. 

 
Momentum [TeV/c] 3.5 

β* [m] IP1/2/5/8 0.6/3/0.6/3 0.7/3/0.7/3 0.9/3/0.9/3 

θcrossIP1/2/5/8 [μrad] 
155/90/ 
155/250 

143/90/ 
143/250 

126/90/ 
126/250 

εcoll*(start fill) [μm] 2.5 

Nb [1011 p] 1.6 

# bunches 1380 

Max. Brightness 
[1011/μm] 

0.64 

# coll. Pairs in IP1/2/5/8 1331/0/1331/1320 

Bunch length (4 σ)[ns] / (r.m.s.) 
[cm] 

1.35/10.1 

Beam Current [A]/ 
population [1014 p] 

0.4 / 2.2 

Stored energy [MJ] 124 

Lpeak[1033 cm-2s-1] in IP1/5 6.0 5.4 4.5 

Lpeak/coll. pair [1030 cm-2s-1] in 
IP1/5 4.5 4.1 3.4 

ξ (start fill)/IP 0.007 

dsepσ [σ] 9.3 

<PU>peak IP1/IP5 29 27 22 

Table 5. Peak parameters for the 50 ns operation at 3.5 
TeV 

 
The expected peak parameters for operation at 4 TeV 

with 50 ns beams for the three values of the β* presented 
in Table 4 are listed in Table 6. 

 
 
 

Proceedings of Chamonix 2012 workshop on LHC Performance

193



Momentum [TeV/c] 4 

β* [m] IP1/2/5/8 0.6/3/0.6/3 0.7/3/0.7/3 0.9/3/0.9/3 

θcrossIP1/2/5/8 [μrad] 
145/90 

/145/250  
134/90 

/134/250  
118/90 

/118/250 

εcoll*(start fill) [μm] 2.5 

Nb [1011 p] 1.6 

# bunches 1380 

Max. Brightness 
[1011/μm] 

0.64 

# coll. Pairs in IP1/2/5/8 1331/0/1331/1320 

Bunch length (4 σ)[ns] / (r.m.s.) 
[cm] 

1.35/10.1 

Beam Current [A]/ 
population [1014 p] 

0.4 / 2.2 

Stored energy [MJ] 142 

Lpeak[1033 cm-2s-1] in IP1/5 6.8 6.2 5.1 

Lpeak/coll. pair [1030 cm-2s-1] in 
IP1/5 5.1 4.7 3.8 

ξ (start fill)/IP 0.007 

dsepσ [σ] 9.3 

<PU>peak IP1/IP5 35 31 26 

Table 6. Peak performance for the 50 ns operation at 4 
TeV 
 

Peak performance for 25 ns beam 
The expected peak parameters for operation at 4 TeV 

with 25 ns beams are listed in Table 7. 
 

Momentum [TeV/c] 4 

β* [m] IP1/2/5/8 0.8 

θcrossIP1/5 [μrad] 190 

εcoll*(start fill) [μm] 3.5 

Nb [1011 p] 1.15 

# bunches 2760 

Max. Brightness [1011/μm] 0.33 

# coll. Pairs in IP1/2/5/8 2662/0/2662/2640 

Bunch length (4 σ)[ns] / (r.m.s.) [cm] 1.35/10.1 

Beam Current [A]/population [1014 p] 0.57 / 3.2 

Stored energy [MJ] 203 

Lpeak[1033 cm-2s-1] in IP1/5 3.8 

Lpeak/coll. pair [1030 cm-2s-1] in IP1/5 1.4 

ξ (start fill)/IP 0.007 

dsepσ [σ] 12 

<PU>peak IP1/IP5 10 

Table 7. Peak performance for the 25 ns operation at 4 
TeV 

2012 EXPECTED INTEGRATED 
LUMINOSITY WITH 50 AND 25 NS 

BEAMS 

Operation with 50 ns beams 
Based on the present machine schedule an estimate of 

the integrated luminosity has been made in case of 

operation of the machine with 50 ns beams. For the 
estimate the following assumptions have been made:   
• 147 days of physics; 
• 22 days of MDs 
• 21 days of commissioning with beam (small number 

of bunches); 
• 20 days of Technical Stops; 
• 6 (2x3) days of recovery after Technical Stops; 
• 8 days of special physics runs; 
• 3 days of scrubbing with 25 ns beam including 

setting-up and 1 day of contingency. To be planned 
as soon as possible before any significant intensity 
ramp-up. 

For the intensity ramp-up the scheme proposed in [15] 
has been considered: 
• 3 fills and 6 hours of stable beams operation for each 

of the configurations with 48, 84, 264 and 624 
bunches/beam (a stable beam fraction of 25% has 
been assumed); 

• 3 fills and 20 hours of stable beams operation for 
each of the configurations with 840, 1092 and 1380 
bunches/beam (a stable beam fraction of 28% has 
been assumed). 
 

Approximately 2 weeks would be needed for validating 
the machine with the maximum number of bunches after 
commissioning at low intensity and the scrubbing run. 

The integrated luminosity evolution obtained 
considering the Hübner Factor HFpeak=0.2 and the peak 
luminosity Lpeak corresponding to the scenarii described in 
Table 6 for 4 TeV is shown in Fig. 4. No hypothesis is 
made on the actual luminosity ramp-up except for the 
initial evolution of the number of bunches described 
above.  
 

 
Figure 4. Integrated luminosity evolution for operation 
with 50 ns beams at 4 TeV. 
 

A similar estimate can be done considering the average 
Hübner Factor <HF> and making the following 
hypothesis on the evolution of the luminosity after the 
initial ramp-up in the number of bunches with a bunch 
population of 1.4×10 11 p (see Fig. 5): 
• Phase I (between the first and the second Technical 

Stops): linear increase of the bunch population from 
1.4 to 1.6x1011 p with emittance determined 
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according to the fit given in Eq. 1. This would imply 
a linear increase of the luminosity from ~80 to 90 % 
of the peak value assumed for 2012 in 51 days;. 

• Phase II (between the second and third Technical 
Stops – 44 days): linear increase of the brightness 
from 90 % of its peak value to the peak value by 
reduction of the transverse emittance achieved by 
mitigating the sources of emittance blow-up in the 
LHC.  

• Phase III (from the third Technical Stop to the end of 
the run): operation at peak performance. 

  

 
Figure 5. Integrated luminosity evolution for operation 
with 50 ns beams at 4 TeV. 
 

This estimate provides very likely an upper value for 
the expected integrated luminosity as it assumes constant 
operation to peak performance in the last part of the run 
and does not take into account: 
• any significant reduction of the luminosity lifetime 

due to the increased peak luminosity per colliding 
pair as compared to Phase V of 2011 operation; 

• any reduction in machine availability as compared to 
Phase V of 2011 due to intensity effects like UFOs 
and SEUs. 

 
Similar estimates have been done for operation at 3.5 

TeV and are presented in Fig. 6 and 7, respectively. 
 

 
Figure 6. Integrated luminosity evolution for operation 
with 50 ns beams at 3.5 TeV. 

Operation with 25 ns beams 
Operation with 25 ns beams will require a dedicated 

scrubbing run. This will have an impact on the machine 

schedule and in particular on the total number of days 
scheduled for physics. For the estimate of the integrated 
luminosity the following assumptions have been made: 
• 137 days of physics; 
• 22 days of MDs; 
• 21 days of commissioning with beam; 
• 20 days of Technical stops; 
• 6 (2x3) days of recovery after Technical Stops; 
• 8 days of special physics runs; 
• 13 days of scrubbing (including setting-up and 2 days 

of contingency). 
 

 
Figure 7. Integrated luminosity evolution for operation 
with 50 ns beams at 3.5 TeV. 
 

The same intensity ramp-up rate (in terms of number of 
bunches) as for 50 ns beam has been considered during 
the initial phase of operation. That is optimistic taking 
into account that the peak total current for 25 ns beams is 
by 42% higher than the peak total current assumed for 50 
ns beams.  

In the estimation of the integrated luminosity the peak 
Hübner factor of 0.2 has been optimistically assumed. 
This value has obtained during the 2011 run when 
operating with a constant number of bunches. It must be 
noted that no operational experience exists with 25 ns 
beam and therefore a higher uncertainty exists on the 
luminosity evolution. The same value was used at the 
beginning of 2011 to evaluate the expected performance 
for the 75 ns beam during the 2011 run (while for 50 ns a 
Hübner factor of 0.15 was considered). The expected 
performance is presented in Fig. 8. 

 

 
Figure 8. Integrated luminosity evolution for operation 
with 25 ns beams at 4 TeV. 
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SUMMARY AND CONCLUSIONS 
The expected integrated luminosity for the operation 

with 25 and 50 ns beams as discussed above is 
summarized in Table 8, listing the expected integrated 
luminosity range, peak luminosity and average pile-up at 
peak luminosity for the different values of the β* and for 
3.5 and 4 TeV. 

For LHCb, ~1.5 fb-1 are expected for 50 ns operation 
(147 days of physics) and close to 1.4 fb-1 for 25 ns 
operation (137 days of physics) assuming <HFLHCb>=0.3 
and Llevelling= 0.4x1033 cm-2s-1. The value for 25 ns 
operation might suffer from lower machine availability 
due to the higher total beam current. 

 

 
 3.5 TeV 4 TeV Comments 

 ∫Ldt  
[fb-1] 

Lpeak  

[1033 cm-2s-1] 

Average  
pile-up  
at Lpeak 

∫Ldt 
[fb-1] 

Lpeak 

[1033 cm-2s-1] 

Average  
pile-up 
at Lpeak 

 

50 ns - β*=0.6 m 14.3-17 6.0 29 16.2-19.3 6.8 35 
Tight collimator settings – 

errors in quadrature 

50 ns - β*=0.7 m 12.8-15.3 5.4 27 14.7-17.6 6.2 31 
Tight collimator settings – 

linear error sum 

50 ns - β*=0.9 m 10.7-12.8 4.5 22 12.1-14.5 5.1 26 
Intermediate settings – linear 

error sum 

25 ns - β*=0.8 m -   8.3 3.8 10 
Tight collimator settings – 

errors in quadrature 

Table 8.  Expected performance for the 2012 run. 
 

Operation at 50 ns clearly provides a higher integrated 
luminosity than 25 ns operation, furthermore the longer 
scrubbing time required for 25 ns operation reduces 
significantly the integrated luminosity that can be 
collected in time for the summer conferences. 

The high level of event pile-up that will be observed at 
the beginning of the fills with 50 ns beams is certainly an 
issue but levelling can be used to reduce it at the 
beginning of the fill. 

25 ns is a new mode of operation with more unknowns 
and likely surprises and for that reason a more 
conservative approach has been used in the estimation of 
the integrated luminosity. 25 ns operation would imply 
larger beam current and therefore, potentially, a larger 
stress on equipment and collimation that could result in 
lower machine availability and lower efficiency for 
physics. From the above analysis 50 ns operation appears 
to have the largest potential of delivering the highest 
integrated luminosity in 2012. 

The highest integrated luminosity values are obtained 
with tight collimator settings allowing to reach β* values 
below 0.7 m. Although no show-stoppers have been 
identified, this mode of operation will require a tighter 
control of the machine parameters (e.g. orbit, 
chromaticity, etc.). 

A realistic, although challenging, ramp-up phase in 
number of bunches and luminosity has been assumed for 
the estimation of the upper range of the integrated 
luminosity, nevertheless operation at peak luminosity 
with <HF>=0.26 implies mastering high intensity and 
blow-up at peak performance in the whole chain of 
accelerators before the last third of the run in a consistent 
and reproducible way. Furthermore the expected lower 
luminosity lifetime (due to the lower burn-off lifetime 
resulting from the larger luminosity per colliding pair 
expected in 2012 as compared to 2011) has not been 
taken into account.  

In the estimations it has also been assumed that 4 TeV 
operation will not reserve significantly more difficulties 
than 3.5 TeV operation (e.g. in terms of UFO, SEU, …..) 
and will not imply additional commissioning time. 

An integrated luminosity of 15 fb-1 is within reach but it 
heavily relies on the successful commissioning and 
operation at high intensity with tight collimator settings at 
4 TeV. This mode of operation should be therefore 
commissioned and tested as early as possible in the run. 
20 fb-1 seems out of reach even for very optimistic 
scenarios. Operating at β*=0.6 m would allow 
approaching this value. 

In spite of the optimistic scrubbing plan, 25 ns cannot 
compete with 50 ns operation. A mini-scrubbing run at 25 
ns before any significant intensity ramp-up with 50 ns is 
strongly advised as it would allow a fast intensity ramp-
up with 50 ns minimizing potential vacuum activity in the 
experimental straight sections that have been vented 
during the winter stop and it would provide an important 
input for future operation at 25 ns (model and cool-down 
procedure validation). 

APPENDIX 
In this appendix the models used in the estimation of 

the integrated luminosity evolution for 2012 are verified 
with 2011 data and some additional constraints to the 
model, based on 2011 experience, have been added after 
the workshop. 

The accuracy of the representation of the dependence of 
the emittance as a function of the bunch population 
presented in Eq. 1 and used in the estimation of the peak 
luminosity evolution in 2012 for the data presented in Fig. 
5 and 7 are compared with the measured peak luminosity 
evolution during the fills with 50 ns beams from number 
1986 to 2267 when the controlled transverse emittance 
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blow-up in the SPS was suppressed. The comparison is 
presented in Fig. 9. The agreement is rather good. 

 

 
Figure 9. Measured (blue) vs. estimated (red) peak 
luminosity for the physics fills with 50 ns beams from 
1986 to 2267. 
 

The evolution of the integrated luminosity as a function 
of the fill number during Phase V of the 2011 operation is 
compared with the expected integrated luminosity 
evolution based on the estimated peak luminosity shown 
in Fig. 9 and assuming an average Hübner factor 
<HF>=0.26 calculated for this period. The results are 
shown in Fig. 10. It must be noted that the ramp-up phase 
after the commissioning of the optics with β*=1 m in IP1 
and 5 is included in the comparison. The estimation is 
slightly (by 4 %) higher than the measured value at the 
end of the period. 

The presented model does not include any dependence 
of the sliding Hübner factor on the luminosity lifetime. 
This should decrease with increasing luminosity per 
crossing pair (assuming constant machine availability and 
turn-around times) at least to account the dependence of 
the burn-off lifetime on the luminosity per crossing pair.  

That dependence can be inferred by plotting the sliding 
Hübner factor HFi normalized to the stable beam fraction 
SBi as function of the luminosity per colliding pair where: 

i

istable
i

ΔT

t
SB =

 
tstable i is the length of the ith stable beam period and ΔTi is 
the time between the end of the (i-1)th

 stable beam period 
and the end of the ith one.  

Fig. 11 represents the above dependence for all the fills 
with 50 ns beams in Phases II to V. It must be noted that 
the dependence is small and the linear correlation 
coefficient is low although a mild trend seems to be 
visible. The linear fit to the data is: 
 

0.8653 + 
n

L
 0.0345- = 

SB

HF

coll

peak

    (2) 

where ncoll is the number of colliding pairs in IP1/5. 
Fig. 12 shows the evolution of the integrated luminosity 

as a function of the fill number during Phase V of the 
2011 operation and the expected integrated luminosity 

evolution based on the estimated peak luminosity shown 
in Fig. 9. The dependence of the ratio HF/SB on 
luminosity per colliding pair given in Eq. 2 is taken into 
account and an average stable beam fraction of 32.8% 
calculated for this period has been assumed. The 
estimation is slightly (by 4 %) higher than the measured 
value. The discrepancy in the integrated luminosity at the 
end of the period is reduced to 3%. 

 

 
Figure 10. Measured (blue) vs. estimated (red) integrated 
luminosity for the physics fills in Phase V. 
 

 
Figure 11. Sliding Hübner factor normalized by the stable 
beam fraction vs. peak luminosity per colliding pair. 
 

 
Figure 12. Measured (blue) vs. estimated (red) integrated 
luminosity for the physics fills in Phase V, taking into 
account the dependence presented in Eq. 2. 
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This dependence must be taken into account for the 
extrapolation to 2012 to account for the expected 
reduction in lifetime due to the increase by almost a factor 
two of the peak luminosity per colliding pair. 

The expected evolution of the integrated luminosity for 
50 ns operation at 4 TeV is presented in Fig. 13 and the 
expected integrated values at the end of the 2012 run for 
50 ns operation are listed in Table 9 for 3.5 and 4 TeV. 
 

 
Figure 13. Integrated luminosity evolution for operation 
with 50 ns beams at 4 TeV including the extrapolated 
dependence of luminosity lifetime on peak luminosity per 
colliding pair. 
 

 ∫Ldt [fb-1]  

 3.5 TeV 4 TeV Comments 

β*=0.6 m 15.6 17.3 
Tight collimator settings – 

errors in quadrature 

β*=0.7 m 14.4 16 
Tight collimator settings – 

linear error sum 

β*=0.9 m 12.3 13.8 
Intermediate settings – 

linear error sum 

Table 9.  Expected performance for the 2012 run taking 
into account the dependence of the luminosity lifetime on 
the peak luminosity per colliding pair resulting from the 
2011 data.. 
 

A reduction by 4 to 10% can be observed with respect 
to the most optimistic values above estimated and the 
projected values lie within the range previously indicated 
in Table 8. 

It must be noted that this could imply a better 
performance for the 25 ns beam given the lower peak 
luminosity per colliding pair. 

ACKNOWLEDGEMENTS 
The estimation of the integrated luminosity in 2012 is 

largely based on models and considerations already 

developed by S. Myers whom I thank sincerely for 
pointing me to his analysis. 

The input provided by R. Bruce, S. Gilardoni, M. 
Giovannozzi, W. Herr, G. Iadarola, J. Jowett, V. Kain, M. 
Lamont, E. Métral, G. Rumolo, R. Steerenberg, J. 
Wenninger and the LHC Machine Coordinators is 
gratefully acknowledged. 

REFERENCES 
[1] R. Steerenberg, “Performance reach of the injector 

complex”, these Proceedings. 
[2] G. Rumolo, “LHC experience with different bunch 

spacings in 2011 (25, 50 & 75 ns)”, these 
Proceedings. 

[3] W. Herr, “Observations of beam-beam effects in 
MDs in 2011”, these Proceedings. 

[4] E. Métral, “Beam-induced heating/bunch length/RF 
and lessons for 2012”, these Proceedings. 

[5] J. Wenninger et al., “Commissioning of the betatron 
squeeze to 1 m in IR1 and IR5”, CERN-ATS-Note-
2012-005 MD. 

[6] R. Bruce, “Collimation settings and performance”, 
these Proceedings. 

[7] A. MacPherson, “2011 availability analysis”, these 
Proceedings. 

[8] V. Kain, “Emittance Preservation”, these 
Proceedings. 

[9] G. Arduini et al., “Beam observations with different 
bunch spacings and overall synthesis”, Proceedings 
of the Chamonix 2011 workshop on LHC 
Performance, C. Carli ed., CERN-2011-005, p. 63-
69. 

[10] M. Giovannozzi, “Optics Options”, these 
Proceedings. 

[11] R. Assmann et al., “Tests of tight collimator settings 
in the LHC”, CERN-ATS-Note-2012-022 MD. 

[12] N. Mounet et al, “Impedance Effects on Beam 
Stability”, to be published in the Proceedings of the 
LHC Beam Operation workshop - Evian 2011. 

[13] P. Baudrenghien, “Running the RF at higher beam 
energy and intensity”, these Proceedings. 

[14] V. Baglin, “Vacuum performance and lessons for 
2012”, these Proceedings. 

[15] M. Zerlauth, “Intensity ramp-up: 2011 experience - 
Limitations, mitigation, risks, strategy, pushing it in 
2012, 1380 in 3 weeks?”, to be published in the 
Proceedings of the LHC Beam Operation workshop - 
Evian 2011. 

 

Proceedings of Chamonix 2012 workshop on LHC Performance

198



Proceedings of Chamonix 2012 workshop on LHC Performance

MD PLANS IN 2012

R. Assmann

Abstract
Machine development sessions were performed in 2011 dur-
ing dedicated slots of beam time. These MD studies were
scheduled and planned in detail well before, reflecting the
agreed priorities: further optimizing machine performance,
exploring beam parameters beyond design targets, assess-
ing machine limitations, testing new concepts and machine
settings. The MD’s in 2012 will build on the successful
2011 experience. The proposed priorities are discussed. A
particular emphasis is put on how to best prepare future
LHC running in view of the upcoming LHC shutdown in
2013/14 and the recommissioning of the LHC with double
beam energy and nominal luminosity by 2014/15.
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Abstract 
The 2011 lead-lead run of the LHC not only exceeded 

all expectations for luminosity but also yielded very 
valuable information on future performance limits.  An 
additional highlight was the partial demonstration of the 
feasibility of proton-lead collisions, the first upgrade of 
the LHC. Although uncertainties still remain, this 
operating mode has been adopted for the 2012 heavy ion 
run. The implications of running at special energies 
choice of bunch spacing and filling scheme are discussed.  
An outline of the future heavy-ion programme up to 2022 
(between LS1 and LS3) is given. 

 

THE 2011 LEAD-LEAD RUN 
There were many interesting developments during the 

2011 Heavy Ion Run, some 4 days of setup and 24 of 
operation for physics, and it is impossible to give even a 
minimal account of them in the time available for this 
talk.    However summaries of luminosity performance, 
operational efficiency and other statistics can be found in 
talks given yesterday [1,2].  

The performance of the heavy-ion injector chain was 
crucially important in reaching high luminosity.  The 
injection scheme, 15 injections of (mostly) 24-bunch 
batches, spaced at 200 ns , giving a total of 358bk
bunches per beam (to compared with the design value of 
592 with 100 ns spacing) , is discussed in more detail in 
[3].  This so-called “Intermediate” scheme gave higher 
bunch intensities, bN , than the “Nominal” 100 ns
scheme.  Figure 1 shows the intensities along the bunch 
train in a typical fill (7 Dec 2011 07:44:32).   
 

 

There is a significant spread of intensities along each 
train, reflecting the time spent at the injection plateau of 
the SPS where space-charge and intra-beam scattering 
(IBS) affect intensity.  A similar gradation from train to 
train is due to the time spent at the LHC injection energy.  
Nevertheless, every single bunch is significantly above 
the design value of 77 10boN .  Indeed, at this 
particular time we have  
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where W is the stored energy per beam.  The mean-
square value 2

bN  is significant as it represents the gain 
in luminosity with respect to nominal due to the single 
bunch intensities. 

At the start of the run, we increased the number of 
bunches extremely rapidly with 2,8,168,358bk on 
successive fills.  With hindsight, this was perhaps a little 
over-cautious but, as shown in Figure 2, that took us close 
to peak luminosity, a gain of more than an order of 
magnitude over 2010, within 3 days of declaring the first 
stable Pb-Pb beams. 

Thus, for the greater part of this short, 4-week, run, the 
peak luminosity was 26 -2 -15. 10  cm sL , about half the 
design value for 7  TeVZ .  Allowing for the natural 
scaling, 2L E , this is equivalent to twice design 
luminosity.  Moreover, stepping back to compare the 
integrated luminosities quoted by the experiments [1], we 
see that we have already achieved 15-18% of the overall  
long-term goal of 11 nb  in just 8 weeks of running in 
2010-11.  

IR2 optics, aperture and crossing angle 
In 2010, the Pb-Pb run was made with the same values 

of * (3.5,3.5,3.5) m  in the three heavy-ion 
experiments (ATLAS,ALICE,CMS).  This facilitated 
commissioning of the optics as only the crossing angle 
configuration in ALICE had to be changed.  In 2011, the 
preceding p-p physics had been done with 

* (1.0,10.,1.0) m and a further squeeze to * 1.0 m  
had to be added for ALICE.   For technical reasons, this 
was set up with low-intensity proton bunches in advance 
of the Technical Stop.  Aperture measurements found an 
unexpected restriction on the left of IP2 which 

Figure 1 Bunch intensities in the LHC in fill 2351.  
The green points show the design single bunch 
intensity, the blue ones an intensity that could be 
regarded as constant along the bunch trains.  The 
actual intensities are shown in red. 
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constrained the choice of crossing angle, we had to 
collide at a vertical crossing angle 60 rady  instead 
of the 0y  that had been hoped for.  This was at the 
limit of the acceptable level of spectator neutron 
shadowing by the TCTV collimators that could be 
accepted by ALICE.    

Although the TCTVs will be replaced in the 2011-12 
Christmas shutdown with substantial modifications to the 
vacuum chambers in IR2 [4], this unidentified restriction 
may constrain the choice of *  for ALICE in 2012.   It 
will be imperative to measure the available local aperture 
as early as possible in 2012. 

Beam parameter evolution, emittances, IBS 
As usual, the IBS effects for Pb beams are much 

stronger than for protons.  Since the spread in injected 
intensities results in a spread of emittances, the situation 
is quite complex, with a spread of beam lifetimes along 
the bunch trains.  The net result for overall performance is 
shown in Figure 3.  The effective emittance is defined in 
terms of the luminosity and total beam intensities by 
inverting the simplest formula for luminosity as  

 1 2 0
*4

tot tot
N

b

N N f
L k

 (2) 

It starts at slightly above the design value of 
1.5 mN , a reflection of the fact that the injectors are 

exceeding design performance in terms of emittance as 
well as intensity.  The IBS growth during the fill, the 
consequent debunching losses and the luminosity “burn-
off” from the collisions all contribute to the luminosity 
decay and determine the optimum length of a fill about 5-

6 hours.  The final plot showing the luminosity lifetime as 
derived from intensity losses (luminosity burn-off, 
debunching from the RF bucket, etc.) alone indicates that 
the emittance increase due to IBS is the dominant 
contributor to the luminosity decay. 

Although incomplete, the wire-scanner data in Figure 4 
show that the emittance blow-up from IBS is 
predominantly in the horizontal plane, with little coupling 
to the vertical.  There is also a variable amount of blow-
up in the ramp, particularly in the horizontal plane.  

Losses during Pb-Pb collisions 
The mechanisms for beam loss during heavy-ion 

collisions were extensively studied before the start of 
LHC operation because of their expected role in limiting 
either total beam intensity or luminosity.  Data from the 
2010 run was already in good accord with expectations.  
With the much higher luminosity in 2011, we expected 
the losses from collision processes such as bound-free 
pair production (BFPP) and electromagnetic dissociation 
(EMD) to be much more evident and indeed they were.  
Figure 6 shows a steady-state loss map during Pb-Pb 
collisions from the beam loss monitors with an 
identification of the loss peaks based on theoretical 
expectations. 

”MD” results during the Pb-Pb run 
No regular machine development (MD) time was 

scheduled during the heavy ion run.  However some 
important results were obtained in brief end-of-fill MDs. 

 
 ALICE polarity reversal:  ALICE had requested a 

reversal of its spectrometer bump polarity in the 
middle of the run.  In order to avoid setting up the 
ramp and squeeze again, we tested a procedure 
where the reversal of the external crossing angle was 
done after the squeeze.  Although this required a 
passage through very small separations at parasitic 
beam-beam encounters, there were no ill effects on 
the beam.  This procedure was adopted for the rest of 
the run and the result gives us some useful flexibility 
in planning future configurations . 

 BFPP mitigation: immediately after the polarity 
reversal test it happened that the injectors were not 
available to refill for a new physics fill.  We took the 
opportunity to test an idea for reduction of the peak 
energy deposition due to the BFPP losses [7] by 
means of orbit bumps that would spread out or 
reduce the incident flux of 208Pb81+  ions from the 
BFPP process.  Applied to the worst loss point, on 
the right of CMS, we achieved a reduction in the 
highest beam-loss monitor (BLM) reading by about a 
factor 5.   Applied systematically on both sides of 
each experiment as part of the future setup of 
collision conditions, it has the potential to raise the 
luminosity limit from BFPP quenching when we 
come back with Pb-Pb colllisions in 2015.  

 Figure 2 Evolution of peak luminosity by fill in the 
2011 run as reported by the experiments [1]. 
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Figure 3  Evolution of the luminosity (from ATLAS), total intensities, effective emittance and luminosity lifetime in 
a good Pb-Pb fill in 2011.  Effective emittance is defined in (2). 

  
Figure 4 Emittances and energy during a fill from the wire scanner. 
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 Quench limit with heavy ions: in the final days of 

the run we took a short time to test the limits for 
enhanced collimation losses in IR7.    The results are 
discussed in some more detail in [9] and will be 
further documented.  During this MD, Pb beam 
losses were provoked on the primary collimator in 
IR7 and were increased substantially beyond the 
expected quench threshold, translating into an 
expectation that the Pb beam intensity will not be 
limited by the relatively poor collimation efficiency 
due to the nuclear processes occurring in the 
collimators. 

 
It now seems likely that we will be able to reach design 

luminosity.  In the longer term, dispersion suppressor 
collimators will probably still be needed to reach 
luminosities beyond design and to reduce the long-term 
radiation damage to the magnet coils. 

 These encouraging results open up prospects for Pb-Pb 
luminosity substantially beyond design, especially if 
higher total intensity can be attained with shorter bunch 
spacings from the injectors.  In 2015, the maximum 
luminosity in ALICE will likely be limited by capabilities 
of the detector. 

POTENTIAL LEAD-LEAD RUN IN 2012 
Although it now seems practically certain that the 

experiments will choose to run p-Pb in 2012, it is 

worthwhile considering what the alternative Pb-Pb run at 
4  TeVZ might yield.  What improvements could be 
expected compared to the 2011 run at 3.5  TeVZ ? 

First of all, it is hard to imagine a faster luminosity 
ramp-up or significantly better up-time for physics than 
we had in 2011 (Figure 3).  There is no immediate 
prospect for higher bunch intensities with any filling 
scheme and the optimum would be expected to be the 
same 200 ns scheme that we used in 2011.  Anticipating 
that we can achieve * 0.6 m in ALICE (see discussion 
later) as well as ATLAS and CMS, then we can hope to 
gain from this as well as the reduction in geometrical 
emittances that comes with the increase in energy.   With 
these assumptions, we can estimate the peak luminosity as  

 

2
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*

2012 2011

27 -2 -1

4
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L

Z
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Z
 (3) 

which happens to be  the design luminosity for 7  TeVZ  
[11]!  Allowing for faster burn-off, and similar 
operational efficiency in a slightly shorter run (which of 
course can easily fluctuate!), we estimate the potential 
integrated luminosity  

 1250 bLdt , (4) 
a useful increase, but less than a factor 2, over 2011. 

 
Figure 5 Interpretation of beam losses around the ring during Pb-Pb collisions with an identification of the principal 
loss mechanisms contributing to the major peaks.  
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THE PROTON-LEAD FEASIBILITY TEST  
Reminder of p-Pb status (as of August 2011) 
Proton-nucleus collisions are a long-standing request of 
the heavy-ion physics community but were not included 
in the “baseline” LHC programme described in [11].  
Nevertheless, the beam physics implications were first 
considered in a workshop in 2005 [12,13,14] and, in the 
meantime, we took care to ensure that no “showstoppers” 
were built into the design of any LHC systems.  After the 
publication of a document describing the physics 
programme [14] and a request from ALICE, p-Pb 
collisions were recognised as part of the LHC programme 
at the 2011 Chamonix workshop [15]. 

The feasibility of this mode has been somewhat 
controversial since it requires beams of unequal 
revolution frequencies during injection and the ramp with 
the consequent moving long-range beam-beam 
encounters.   RHIC abandoned equal-rigidity acceleration 
in early 2003, because of the resultant drastic beam losses 
and emittance blow-up, and switched to equal-frequency 
acceleration by adjusting the magnetic fields in the two 
rings separately.  This escape route is not available to the 
LHC with its two-in-one magnets.   

In the meantime, the beam dynamics calculations 
outlined in [12,13] have been extended.  It is clear that 
with the LHC parameters, “overlap knock-out” 
resonances will not play a role but that the quasi-random 
fluctuations, by which the long-range beam-beam kicks 
deviate from their non-moving versions, may give rise to 
a diffusive emittance growth with a time scale on the 
order of an hour or so.  Calculations of these effects are 
under way.  

In view of these uncertainties, we proposed [15] a 
feasibility test during the 2011 heavy ion run in view of a 
possible physics run in 2012.   

Implementation: LHC as proton-nucleus 
collider 

In the months following last year’s Chamonix 
workshop, work was carried out to verify compatibility of 
all systems and re-purpose the LHC control system for 
this new, more complicated, mode of operation.  A 
number of new systems or procedures were developed.  
Among these, we mention: 

 
 Machine Protection: new software interlock permit 

tree to avoid the injection of protons into a ring 
configured for ions and vice versa 

 RF: New re-phasing and cogging procedure, plus 
FESA properties and sequencer tasks to configure 
each ring for the right particle type 

 BI:  New BPM calibration task to calibrate each 
beam independently according to the bunch spacing 

 Sequences: the new LHC PROTON-NUCLEUS 
NOMINAL sequence 

 Timing:  the new accelerator mode, PROTON-
NUCLEUS PHYSICS, and new telegram line with 
particle type assigned separately to each ring. 

 Injection schemes:  New injection schemes mixing 
protons and ions.  The injectors prepared a new 
100 ns proton beam with about 10% of the nominal 
proton bunch intensity to match the filling scheme of 
the Pb beam. 

 Transverse feedback systems were already 
independent 

 
As an example, Figure 6 show the new SIS permit tree 

for machine protection at injection.  The proton/Pb 
conditions are applied for each ring with checks that the 
RF frequency is appropriate, to within 1kHz of the 
reference for the species. In the LHC, the particle type in 
the CPTY telegram must correspond; in the SPS, the user 
name should be correct.  The injection line TT10 settings 
must be consistent with 26 GeV/17 GeV per nucleon.  
There is a current interlock on 2 dipole and 2 main 
quadrupole strings. 

Thus, the SIS will allow injection into a given ring if 
the settings are consistent with ions or with protons. On 
top of being an efficient machine protection mechanism, 
it is flexible – no a priori knowledge on which ring is 
used for which species is necessary. It will also work to 
avoid injecting ions during p-p runs (and vice-versa). 

 

 
Figure 6 The new injection permit tree. 

 
 This kind of extension to more general cases often 

introduces useful clarifications in system design. 

Injection and ramp with unequal revolution 
frequencies 

The first 16-hour MD on proton-lead operation took 
place on 31 October 2011 a few days before the start of 
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the Pb-Pb run.  After some hours spent overcoming some 
timing problems and establishing what was the first Pb 
beam of the year,  we were able to inject some Pb 
bunches as Beam 2.  The lifetime of this first Pb beam 
was poor because the RF voltage was still at the proton 
setting of RF 6 MVV (it was later raised to 8 MV).  
However we were able to inject some proton bunches as 
Beam 1 without degrading the lifetime further.  
Subsequently the situation was reveraed and we were able 
to inject a few Pb bunches against an existing beam of 
304 p bunches, each with about 10% of nominal intensity.  
Because of a filling scheme error, these were not in the 
normal buckets and we decided not to try to correct this 
but rather to attempt a first ramp in the remaining time.      
On the first attempt, with transverse feedback adjusted for 
each beam, we were able to ramp 2 Pb and 2 p bunches 
together, for the first time, with negligible losses and a 
good lifetime at flat top.   

RF:  re-phasing and cogging procedure 
At top energy 3.5  TeVE Z , in the feasibility test, the 

beams arrived at the end of the ramp, as shown in Figure 
8, with separate RF frequencies required to keep them on 
their respective central orbits: 

 RF

400.789715 MHz, p (Beam 1)
 

400.789639 MHz, Pb (Beam 2)
f  (5) 

 
Figure 7 Historic Page 1 display showing the injection 
and ramp of the first hybrid beams to reach top energy in 
the LHC. The proton bunches have about 10% of nominal 
intensity while the Pb bunches have typical intensities.  

Locking RF frequencies together imposes offsets of the 
central trajectories. We chose to get approximately the 
mean RF frequency, implying that the fractional rigidity 
offsets would be 43 10 for p and Pb respectively. 

 
Figure 8 RF frequencies and intensities during the ramp 
of two different beams in the LHC. 

The final common frequency was
RF 400.789685 MHzf , resulting in the Pb orbit shown 

in Figure 9.  After locking the two RF systems together, 
we used the ATLAS BPTX for the cogging to restore the 
encounter point between Bunches 1 of each beam to its 
proper place at IP1. The initial shift between buckets 1 of 
each beam was 19 μs (~9 km). The 30 min taken for this 
very first cogging operation should be substantially 
reduced in future. 

Emittance growth 
The major concern arising from the RHIC experience 

was that the presence of another beam circulating with a 
different revolution frequency would blow up the 
transverse emittances via the effects of the moving long-
rang beam-beam encounters.  To test this, many wire 
scans of the Pb beam (Beam 2) were made during the 
experiment.   

In this first fill with Pb beams, the RF voltage was set 
at a the value RF 6 MVV , taken over from proton 

operation, which resulted in a rather fast emittance growth 
from IBS.  This was later suppressed by an increase to 

RF 8 MVV .  However it meant that we had to look for a 
possible increase in growth rate due to the moving beam-
beam encounters superposed on the underlying IBS rate. 
No such increase is evident in the data.  Although there 
was an underlying growth of the emittance due to IBS 
(the low RF voltage) even in the absence of the proton 
beam, Figure 10 shows that it did not become any worse 
for the presence of the opposing proton beam.  This 
continued to be so throughout the ramp and on flat-top 
where the IBS growth was much reduced. 

While extremely encouraging, we stress that this is a 
partial result:  we only had time to study the effect of 
many (304) proton bunches at injection energy and not in 
the ramp.  We planned to do this in the second part of the 
MD scheduled during the first week of Pb-Pb operation.  

The missing second half … 
On the basis of these results, the plan for the second 

MD, scheduled for 16-17 Nov 2011, was extended to 
include a first pilot physics run with moderate numbers of 
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bunches in each beam.   This would have clarified the 
potential of detectors  in this new mode. 

This would follow the critical test of ramping many p 
and some Pb bunches.  Unfortunately, the proton injection 
septum in the PS developed a leak just before.  Expert 
assessment was that continuing to run it to inject protons  
carried a risk of a major leak and down-time that would 
have jeopardised the Pb-Pb run  (this could of course have 
happened earlier in p-p operation!). 

Therefore the plan was abandoned and we have no data 
on ramping with the full complement of bunches in the 
beams. 

Consequently, we are basing a physics programme with 
a complex new operating mode ion 2012 on the results of 
a single MD! The uncertainty in luminosity predictions is 
much greater than usual! 

 

 

 
Figure 9 Closed orbit of the Pb beam after RF frequency locking. 

 
Figure 10 Wire scans showing the emittanceof the Pb beam on the 2nd and 3rd fills during the feasibility test.  The 
notation b1,b2,b3,b4 refers to bunches of the Pb beam, Beam 2. 

. 
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Clearly there is a strong motivation to do the second 
part of the test as soon as Pb beams are available in 2012, 
perhaps in August-September.  This would give both 
accelerator and detectors a chance to react to any surprise 
findings before the start of the p-Pb run 

THE 2012 PROTON-LEAD RUN 
The LHC schedule for 2012 foresees 4 days of setup 

starting after a Technical Stop on 27 October, followed by 
a little over 23 days of physics.    

This is optimistic: even if everything goes very 
smoothly, it will certainly not be so fast to setup as the 
previous two Pb-Pb runs.  For example, there will be 
additional optics correction and collimator setup phases to 
take account of the off-momentum optics as well as the 
squeeze of IR2.  As usual, the commissioning plan will be 
defined carefully on the basis of experience in p-p 
operation.   

Choice of operating energy for p-Pb in 2012 
When particles of charge 1 2,Z Z and nucleon numbers 

1 2,A A  circulating in rings with magnetic field set for 
protons of momentum pp collide, the centre-of-mass 
energy and rapidity of colliding nucleon pairs is 

 1 2 1 2

1 2 1 2

12 , log
2NN p NN

Z Z Z A
s c p y

A A A Z
 (6) 

Figure 11 shows the range values of NNs accessible to 
the LHC in p-p,p-Pb and Pb-Pb collisions with the values 
achieved to date and those in prospect.   

 
Figure 11 Centre-of-mass energy of colliding nucleon 
pairs as a function of proton beam momentum for the 
various beam species that the LHC has accelerated.  

While 2.2  TeVZ  would provide the same NNs  as in 
the 2010 and 2011 Pb-Pb runs, it would cost a factor ~6-7 
in integrated luminosity and exceed the 1 mm orbit limit 

in physics  in the arcs.  Clearly 4 Z TeV would be easiest 
from the accelerator point of view 

The preferences of the experiments have been given in 
[16]: some have expressed a preference to return to 3.5 Z 
TeV.  It does not seem that we can finalise the choice of 
energy this week, nor is it necessary. 

Costs of experimental choices 
The time available for heavy-ion operation is limited 

and a few days of additional set-up can have a significant 
impact on the integrated luminosity especially if we are 
unlucky with unscheduled interruptions.  As usual, we 
must consider very carefully the time needed to set up the 
various required experimental conditions and arrange the 
transitions between them in the optimum way.   Some of 
the important considerations are: 

 If the p-p run is done at 4 TeV, we estimate an extra 
2 days commissioning to set up p-Pb at 3.5  TeVZ .  
After a maximum of offline advance preparation to 
adapt the settings, it will still be necessary to  re-
commission the squeeze in all IRs.  In any case, a 
new squeeze of ALICE will have to be 
commissioned with proton beams as part of the setup 
if it cannot be done earlier. 

 The  β* will be higher for aperture reasons at the 
lower energy.  There will be somewhat larger off-
momentum orbits and associated chromatic effects. 

 The switch of the beams, from p-Pb to Pb-p that is 
also requested will cost about 1 day of setup time, 
again including some collimator re-adjustments. 

 ALICE polarity reversals, for each of p-Pb and Pb-p   
(if requested) would total <1 day. 

 The crossing angle and separation in IR2 are related 
to choice of bunch spacing: in 2011 the choice for 
maximum Pb-Pb luminosity was clearly 200 ns 
because of the gain with the square of the single 
bunch intensities.  In p-Pb, the gain is only with the 
first power of Pb bunch intensity so this choice must 
be reconsidered.  We will return to this question in 
the late summer when the potential performance of 
the injectors is clearer. 

Operating the LHC off-momentum 
At top energy, the revolution frequencies must be 

equalised.   If this is done so as to shift each beam by an 
equal amount, protons to the outside of the ring and lead 
ions to the inside, then the beams will be off-momentum 
by  

 
22 2

2Pb
p Pb p2 2

p Pb

0.00030 at 3.5  TeV
0.00023 at 4  TeV4

T Zmc
m

Zp Z
 (7) 
although there are some arguments for, say, keeping the 
protons on the central orbit and applying twice the shift to 
the Pb beam.   The shifts of the horizontal central orbits at 
the collimators are shown in Figure 12.  The largest shifts, 
up to 1.5 RMS beam sizes, occur at the large negative 
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dispersion locations in the momentum collimation 
insertion IR3.   The more modest shifts at the tertiary 
collimators around the experiments may also necessitate 
some adjustment of jaw positions.    Small shifts in the 
vertical plane are also calculated because of the vertical 
dispersion created by the crossing-angle bumps.   
Additional shifts due to the imperfections may have to be 
compensated empirically. 

 

Figure 12 Shifts of the horizontal orbit of the Pb beam at 

the collimators for the potential physics energies; the 
values are given in units of nominal beam size.    
 

The chromatic variation of the optical functions on the 
off-momentum orbits gives rise to a significant  β-beating 
of the order of 10%, comparable to what is normally 
generated by the imperfections of the machine.  Figure 13 
Beta-beatingshows the computed effect in an optics where 
ALICE is squeezed to the same value envisaged for 
ATLAS and CMS in the p-p run.  LHCb is kept at the 
same value that will be used in the p-p run.   

If, as hoped, the p-p run is successful with * 0.6 m
in ATLAS and CMS, the addition of a similar value in 
ALICE will nevertheless increase the chromatic effects 
include a stronger tune-dependence on momentum.  The 
consequences will be all the more marked on the off-
momentum orbits required by p-Pb operation.  We will 
investigate measures to compensate these but at the 
present stage it cannot be excluded that the *  values 
may have to be increased at all experiments. 

 

 
Figure 13 Beta-beating in the ideal optics with * (0.6,0.6,0.6,3.0) m in IP1, IP2, IP5 and IP8 respectively at the 
energies of 3.5 and 4 Z TeV, showing the advantage of the reduced off-momentum orbits at the higher energy. 
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LHCb joins in … 
Up till now the LHCb experiment has not participated 

in the heavy-ion runs and the  filling schemes provided no 
collisions at IP8 which is located at the irregular 
azimuthal position:   

 

 P8 RF
1039 7 6
1188 8Is C C  (8) 

 
Now that LHCb has expressed interest in p-Pb 

collisions [16], we will have to adapt the filling schemes 
to provide collisions at their IP LHCb optics kept at 

* 3 m .   The number of colliding bunches will depend 
on the bunch spacing finally adopted and the possibilities 
and priorities for re-arranging collisions among the 
experiments. 

Clearly the luminosity in LHCb will be substantially 
lower than in the other experiments.  

Crossing angle in ALICE 
As usual, the crossing angle in ALICE for heavy-ion 

physics is constrained by the need to provide sufficient 
acceptance for spectator neutrons at the Zero Degree 
Calorimeter (ZDC) detectors.  This constrains the 
magnitude of the half-crossing angle to be 

60 radycp  so the contributions from the ALICE 
spectrometer bump and the external crossing angle bump 
must be arranged to mostly compensate each other.  With 

* 0.6 m this will imply a somewhat reduced beam-
beam separation than in 2011.  

Performance estimates 
Table 1 provides estimates of potential performance in 

for ALICE, ATLAS or CMS in the 2012 p-Pb run.  The 
values depend on a number of assumptions.  Of course, 
we have never collided hybrid beams in the LHC before 
and there is very little applicable experience at any other 
collider so these estimates are much more uncertain than 
usual.  Until we get some experience, it is not excluded 
that the performance could be much worse than indicated.  
The untested moving encounter effects in a multi-bunch 
injection or ramp could be damaging. 

On an optimistic view, if we are able to increase the 
proton bunch intensity without affecting the Pb bunches, 
there may be scope for somewhat higher performance 
than indicated. 

 The ratio of peak to integrated luminosity is obtained 
by scaling from 2011 and allowing for a slightly shorter 
run.  However we should not forget that the availability 
was extremely good last year. 

The average Pb bunch intensities are estimated from 
the best obtained in 2011.  In the case of the 100 ns 
scheme, they are extrapolated from  the best values 
obtained in the SPS. We follow previous estimates for p-
Pb performance in taking  proton bunch intensities of 
about 10% of nominal.  Of course, we will increase them 
if possible. 

Proton emittances are also  conservative. 
From these estimates it is hard to choose between the 

two bunch spacings.  This decision will be made late in 
the summer when we have some experience with each in 
the injectors.  Other things being equal, the separation 
around ALICE would be better with 200 ns. 

 
 

Main choice: Units 200 ns  200ns 100 ns 100 

Beam energy/( Z TeV) Z TeV 3.5 4 3.5 4 

Colliding bunches  356 356 550 550 

b* m 0.7 0.6 0.7 0.6 

Emittance protons μm 3.75 3.75 3.75 3.75 

Emittance Pb μm 1.5 1.5 1.5 1.5 

Pb/bunch 108 1.2 1.2 0.8 0.8 

p/bunch 1010 1.15 1.15 1.15 1.15 

Initial Luminosity L0  1028 cm-2 s-1 6.2 8.3 6.4 8.5 

Operating days  22 24 22 24 

Difficulty (subjective 
assessment) 

 0.9 1 0.9 1 

Integrated luminosity μb-1 15.4 22.4 15.9 23.1 

Table 1: Potential parameters and estimates of the resulting peak and integrated luminosity performance for the 2012 p-
Pb run.  
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LHC HEAVY-ION PROGRAMME TO 2022 
During 2011, an implementation of the long-approved 

physics programme for the ALICE experiment was 
agreed. It takes account of the technical and scheduling 
constraints arising from p-p operation, the planned 
shutdowns and the SPS heavy-ion programme.   After a 
first discussion among the ATS Director, ALICE 
management, S. Maury and the speaker, it was presented 
to the 2011 IEFC workshop, to the LHC Machine 
Committee, including representatives of all experiments 
(20 April 2011) and presented publicly at the EPS-HEP 
2011 Conference in July 2011.  Some flexibility still 
remains in this plan if priorities change.   

A further update, reflecting what we have learned from 
the 2011 run, is presented in Table 2.  This includes only 
those beam species that have been officially requested.   
Some other possibilities are discussed from the point of 
view of the ALICE experiment in [10].   

Given that the prospects for exceeding design 
luminosity 27 -2 -110  cm sL after LS1 now appear very 
good and that ALICE is considering an upgrade in LS2 to 

handle peak luminosity 27 -2 -16. 10  cm sL , it will be 
important to study upgrade measures that may achieve it 
in 2019.   At present, it seems essential to install 
collimators in the dispersion suppressors downstream 
from the interaction points of ALICE, ATLAS and CMS 
to intercept the BFPP losses and avoid luminosity-
induced quenches.   

A missing factor 2-3 in peak luminosity might be 
achieved if we can increase the number of bunches in the 
ring (reducing the minimum spacing to 50 ns, for example 
[3].  Alternatively, all, or some fraction, of such an 
increase could come from measures taken in the LHC, eg, 
reduced * in collision. 

  Emittance growth from IBS at injection  might be 
mitigated by implementing a stochastic cooling system 
[17] but such a project  will require study and a lead time 
for development of hardware.  A sufficiently powerful 
system might even improve integrated luminosity at 
collision energy as has been done so successfully at 
RHIC. 
 

 
 
 

Year Colliding species Remarks 

2013-14  Long shutdown LS1, increase E 

2015-16 Pb-Pb Design luminosity, ~ 250 μb-1/year,  
Luminosity levelling?   

2017 p-Pb or  
Pb-Pb 

P-Pb to enhance 2015-16 data. Energy? 
Pb-Pb if μb-1 still needed 

2018  LS2: ? install DS collimators to protect magnets   
? ALICE upgrade for 6 × design luminosity  

2019 Pb-Pb Beyond design luminosity … as far as we can.  Reduce bunch spacing? 

2020 p-Pb  

2021 Ar-Ar Intensity to be seen from injector commissioning for SPS fixed target. 
Demanding collimation requirements?  

2022  LS3, upgrades ?? Stochastic cooling ?? 

>2022  See talks later in this workshop [10] 

Table 2: Outline of the LHC heavy ion programme from 2013 to the start of Long Shutdown 3 in 2022 
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CONCLUSIONS 
In a total of about 8 weeks of LHC operation in the two 

Pb-Pb runs of 2010-11, the following milestones have 
been achieved: 

 The peak luminosity (scaled with 2E ) has reached 
twice the design. 

 We have already achieved 15-18% (depending on 
the experiment) of the overall long-term Pb-Pb 
luminosity goal of 11 nb . 

 We learned a lot from 2011 Pb-Pb run and have a 
better understanding of the performance limits of the 
LHC as a heavy-ion collider. 

 We have demonstrated the feasibility of p-Pb 
operation and are ready for the first LHC upgrade, a 
p-Pb physics run in 2012 

 
Some further discussion with the experiments will be 

required to fully determine the conditions of the 2012 p-
Pb run. The energy in particular must be decided. At 
present, performance estimates in this unprecedented 
mode of operation are uncertain so Table 1 only indicates 
the relative luminosities obtainable with the various 
options. 

Important preparatory steps for the 2012 run include: 
 
 Part 2 of the feasibility test (multi-bunch ramp + 

pilot physics) a few weeks before the run. 
 Aperture measurements in IR2. 
 RF re-phasing MD. 

 
Finally, the LHC heavy-ion programme up to LS3 has 

been briefly reviewed.  Performance prospects look ever 
better but  will need focus on key upgrades.   
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LS1 GENERAL PLANNING AND STRATEGY FOR 
THE LHC, LHC INJECTORS
K. Foraz, CERN, Geneva, Switzerland

Abstract
The goal of Long Shutdown 1 (LS1) is to perform the 

full maintenance of equipment and the necessary 
consolidation and upgrade activities in order to ensure 
reliable LHC operation at nominal performance from 
mid-2014.

LS1 not only concerns the LHC but also its injectors. 
To ensure resources will be available an analysis is in 
progress to detect conflict/overload and decide what is 
compulsory, what we can afford, and what can be
postponed until LS2. The strategy, time key drivers, 
constraints, and draft schedule are presented here.

INTRODUCTION
LS1 will be the first Long Shutdown (LS) of the LHC, 

and is part of the 10 year draft plan, which foresees the 
following LS and Operational Periods (OP):

LS1 to perform all activities needed for a safe and 
reliable operation of the accelerator complex at 
nominal energy.
OP2 at nominal energy (around 7 TeV/beam) and 
intermediate luminosity (1034 cm-2 s-1) for 3 years, 
including proton runs, ion runs and technical stops
LS2 in order to perform all activities for a safe and 
reliable operation of the accelerator complex at 
nominal energy and luminosity.
OP3 at nominal energy and nominal luminosity 
(2.1034 cm-2 s-1) for 3 years, including proton runs, 
ion runs, and technical stops.
LS3 in order to perform all activities for a safe and 
reliable operation of the accelerator complex at 
nominal energy and ultimate luminosity.

This paper focuses on the strategy, activities, and 
constraints to be performed during LS1, both in the LHC 
and in the injectors’ complex.

STRATEGY
LS1 is scheduled to last 20 months. This has been 

agreed with the technical coordination of the experiments 
and of the different machines. This time frame will be 
sufficient to perform all the consolidation and upgrades
needed to achieve the goal of LS1, as well as perform the 
full maintenance of the different systems. Although 
activities foreseen by equipment groups are usually 
planned in term of resources, it is necessary to check
whether the support needed from other groups is 
available.

It is therefore important to understand each request in 
terms of goals, time constraints, and support needed from 

other groups in order to detect conflicts or overloads and
decide what is compulsory or what can be postponed until
OP2 or LS2. In this respect, the project leader of LS1, 
F. Bordry, held meetings with the different stakeholders to 
obtain a clear and complete picture of the activities 
related to the accelerator complex and LHC experiments.
All the information is compiled in a database and the four 
following priorities have been set:

Priority 1: all the activities which will allow the LHC 
to run at nominal energy,
Priority 2: all activities which will allow the reliable 
operation of OP3 (i.e. maintenance),
Priority 3: CERN approved projects,
Priority 4: non-CERN approved projects.

INJECTORS
The shutdown of the injectors during LS1 will last

about 14 months as illustrated in Fig. 1.
It will include two general Christmas breaks of about 

3 months, at the end of 2012 and 2013 to perform the 
usual maintenance programme and Christmas break 
activities. In addition, the 2013 break will be used to 
consolidate and upgrade the injectors.

Figure 1: Skeleton schedule for the injectors’ complex

Main Activities in the SPS
Vacuum coating of 16 dipoles for e-cloud mitigation;
Upgrade and reduction of the impedance of the 
kicker systems;
Major upgrade of RF systems (power increased up to 
4 MW);
Major capacity upgrade for EN-CV to allow the 
above RF upgrade tests and later operation (for LS2);
Cable clean-up necessary for the above activities as 
well as the BA5 cable clean-up campaign;
18 kV transformers consolidation;
Alignment works.
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Main Activities in the PS and PS Booster
Preparatory works for 2 GeV upgrade for LS2  in the 
PS Booster (e.g. new Beam Dump to  handle Linac4 
type beams, etc.);
Renovation of the PS vacuum control system;
Installation and commissioning of the new access 
system;
Alignment works.

LHC MACHINE
Time Key Drivers

In the LHC machine, the total period is driven by:
The consolidation of the superconducting circuits;
The Radiation to Electronics (R2E) mitigation 
measures;
The maintenance programme.

Typical Sequence of One Sector
In each sector, the following sequence will be followed:

Powering tests prior to the warm-up in order to 
qualify the circuits, except the main one, up to 7 TeV, 
and therefore be able to repair or consolidate these 
circuits if necessary. The preliminary tests will also 
help localize existing electrical faults;
Warming-up the cryomagnets and cryogenic line to 
room temperature with a standby period of one week 
(above 20 K and with constant header pressures) in 
order to localize the existing leaks;
Consolidating the superconducting circuits and
maintenance works;
Preparing for cool-down including pressure tests,
electrical quality assurance tests (ELQA), flushing,
etc.;
Cooling-down and cryogenic tuning;
Hardware commissioning.

Consolidation of the Superconducting Circuits
Three main teams will consolidate the superconducting 

circuits. One team in charge of the opening and closing of 
the interconnection, which will intervene before the team 
in charge of consolidating the main splices, and after the
closure of the interconnections. A third team will be in 
charge of the special interventions, for instance the 
cryomagnets exchange, y line repair in sectors 78 and 81,
etc.

Maintenance
After more than 3 years of operation a full maintenance 

programme of the different systems is needed. The 
maintenance of a cryogenic plant will last 18 weeks, 
mainly driven by the maintenance of the compressor 
stations. In light of the cryogenic maintenance, the 
cooling towers will be completely cleaned, and their 
electrical and mechanical maintenance fully carried out.
As underlined by F. Duval, during Chamonix 2011, a lot 

of important maintenance has been delayed because of the 
non-ability of stopping the systems (in order to reduce the 
time dedicated to technical stops, and thus to increase the 
time dedicated to operation) [6].

Mitigation Measures for R2E
Mitigation measures for R2E will mainly occur at 

Points 1, 5, 7, and 8. Except for Point 7, the schedule of 
each point is ready. In order to better understand and 
anticipate the conflicts in logistics an animated schedule 
was edited (showing the exact location of the works at 
each point, week by week).

Point 1
The first schedules edited for the implementation of 

mitigation measures at Point 1 before running at nominal 
energy had an important impact on the schedule of the 
adjacent sectors. To relax the schedule, some activities 
were anticipated during the 2011-2012 Christmas Break.
The total duration is now of 62 weeks and the impact on 
adjacent sectors has been reduced, but there is still a 
2-week delay for the cool-down of sector 81.

Point 5
There is also a heavy workload for the implementation 

of mitigation measures at Point 5. Indeed, most of the 
equipment installed on the first floor of UJ56, as well as 
in the electrical safe room of UJ56 will be relocated
elsewhere. To not impact the overall schedule and 
especially that of adjacent sectors, several teams will 
work in shifts. The actual duration is 57 weeks and the 
impact on the adjacent sectors is reduced, but there is still 
a 2-week delay for the cool-down of sector 56, as well as 
the powering tests.

Point 7
The schedule for point 7 is being established and shall 

be finalized by March 2012.
Point 8
Most of the work has been anticipated during the last 

Christmas Breaks and technical stops. The workload for 
Point 8 concerning R2E is therefore light and the schedule 
will be adapted according to the resource levelling 
exercise.

Other Activities
Many other activities are foreseen, and were already 

presented and accepted by the project leader. These 
activities will be scheduled in detail in 2012, including 
the associated logistics.

Skeleton Schedule
The 20 months of shutdown will be followed by a 

period of cold-check-out and beam commissioning which 
will last about 4 months as shown in Fig. 2. With a start 
date at the end of 2012, the physics at ~7 TeV per beam 
shall commence at the end of 2014. The machine will 
therefore be ready to start physics just before the annual
Christmas Break so it has been decided to cancel the 
2014-2015 Christmas Break to not stop the machine when 
it has just started. In order to keep the level of reliability,
a second slot of maintenance of the main systems has

Proceedings of Chamonix 2012 workshop on LHC Performance

213



been foreseen during the period of hardware 
commissioning.

Figure 2: The LHC during LS1 – skeleton schedule

Risks
During the installation we observed the slow start of the 

different worksites. Indeed, the implementation of the 
worksites (especially in matters of organization) and the 
unavailability of the materials or resources caused delays. 
On average the first 25% of the works took about 20% 
longer than foreseen; this, regardless of the nature of the 
works. 

Splices Consolidation: When this average delay is 
applied to the interconnection train in Fig. 3, one can see
that this has no direct impact on the end date. Indeed, in 
the last sector, the train will finish before the closure team 
starts. However, one has to pay attention to the fact that 
the leak detection and electrical tests performed during 
the last steps of the interconnection period can reserve 
bad surprises, and engender delays.

Figure 3: Impact of the delay in the IC trains

R2E Mitigation Measures: If the activities at Points 1
and 5 are 6 weeks longer then, again, this has no direct 
impact on the start date of the LHC, but it will delay the 
start of commissioning in several sectors and pile-up the 
tests in the last months.

Additional Activities: The scope of the LS1 has been
defined and the amount of work must therefore not evolve
as it could be another important source of delays by
disorganizing the tight plan. Particular attention must be 

focused on the additional requests that require the support 
from other groups. As a matter of fact, some support 
groups are already overloaded and with some works 
having started.

CSCM Tests: it is envisaged to perform the Copper 
Stability and Continuity Measurements in the eight 
sectors of the machine. This additional activity will cost 
around one month for the beam start up.

ORGANIZATION
Preparation is crucial for a good worksite progress:

Orders have to be placed in due time, meaning the 
reverse schedule for the administrative part has to be 
done properly;
Engineering Change Requests have to be approved 
prior to the works;
Depending on the type of work and/or the 
radioprotection environment, DIMRs have to be 
prepared;
Materials have to be ready. This last point was often 
a source of delay during the installation of the 
machine and technical stops.

Preparation meetings will be held throughout 2012 for 
the organization, scheduling, and coordination of the 
different areas. 

CONCLUSION
The analysis of the requests for the accelerator complex 

is well advanced. This is done with respect to priorities 
and resources. For the complex, skeleton schedules are 
ready, but detailed schedules are now to be implemented. 
This will be done during 2012, as well as the detailed 
preparation and organization of LS1.
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POWERING TESTS BEFORE LHC WARM-UP 
WHAT IS NEW FROM CHAMONIX 2011? 

M. Pojer, CERN, Geneva, Switzerland

Abstract 
At the end of 2012, the Large Hadron Collider will 

enter its first programmed long stop (LS1). The problem 
at the origin of 2008 incident will be definitely treated 
and the main circuits will then be able to run at the design 
current value without protection issues. At Chamonix 
2011, a proposal was done for a series of powering tests 
to be performed just before the LS1 to investigate other 
potential limitations in the machine, which could be fixed 
during the same maintenance period. A review of these 
powering tests is presented, together with the list of 
investigation to be performed by the electrical quality 
assurance (ElQA) team. A tentative planning is as well 
proposed. Moreover, following complementary activities 
during the LS1, a huge campaign of individual system 
tests will have to be as well performed during the 
shutdown. Attention will be put on the preliminary list of 
needed re-qualifications. 

INTRODUCTION 
After three years of beam commissioning and start of 

routine operation, the LHC will be shut-down at the end 
of 2012, to carry out a serious of maintenance and 
upgrades. The objective is to ensure, for the coming years, 
a safe and reliable operation. 

The interventions that are being planned by the 
equipment owners are numerous, but the main one is, of 
course, the consolidation of the 13 kA splices [1], which 
were at the origin of the incident in 2008 [2]. After this 
consolidation, there shall be no more limits to the increase 
of the machine energy to 7 TeV. This is why a proposal 
was done in Chamonix 2011 [3] on special tests (mostly 
powering) to be performed on the machine to check 
possible limitations (for design energy) other than the 
splices. An agreement was then reached to allocate two 
weeks, at the end of 2012 run, to carry out these special 
tests. And an update of the tests to be performed is 
contained in this paper. This is therefore an on-going 
discussion and the final list of tests and actions will be 
defined in the course of 2012. 

For obvious reasons, the 13 kA circuits will not be part 
of this exercise and are not considered in this paper, 
unless differently specified. 

POWERING TESTS TO BE PERFORMED 
BEFORE LS1 

Looking back at the status of commissioning in 2008 
(when the design performance was the objective), it 
appears that most of the circuits were commissioned to 7 
TeV equivalent current; apart sector 34 (which went 
through the repair and has to be considered as a new 
sector), the circuits that did not reach 7 TeV are: 

- RQX.L5, commissioned to less than 5 TeV, due to 
change in nominal current; 

- RD3.R4 and RD4.R4, where the nominal current was 
changed after commissioning, which then resulted in 
less than 7 TeV (6.6 and 6.3 TeV, respectively); 

- RD2.R8, which quenched 4 times (5816, 5788, 5856 
and 5854 A) at less than 6.8 TeV; 

- 142/410 600 A circuits, “jeopardized” due to the 
reduction of target current/energy and to the change of 
specifications, resulting in commissioning to 5 TeV or 
even below; 

- some 80-120 A circuits, not commissioned for 7 TeV 
o RCBYV5.L4B2 suffered three quenches without 

training (limited to 50 A) 
o RCBYHS4.L5B1 had a hardware problem and was 

limited to half the energy (limited to 50 A) 
o RCBYHS5.R8B1 had a ramp-down quench after 

attaining the nominal (limited to 20 A) 
o RCBYH4.R8B1 had a ramp-down quench after 

attaining the nominal (limited to 50 A). 
The first, obvious proposal is to try and commission, 

before LS1, all the above circuits to 7 TeV, in particular 
RD3.R4, RD4.R4, RD2.R8 and RQX.L5; the same will 
have to be done with all the circuits of sector 34. 

What to push higher: the Landau octupoles and 
the lattice sextupoles 

In Evian ’11, the request came [4] to commission the 
Landau octupoles to their nominal current for 2012 
operation; in fact, last year they were used in operation at 
400 A and more could be needed (if we don’t manage to 
go down to low chromaticity values) to control beam 
instabilities. 

According to some experts [5], 550 A could be 
sufficient at 7 TeV but tests will be needed in MD in 
2012; others [6] estimate that we might need 600 A, if not 
more. That’s why the commissioning current for 2012 has 
been increased to 550 A [7] for the Landau octupoles, and 
the feasibility to go to a higher current has been analysed. 

Similar considerations apply for the lattice sextupoles, 
where current values larger than the nominal would help 
in case of special optics [6], and where also the 
acceleration could be a limiting factor for the length of 
the squeeze to very low beta*. Unfortunately, with the 
present acceleration, the quench protection system is at 
the limit of the detection threshold, and a new generation 
of controllers (less sensitive to the inductance) should be 
available only after LS1. 

There is a common consensus to push, at the end of 
2012, the octupoles and the sextupoles to their ultimate 
value of 600 A. On the other side, the proposal of pushing 
further these circuits is not obvious. 
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From the point of view of the performance of the 
circuits in the machine, if in 2011 they had been limited 
to 400 A, in 2008 they had been already pushed to 550 A 
in all sectors excluding sector 34, 45 (just a test step 
missing) and 56. Among those tested to 550 A, very few 
quenches had been observed. Also some of the circuits 
had been tested in the lab to values close to 800 A [8]. 

However, there are some technical limitations to 
consider for going to higher currents. The power 
converters, first of all, are limited to 600 A, and it would 
not even be easy, from the regulation point of view, to put 
two of them in parallel. The current leads, then, are 
dimensioned for 600 A and have been validated for this 
value: larger current would require further testing at a 
different temperature regulation (overcooling) [9]. For the 
QPS, finally, the current sensors are limited in range to 
±600 A and there is a programmed interlock at ±610 A, 
meaning that one cannot exceed this current [10]. 

Re-training 
Surprises might appear when we’ll try and reach the 

nominal performance, namely the de-training of some 
circuits. It happened in fact, in 2010, that some of the 
circuits already commissioned to 7 TeV equivalent 
current experienced a de-training and their current had to 
be reduced; among them, some of the known weak 
circuits, but also other ones, mainly 600 A circuits, plus 
some 120 A circuits.  

That’s why a strategy has to be discussed in case a 
serious limitation is found, mainly pointing on applying 
different nominal currents according to the real needs of 
operation, but also discussing how many quenches are 
acceptable, if a limitation is acceptable for the machine or 
if a different optics is suitable. All this will be treated in 
details before and during the powering tests together with 
MP3 responsible. 

What else do we need to test? 
Other tests have been identified as important before 

LS1. Due to the known incompatibility between the 
quench protection system for the RQTD/F circuits and the 
tune feed-back, new QPS boards will have to be tested, 
with a different logic able to withstand the feed-back 
requests. Also, tests will have to be done to understand 
the problem on the circuit RCBXH3.L5 (out of order 
since 2010). The idea of firing all quench heaters to their 
full voltage was also proposed by the equipment owners, 
to check if critical cases are present in the machine (a 
monitoring tool will be in place only during TS1, which 
compares the discharge with a reference [11]). 

CSCM 
Another kind of measurement that could be performed 

before the LS1 is the Copper Stabilizer Continuity 
Measurement (aka, thermal amplifier), a technique 
originally proposed by H. Pfeffer and lately developed by 
H. Thiesen, to investigate the thermal runaway of faulty 
splices of an entire 13 kA line. The method consists in 
keeping the magnets at 20 K, ramping to 500 A with 20 

V/s to open all diodes and then ramping to high current 
with 300 A/s ramp rate; once at flat-top, the current is 
quickly extracted if one of the splices undergoes a thermal 
runaway. 

All technical aspects of the CSCM were addressed in 
various workshops and meetings [12-14] and another 
review is foreseen for summer 2012: even if many critical 
details emerged, no showstopper has been so far 
identified. 

The conditions of the thermal amplifier measurements 
are the same as in case of a magnet quench: when a 
quench occurs, the voltage inside the magnet increases; 
the diode starts conducting and the current flows inside 
the bypass line. Since the diode is resistive, it heats up. 
The heat could propagate through the cable up to the 
splice and eventually quench it, which means that serious 
damages could be produced if the splice is not well done. 

Quench tests were performed during 2011 to address 
this issue. As a collateral discovery, it turned out that the 
resistance during discharge via the by-pass is much higher 
than expected. An example of the resistance developed in 
the by-pass path is shown in figure 1. For more details, 
see [15]. 

 

 
Figure 1: Example of quench test, with the discharge of 
the current through the by-pass diode; the resistance of 
the by-pass segment is shown. 

The CSCM could be used to quickly measure the 
resistance of all by-pass segments in a sector, highlighting 
critical cases, if any. 

The complexity of the CSCM technique is high and the 
effort associated is not negligible; this is why no time was 
allocated for these measurements before 2012 run, and a 
slot has been reserved for a type test, in one sector of the 
machine, during the warm-up at the beginning of 2013. 

ELQA TESTS 
During the yearly electrical qualification (ElQA) of the 

machine, “each circuit is energized individually with 
respect to ground using a DC voltage source limited to a 
current of 2 mA … during the test of a given circuit, all 
other circuits of the same electrical safety subsector are 
grounded for safety reason” [16]. It was recently noticed 
that this is not the condition of maximum stress for the 
circuits, since they are normally powered all together. In 
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the future, the maximum operational voltage against any 
neighbouring circuit will be taken into account. This is 
the reason why, before entering LS1, all circuits will be 
tested for higher voltage withstand, considering circuits 
with bus-bars running in the vicinity and nested circuits,  
and adding a safety margin of 20%. The resulting 
voltages to be applied to the different circuits are shown 
in Table 1. 

 
Table 1: Voltages to be applied for next ElQA campaigns. 
 

Tested 
Max op. voltage Proposed 

voltage 3.5 TeV 7 TeV 
MB 1900 450 487.5 1900 
MQ 240 376.5 520.1 650 
MCS 480 376.5 840 1000 
MCD 480 339.5 840 1000 
MCO 480(200) 199.5 420 480 (200) 
MS 600 399 840 1000 
MSS 600 301 840 1000 
MO 600 406 840 1000 
MQS 360 399 840 1000 
MQSx 360 399 840 1000 
MQ6 360 399 840 1000 
MQTL(9) 360 399 840 1000 
MQTD/F 360 406 840 1000 
IPQ (1.9K) 480 266 420 480 
IPD 600 600 600 600 
MCB 600 (200)   600 (200) 
Undulator 500   500 

 
Another important activity of the ElQA team will 

consist in filling a reference map to be used during and 
after LS1, containing:  
- MIC, measurements of the quench heater resistance 

and quench heater insulation (vs coil and ground); 
- Transfer function measurements, to be performed at 

cold and repeated at warm. 
Also a series of investigations will be performed on ill 

circuits, mainly to diagnose shorts (RCOs, 120 A circuits, 
etc.) and there could be space to re-measure the resistance 
of internal splices for critical magnets, to confirm the 
need for replacement (might be possible during technical 
stops as well). 

LS1 AND AFTER 
The LS1 will certainly be the occasion for many system 

upgrade and maintenance activities; some examples are: 
- QPS upgrades, with additional systems for the 

diagnostics of the quench heater circuits or specific 
transducers for precision measurement of the power 
pulse during heater discharge; 

- all other QPS instrumentation cables need to be 
checked after LS1 for electrical insulation strength 
and correct wiring; 

- QPS detectors change and firmware upgrade; 
- PC modifications (active filters, auxiliary power 

supplies); 
- R2E relocations and cables re-routing. 

All the above interventions will demand for a massive 
campaign of individual system tests, to check for system 
reliability, protection functionalities and effective QPS-
PIC-PC interface. The cable activity will in particular 
require for short-circuit tests and heat runs to be 
performed. New powering procedures will be needed  (not 
only for the training of the 13 kA circuits). And finally, 
we will have (in 2014) a brand new commissioning 
campaign. 

TIME ESTIMATE 
A rough estimate of the time needed for the tests before 

LS1 can be drawn, even if the final list of tests will be 
defined in the course of 2012; it gives: 
- 3-4 days per sector for the powering tests (could do 

more sectors in parallel) 
- 3 days with 2 teams per sector for the MIC 
- 2days with 2 teams per sector for the HVQ 
- few additional days for special investigations by ElQA 

CONCLUSIONS 
A lot of tests and measurements will have to be 

performed before the LS1, to find other possible machine 
limitations. Among them, the commissioning to nominal 
current of all circuits (13 kA excluded) and the 
commissioning to ultimate current (if not more) of the 
ROD/Fs and the RSD/Fs. The CSCM measurements will 
be performed on at least one sector. Many ElQA tests will 
be as well performed. This is a tight planning to be 
completed in the allocated time. 
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CONSOLIDATION OF THE LHC SUPERCONDUCTING MAGNETS AND 
CIRCUITS DURING LS1 

J.Ph. Tock, CERN, Geneva, Switzerland,  
 
Abstract 

All the activities necessary to consolidate the LHC 
superconducting magnets and circuits are presented, 
especially the consolidation of the main splices, 
replacement of weak cryomagnets, the consolidation of 
the DFBAs and the special interventions. For each of 
them, the baseline strategy is presented, highlighting the 
reasons that led to these choices and the remaining risk 
level. 

In particular, the progress of the work of the LHC 
Splices Task Force, the recommendations of the second 
LHC Splices Review (November 2011) and their analysis 
are reported. Finally, the work planning, the organization 
chart and the associated resources are detailed. 

 

MAIN SPLICES 
The design and procedures for consolidation of the 

13 kA busbar splices of the main dipole and quadrupole 
circuits were presented and submitted to an international 
review committee at the second LHC splices review [1]. 
This review is part of a series of reviews and the next 
ones have been preliminarily planned, assuming a 
beginning of the intervention on the interconnections 
(ICs) in January 2013: 

- 3rd Review: September 2012:  Production Readiness 
- 4th Review: March 2013:  Quality Audit 
A functional specification [2], formalising the 

requirements defined in the frame of the splices task 
force [3], was written. The final design of the 
consolidated shunt was assessed to meet all the 
requirements. This is a major achievement. At the time of 
the review, the electrical insulation was almost finalised 
except for some details. Now, a final concept, answering 
positively the remarks of the review committee, is 
available.  

The criteria used to decide if a splice has to be redone 
were found adequate: 

1. R_8_excess > 5 μΩ (Resistance of the copper to 
copper junction) 

2. Outlying R_splices @ 1.9 K (a maximum of 123 
splices) (Resistance of the superconductor to 
superconductor junction) 

3. Geometry not allowing nominal shunt installation 
4. Visual defects 
Since redoing a splice is not a riskless operation (major 

intervention on the delicate Rutherford superconducting 
cables), and it takes time and resources, reworking has to 
be done only if strictly necessary.  

The proposal to install single shunts on the quadrupole 
circuits, after validation in the splices task force, was 
endorsed by the international review committee, under the 
following conditions: 

� Strict application of the production and quality control 
procedures; 

� The clamp is effective in limiting the deflection and 
stress on splice, to prevent the future degradation of 
the copper stabilizer connection; 

� The energy extraction time constant is reduced to less 
than 20 s. [4]; 

It was decided to consolidate the DFBA (Electrical 
feedboxes) superconducting circuits (splices and busbars) 
to the same standard as the arc ones and the sharing of 
responsibilities is defined [5]. For the intervention on the 
splices themselves, the same teams will take this in charge 
while the procedures, tooling and work to give access to 
them will be carried out by the responsible equipment 
group. It has to be noted that in 2 out of the 16 DFBAs, 
some splices cannot be consolidated in-situ so methods 
lowering the inherent risk have to be studied.  

All the superconducting circuits from current lead to 
current lead were screened by a pool of experts [6]. 
24 practical recommendations were formulated. The high 
risk issues concern mainly the 13 kA splices, hence the 
need to work on the arc splices but also on the DFBA 
ones (see above). Other weaknesses were identified like 
the spiders (Busbars supporting devices). Procedures to 
consolidate them are under definition. On one hand, this 
long shutdown is a possibility for a massive consolidation 
but on the other hand, the risks generated, the reliability 
improvement, the time and resources involved have to be 
taken into account in the decision to do it or not. 

 

SPECIAL INTERVENTIONS 
This topic was covered in [7]; an update is given here. 

Replacement of magnets 
8 dipoles and 1 short straight section will be replaced 

because of their high inner splice resistance. This amount 
was estimated last year but is now substantiated by a 
careful analysis and a massive test programme [8]. It was 
concluded that leaving these 9 magnets would be too 
risky due to a possible lack of mechanical strength. On 
the other hand, some extra 30 magnets present a very 
small risk. As the approach used is very conservative and 
as no degradation was noticed in LHC or in SM18 
extensive testing, this risk is accepted. The magnets 
removed during LS1 will be tested and inspected, and this 
will help to elaborate the strategy for possible 
replacement of magnets during LS2. 

4 dipoles will have to be replaced because of a 
weakness in the quench heater circuit. One magnet does 
not presently withstand the voltage of 1.9 kV. A repair in-
situ will be tried at the beginning of the LS1. Nevertheless 
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a spare and the resources will be foreseen for an exchange 
if the repair is not succesfull.  

14 magnets have wrongly oriented beam screens around 
the LHC ring. This could increase the heat load because 
the synchrotron radiation will generate more electrons. 
Such an effect cannot be measure at 3 TeV, but might 
become relevant at 7 TeV. In Ref. [9], it is recommended 
to install one cryodipole with conform beam screens 
orientation to avoid to have more than one cryodipole 
with wrong beam screens orientation per cooling loop. 
So, 2 cryodipoles have to be replaced in half cells 26R3 
and 32R3. The actual type of cryodipole to be exchanged 
is left free and can be used as an optimisation parameter 
for the global installation strategy.  

By replacing the SSS Q23R3 and Q27R3, the RQS 
circuits will be restored in sector 34. As a second priority 
but in the baseline, the SSS Q5L8 housing a non-conform 
corrector circuit (RCBCHS5.L8B1) will be replaced by a 
SSS with a new corrector. The RO circuit (Q28R3 & 
Q32R3) will not be restored in LS1 but will be studied for 
LS2 in case of need.  

All known and new leaks will be searched and repaired 
during LS1. The most critical one on the magnet side is in 
the vacuum subsector A27L4 [10]. The experience so far 
is that all localised leaks could be repaired in-situ. No 
spare magnet is prepared since its exact location, hence its 
type are not known. If necessary, it could be ready in a 
few weeks in most of the cases. If it is a complex SSS, 
this could take several months.  

The undulators are having non-conformities but are 
working satisfactorily. A spare cold mass is available, it 
will be cryostated and cold tested in 2012. After testing 
and assessment of its impact on operation, a decision on 
the need for replacement can be made.  

Table 1: Magnets to be replaced 
Reason Dip SSS Total 

High inner splice resistance 8 1 9 
Electrical integrity 5 0 5 
Reversed beam screens 2 0 0 
Beam optics (Q23R3 & 
Q27R3, Q5L8) 

0 3 3 

Leaks(*) 0 0 0 
Undulator(**) 0 0 0 

TOTAL 15 4 19 
(*) Only one critical leak in sector 34 may not be accepted so 
could require the replacement of a magnet if it cannot be 
repaired in-situ. Based on the experience so far, it is not likely. 
(**) Not planned but to be decided in 2012.  

The plan is to have these 19 cryomagnets ready to be 
lowered before the start of LS1. There are already 
sufficient number of dipoles, the assignment process by 
the MEB is running and the planning for work in SMI2 is 
defined. Up to date info is available at [11] 

Consolidation of Connection Cryostats (CC) 
A consolidation campaign on the CC was started during 

the 2008-09 shutdown [12]. To avoid major delays and as 
tests have proven that the risk was very low, two CC 
(L1&3) were not consolidated and one was even not 

inspected (L8). During LS1, the baseline is to inspect all 
the CC to check the long term efficiency of the fixing 
procedure and especially the CC L8 for which no info is 
available; consolidate it if necessary and also the 2 
remaining ones. Note that if the DS collimators had been 
installed in IR3, the CC in 11L3 would have been 
replaced by a shorter one, cancelling the need for its 
consolidation.  

Safety pressure relief devices [13] 
In the 2008-09 shutdown, three sectors were not 

warmed up and therefore, it was not possible to install all 
the DN200 pressure relief devices. Also, the safety 
pressure relief devices could not be installed in Q6R2 & 
Q6L8. It is planned to complete the installation of the 
safety pressure relief devices during the next shutdown. 
About 600 relief valves have to be installed. Self 
reclosing “flap” valves will also be installed [14].  

Plug-In Modules (PIMs) 
The strategy [7,14] is summarised in Table 2. As some 

bellows are very fragile, new permanent protection shells 
will be installed before the closure of the ICs [14,15].  

Table 2: Replacement of PIMs 
Reason # Remark 

Preventive replacements at 
the arc extremities 
(Q7/MB; MB/Q7) 

18 
Some already 
re-placed in 

2008-09 
Heavily damaged ≈10  
Failure at warm-up ≈14-18 Estimate 
Around exchanged arc 
cryomagnets (#18) 

72 
4 per 

cryomagnet 
TOTAL ≈116 Estimate 

Circuits issues 
For various reasons, both the main circuits and also 

many correctors have not been commissionned up to 
7 TeV equivalent current [7, 17, 18, 19]. Some are 
planned be treated during LS1, some not, like D2R8 for 
example. Extensive testing at cold and warm before the 
opening of the ICs should be done in order to assess the 
real limitations and support the preparation of the possible 
interventions. In paralell, actual and realistic requirements 
for operation towards 7 TeV needs to be devised, using 
the experience acquired thanks to LHC runs so far. This 
should be given sufficient resources and time to allow to 
focus efforts on the prioritary interventions. In that phase, 
unknown non-conformities would require interventions 
that could have major impact on resources and schedule.  

Other issues 
The helium level gauge of two stand-alone magnets will 

be consolidated (Q6R2&L8). [7,16] 
Two leaking Y-lines (17-19R7 & 19-22R8) will be 

fixed. [7]. 
The non-conformity on the passive heaters of the inner 

triplets [20] will be treated at the end of LS1 for 
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radioprotection reasons. Points 1 & 5 will be treated in 
priority.  

The 6 kA splices resistance measurements have been 
completed and no outlier has been revealed. Targeted 
inspection is foreseeable.  

During the assembly of the first sector (78), some 600 A 
line N connections were found non-conform. Most of 
them were inspected and redone if necessary. For the non-
inspected ones, sampled inspections could be planned.  

With respect to last year plan [7,26], it was decided to 
postpone the installation of DS collimators in IR3. This 
reduces the workload but, as side effect, gives extrawork 
for consolidation of the connection cryostat 11L3 and the 
replacement of Q7R3.  

Many local interventions are required to give access for 
short interventions, like for example BPM cables checks 
and possibly repairs, recovery of the radioprotection 
samples for analysis [25] or installation of new ones. 

Last but not least, interventions will be required to 
solve new issues appearing before the shutdown and also 
to manage non-conformities generated by the other 
activities during the shutdown. This is difficult to plan but 
small contingency is foreseen for this. If not sufficient, 
the options will be:  
- To accept a longer shutdown duration allowing to shift 

experienced resources working on the main splices to 
the special intervention team 

- To reduce the scope of work of the special intervention 
team 

It is not recommended to shift experienced resources 
planned for the main splices consolidation to the special 
intervention team because of the criticality of this 
operation.  

It is important to remind that work will take place all 
around the LHC circumference, making the coordination 
and follow-up quite demanding in terms of supervision 
staff.  

ORGANISATION AND RESOURCES 
The consolidation of the superconducting magnets and 

circuits during LS1 generates a workload for 220 persons 
full time equivalent during more than one year. It is 20 
more than presented last year [23], mainly due to the 
decision to consolidate the DFBA circuits. Assuming 
committed contributions from other groups are validated, 
40 persons are missing. Only one third of the involved 
staff is presently trained and experienced. Training will be 
a challenge for this year. A simplified organisation chart 
is given in Fig. 1. This project is part of the global LS1 
project led by F Bordry.  

 
Fig. 1: Simplified Organisation Chart 

 
There are production and quality assurance activities 

and also a project office, aiming at providing general 
support and coordinating some interfering activities 
(transport, logistics, tests on chains of magnets like 
pressure and leak test, some ELQA) and also activities 
necessary to prepare the worksite [removal of sensors 
(Survey, BLM, QPS,...), safety, general logistics,...].  

The teams working on the consolidation will start at 
point 5, going clockwise. Fig. 2 is an overview of the 
other activities to be carried out on the superconducting 
magnets. The Special Interventions Team (SIT) will aim 
at completing its work before the arrival of the “splices 
train”.  

 

 
Fig. 2: Overview of the special interventions 

The global planning [21] gives the boundary conditions 
for the consolidation of the magnets. Within the allocated 
space-time windows, the various teams are defining and 
managing their own detailed schedule. It is mandatory to 
reach the ambitious production rate of 53 IC/week. The 
best rate achieved during the series installation was 
30 IC/week. For the 8 sectors, the consolidation of the 
main splices will last 14 months and the worksite will 
extend on four sectors (> 13 km). This does not contain 
any contingency. It has to be noted that the first sector 
will be power tested only one year after the start of the 
consolidation, too late to change anything on the work 
procedures.  

A web interface tool, called WISH [22] for Web 
Interface SHutdown, is under development. It will:  
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- Ensure real time recording of the work progress, 
easing coordination 

- Trace each single task (operator, tooling) 
- Allow fast reaction for NC management 
- Support the data transfer to MTF for trace-ability 

Tests and debugging of the WISH are foreseen in 
August 2012. This requires an efficient (3G) internet 
connection all along LHC tunnel. 

220 persons are needed to accomplish this work  
 

OTHER TOPICS 

Busbar Spiders  
A doubt on the busbar “spiders” was identified by the 

experts screening the LHC circuits [6]. Work is on-going 
to possibly define a consolidation procedure [1]. The 
issue will be reviewed by the LHC Splices task force and 
a proposal made in 2012.  

The diodes 
High resistances were measured in the diodes circuits 

of the LHC during quench propagation tests. A working 
group (TE-MPE & TE-MSC) has conducted off-line 
testing of the diodes. Data from series production, spare 
diodes and diodes recovered from 34 was analysed. 
Instrumented diodes were tested in SM18.  

The diodes behaviour observed in the LHC tunnel has 
been confirmed as a typical one and, even if not explained 
yet, is not considered as an issue for LHC operation. It is 
characteristic of the diode to heat sink contact. Further 
tests are planned in SM18. This is not a complete 
guarantee that all diodes can withstand a nominal current 
decay. There might be a few isolated cases where contact 
resistance is too large.  

No massive intervention is planned on the diodes 
during LS1. Local tests and/or inspections are possible. 

Copper Stabiliser Continuity Measurement 
(CSCM) 

This method has been described and reviewed at 
several occasions [1,19]. It could be used to qualify the 
main splices, but also other parts of 13 kA circuits, for 
operation at 7 TeV. An approval for the continuation of 
this project is needed. As the goal has changed since the 
proposal of this method, the necessary conditions have 
also to be reviewed and updated. A possible planning is: 
- January 2013: Type test in one sector at the end of the 

physics run 
- End of LS1: campaign on the LHC to qualify main 

circuits for operation at 7 TeV. The impact on the 
schedule would be 4 weeks if the 8 sectors are tested but 
there could be no impact if the last one(s) are not tested.  
This method gives information on the highest segment 

resistance between voltage taps in a LHC sector. It could 
be useful information, especially if some splices are 
extremely difficult to access for consolidation (DFBA for 
example) and therefore are not treated. It is also 
validating other parts of the bypass circuits (i.e. diodes) 

Safety and radioprotection 
These aspects were treated in [1]. The use of lead-

containing solder is under assessment with the TE safety 
officer. This should not be an issue. For the 
radioprotection, the workplan is: 
- Continuous review of detailed estimates of radiation 

levels 
- Verification on samples (both outside and inside 

IC [25]) 
- Radioprotection inspector to go with the working team 

at opening of the ICs 
Some interesting points to note: 

- The regulations impose to companies from member 
states and institutes to follow their own national 
legislation. For industrial support teams, this will imply 
wearing two dosimeters: one issued by their home 
country and one from CERN,  

- Any material removed from the LHC tunnel will have to 
be traced 

- Use of methods generating dust or small particles 
should be minimised 

- SMI2, the exit building for removed magnets, should 
become a supervised workshop due to the low expected 
activation of the magnets at the time of LS1. Storage of 
removed magnets will have to obey the RP rules.  

New IC thermal shield design 
During the 2008-09 shut-down, certain drawbacks of 

the IC thermal shield design were noted: notably blockage 
of the shield and risk of MLI fire during welding 
operation. In view of the heat load margin, a new design 
of the thermal shield is being studied. It reduces the 
number of welds (and grindings in case of dismantling). 
After further modelling and testing, a choice will be made 
in 2012, and eventually submitted for approval.  

 

CONCLUSIONS 
Some decisions have to be taken in 2012: 

- DFBA consolidation 
- Reinforcement of the spider insulation 
- New IC thermal shield design 
- Known circuits non-conformities 
- Undulator replacement 
- CSCM 
- Diodes 
- ...and all what will appear. 

The consolidation of LHC superconducting magnets 
and circuits has been reviewed by an international 
committee of experts in the LHC splice review in 
November 2011. The final design of the consolidated 
13 kA busbar splice meets all the requirements and 
recommendations of the review and is now being 
prepared for production. 

The replacement of magnets and consolidation of the 
main splices are the two major priorities of LS1, and are 
estimated to require 14 months each and a combined 
effort of 220 FTE, of which about 40 have still to be 
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identified. 2012 will be the key year for the preparation 
for these activities, especially the training of the new staff 
joining the experienced teams. The planned production 
rate of 53 IC/week is very ambitious, with a minimal 
contingency in resources and schedule. 
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R2E STRATEGY AND ACTIVITIES DURING LS1 

 A. L. Perrot on behalf of the EN/MEF and R2E Mitigation Project teams, CERN, Geneva, 
Switzerland 

Abstract 
The level of the flux of hadrons with energy in the 

multi MeV range expected from the collimation system at 
Point 7 and from the collisions at the interaction Points 1, 
5 and 8 will induce Single Event Errors (SEEs) of the 
standard electronics present in the equipment located 
around these Points. Such events would perturb LHC 
operation. As a consequence, within the framework of the 
R2E (Radiation to Electronics) Mitigation Project, the 
sensitive equipment will be shielded or relocated to safer 
areas. 

These mitigation activities will be performed mainly 
during Long Shutdown 1 (LS1). About 15 groups 
(including equipment owners) will be involved in these 
activities with work periods from a few days to several 
months. Some of them will have to work in parallel in 
several LHC points. This document presents these 
mitigation activities with their associated planning, 
organization process, and main concerns as identified 
today. 

INTRODUCTION 
The R2E Mitigation Project assists LHC operation and 

equipment owners with expert knowledge and 
assessments of radiation-induced failures in electronics. It 
is responsible for implementing a mitigation plan to 
minimise radiation-induced failures in electronics and 
respectively optimise LHC operation. Within the 
framework of the R2E Mitigation Project the EN/MEF 
group is in charge of the relocation and shielding 
activities integration, planning, and implementation tasks 
[1].  

The level of the flux of hadrons with energy in the 
multi MeV range expected from the collisions at the 
interaction Points 1, 5 and 8 and from the collimation 
system at Point 7 will induce Single Event Errors (SEEs) 
in the standard electronics present in much of the control 
equipment. Furthermore, a risk of SEEs induced by 
thermal neutrons cannot be excluded. Such events would 
perturb the LHC, possibly leading to a stop of the 
machine [2-9]. The R2E Mitigation Project foresees 
shielding or relocating the equipment sensitive to 
radiation, which is presently installed in these critical 
areas, into safer areas. The majority of these mitigation 
activities will be performed in parallel during LS1 in 
Points 1, 5, 7 and 8 (see Fig. 1). In view of the large 
amount of work, several activities have already been 
anticipated and carried-out during the 2011-2012 winter 
shutdown. 

This document reports on these mitigation activities 
and their associated foreseen improvements. It presents 
the planning, organization process, and main concerns 

about the R2E mitigation activities to be performed 
during LS1. 

 

 
Figure 1: LHC critical areas considered by the R2E 
Mitigation Project. 

MITIGATION ACTIVITIES  
The main critical areas in terms of hadron fluence / 

SEEs considered today within the framework of the R2E 
Mitigation Project are the UJ14/16, UJ56, UJ76, US85, 
RR13/17 and RR53/57. Sensitive equipment located in 
these areas will have to be relocated or protected by new 
shielding walls [10]. Equipment that can neither be 
relocated nor be sufficiently shielded has to be developed 
to be radiation tolerant.  

During the 2011-2012 Winter Shutdown 
Several activities were carried-out during the 2011-

2012 winter shutdown to ensure safe LHC operation in 
2012. Others were anticipated to reduce the amount of 
activities foreseen during LS1. In Point 1, new shielding 
walls were installed in the RBs and UJs [11] (see Fig. 2- 
4). The smoke air sampling detectors (analyzing units) 
located in the UJs14/16 and RRs13/17 were relocated in 
the US15 [12]. In Points 4 and 6, sensitive cryogenics 
PLC CPUs were relocated from the UX to one of the ULs 
(see Fig. 7).  

 

 
Figure 2: Shielding walls installed in the RBs and UJs.  
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Figure 3: Point 1 underground – general view 
 
 
 
 

 
 

Figure 5: Point 5 underground - general view 
 
 
 
 

 
 

Figure 7: Points 4/6 underground - general view 
 
 

 
 
 
 
 

 
 

 
 

Figure 4: Point 1 underground – zoom 
 

 
 
 

 
 

Figure 6: Point 5 underground - zoom 
 
 

 
 

Figure 8: Point 8 underground - general view 
 
 

 
 
 
 
 

Proceedings of Chamonix 2012 workshop on LHC Performance

226



  

 
Figure 9: LS1 schedule of the R2E activities. 

 
 

In Point 5, part of the civil engineering activities in the 
UL557 (ducts to allow a passage for cables and pipes) 
were anticipated, UPS units and PIC electronics located in 
the UJ56 were relocated respectively in the by-pass and 
USC55 (see Fig. 5 and 6).  
In Point 8, the QURCb, the QURA and the Ethernet star- 
point located in US85 were relocated on the ground floor 
of US85 and in ULs 84/86 (see Fig. 8). The WIC and 
timing racks were relocated from the 2nd floor of US85 to 
UA83. 

Without these mitigation actions and equipment 
software and hardware upgrades the expected number of 
beam dumps (extrapolated from the measurements taken 
during the 2011 runs) would have been about 200. This 
number is now expected to be 30-50 [13]. 

During LS1 
The major part of the R2E mitigation activities will be 

performed during LS1. Ten groups will be involved in the 
activities in Point 1: they will relocate 15 racks and 2 
power converters and replace the existing concrete 
shielding wall in the RRs by a cast iron wall. Similarly, 
twelve groups will work in Point 5: they will relocate 35 
racks and 2 power converters, and replace the existing 
concrete shielding wall in the RRs by a cast iron wall. In 
Point 7, 11 groups will work to relocate 40 racks. Seven 
groups will be involved in the activities in Point 8: they 
will relocate the remaining 2 UPSs, 4 racks and 24 valve 
positioners. An additional shielding wall will be installed 
on the ground floor of US85. Civil engineering works are 

foreseen in Points 5 and 7. Ducts will be drilled between 
the machine and UJ56 and between UJ56 and UL557 for 
cable and pipe passages. The TZ76 separating wall will be 
demolished in TZ76 to provide space for the relocated 
racks and future equipment (to be installed during LS2).   

These mitigation activities and equipment software and 
hardware upgrades are expected to reduce the number of 
beam dumps (extrapolated from the measurements taken 
during the 2011 runs) from about 600 to less than 20 [14]. 

R2E ACTIVITIES SCHEDULE 
The planning of the R2E activities for LS1 is available 

today for Points 1, 5 and 8 [15]. It is under study for Point 
7. 56 weeks of activities are foreseen in Point 1, 57 weeks 
in Point 5 and 24 weeks in Point 8. The activities in Point 
5 are scheduled with 2 shifts per day for the EN-EL and 
the civil engineering teams. The activity in Point 8 is 
small in comparison to the other points since a lot of work 
has already been anticipated during the previous winter 
shutdowns and technical stops (2010 to 2012). The 
present LS1 LHC schedule skeleton shows that the R2E 
activities will delay by a few weeks the cool-down in 
Sector 81 and in Sector 56 (see Fig. 9). The amount of 
work to be carried out by EN-EL and EN-CV for R2E is 
considerable: between 36 to 42 weeks are foreseen per 
point for EN/EL and between 14 to 31 weeks per point for 
EN/CV.  
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ORGANIZATION  

Process Towards LS1 Installation  
The present goal is to finish the integration and 

planning studies by the end of March 2012. This implies 
all the new rack and equipment locations being defined, 
all the corresponding activities identified and all works 
sequences defined. Activities will then be focused on 
finalising the schedule, procuring material and writing 
documentation. 

Starting in April 2012, the EN-MEF-LPC team will 
merge the R2E LS1 planning with the overall LHC LS1 
activities planning. The estimate of the real intervention 
slots for each group should then become available, 
effectively allowing the teams to finalise their manpower 
requests during the summer of 2012. 

 All the material requests will be identified by the end 
of March 2012. In April all the remaining contracts and 
material orders will be launched respecting delivery 
deadlines to ensure installation in due time. Starting in 
April 2012, a follow-up of the material delivery will be 
performed in the ‘R2E shielding and relocation meetings’ 
held every 2 weeks.  

A major effort on documentation will start in April 
2012 (ECRs, Safety documentation, installation 
procedures and installation drawings). All the 
documentation should be written by autumn 2012.  

Critical Points During LS1 
In view of the tight planning with respect to the non 

R2E activities, the main challenge will be to avoid delays 
during the material procurement and installation periods. 
For this purpose, equipment owners and service teams 
will have to ensure the strict follow-up of the material 
procurement with weekly reports to R2E Mitigation 
Project colleagues. An occupancy planning of the 
temporary storage areas (located in surface and 
underground) will have to be performed to allow a 
continuous flow of material towards its installation 
location. Intermediate survey scans and cross-checks with 
the 3D models of the LHC integration will have to be 
performed to avoid installation nonconformities. In view 
of the space constraints, it is clear that equipment not 
installed in the foreseen location will have to be removed 
and re-installed. The detailed installation planning with its 
critical path will have to be updated weekly to understand 
the impact generated on or by the non-R2E works. 

MAIN CONCERNS 
The integration of Point 7 is still under study. The main 

issue concerns relocating EN/EL equipment currently 
installed in the UJ76 safe room. A solution for the stand-
alone fire-proof racks is being studied: it remains to be 
agreed between EN/EL and DGS/SEE to allow its 
implementation. Space constraint in TZ76, and in 
particular at the UJ/TZ76 junction, is a major issue. Once 
the equipment relocation foreseen within the R2E 
framework will be carried out, the passage of cables 

between the UJ and TZ will not be possible anymore. 
Future installation of new equipment after LS1 in TZ76 
will most likely require civil engineering activities to 
allow passage of cables from the machine tunnel to TZ76. 

Five design offices (GS/SE, EN/CV, EN/EL, EN/HE 
and EN/MEF) are involved in the R2E integration studies. 
A synergy and simultaneous effort of these design offices 
is necessary to finish the integration study of Point 7 by 
the end of March 2012. This integration study is 
mandatory to finalise the planning study to then go ahead 
with the rest of the relocation project process.  

To be ready for LS1, all the needs should be identified 
and the remaining orders launched.  

The services teams and equipment owners still have to 
finalise their manpower requests for R2E activities. For 
this purpose they need to have a clear idea of the tasks to 
be performed by their teams simultaneously in the 
different LHC points for the different projects. This will 
be done once the R2E and non-R2E activities have been 
merged together in a single planning.  

A daily supervision of the works in-situ is needed to 
solve any problems as and when they occur to avoid 
delays in the implementation. To ensure this supervision, 
additional support in terms of manpower is needed. Three 
FTEs are necessary. Ideally they would start working 
part-time in the summer of 2012. An initial discussion 
was held with BE/OP colleagues who might be able to 
provide such manpower. 

SUMMARY 
The R2E relocation and shielding activities will be 

carried out by 15 groups working in parallel in Points 1, 
5, 7 and 8. The intervention period in Point 5 is currently 
estimated to be the most important with 57 weeks and 
work to be performed in 2 shifts per day by the EN/EL 
and civil engineering teams. The amount of work to be 
performed by EN/EL and EN/CV within the framework 
of the R2E Mitigation Project is considerable. An 
agreement between EN/EL and DGS/SEE on the 
proposed solution for the relocation of EN/EL equipment 
today located in the UJ76 safe room to be relocated in 
TZ76 is needed. This is a driving factor for the relocation 
project process. Without it, the integration and planning 
studies of Point 7 cannot be completed: this could lead to 
possible delays in the overall organization process. In 
view of the considerable amount of work today estimated 
for the R2E activities, a daily supervision of the works in-
situ is needed during LS1. It will help to solve any 
problems as and when they occur, thus avoiding delays. 
To ensure this supervision, additional support in terms of 
manpower is needed. 
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LHC VACUUM UPGRADE DURING LS1 

J.M. Jimenez, V. Baglin, P. Chiggiato, P. Cruikshank, M. Gallilee, C. Garion, P. Gomes, 
CERN, Geneva, Switzerland 

 
Abstract 

The last two years of LHC operation have highlighted 
concerns on the levels of the dynamic vacuum in the long 
straight sections in presence of high intensity beams. The 
analysis of the existing data has shown relationship 
between pressures spikes and beam screen temperature 
oscillations or micro-sparking in the RF fingers of the 
bellows on one side and coincidence of pressure bumps 
with stimulated desorption by electron cloud, beam losses 
and/or thermal out gassing stimulated by higher order 
modes (HOM) losses.  

  The electron cloud mitigation solutions will be 
adapted to the different configurations: cold/warm 
transitions, non-coated surfaces in direct view of beams, 
photoelectrons, etc. All scenarios will be presented 
together with their efficiencies. Additional pumping and 
reengineering of components will reduce the sensitivity of 
the vacuum system to beam losses or HOM inducing out 
gassing. The expected margin at nominal intensity and 
energy resulting from these consolidations will be 
summarized.  

  Finally, the challenges of the Experimental areas 
will be addressed, more specifically the status of the new 
Beryllium pipes (ATLAS and CMS) which are in the 
critical path and the consolidation of vacuum 
instrumentation, pumping and electron cloud mitigation. 
The risk corresponding to the proposed consolidations 
will be shown and the margins with respect to the 
schedule analysed. 

WHAT HAS BEEN LEARNT SO FAR? 

Beam Vacuum and Dynamic effects 
No vacuum design issue has been identified. The 

pumping layout and instrumentation behaved as planed. 
The expected vacuum activity when circulating high 
bunch populated beams was enhanced by the fast increase 
of luminosity. Two configurations dominate the pressure 
rise: 

• The Cold/Warm (C/W) transitions and the Beam 
Screens (BS). The cryogenic experts successfully 
optimised the BS cooling loop and the procedure to 
flash the gas from the BS to the Cold Bore (CB) was 
implemented. Indeed, the heavy gas coverage, which 
resulted from the fast increase of luminosity, was 
logically more sensitive to fast temperature 
variations of the BS. The C/W transitions were 
equipped with solenoids to mitigate the electron 
cloud (EC) build-up. 

• The non-NEG (Non-Evaporable Getter) coated areas 
dominated by far the pressure rises resulting from the 

EC build-up. All equipment in view of beams is 
concerned and not only vacuum components. 

 
The vacuum instrumentation appeared to be insufficient 

in few places of the long straight sections (LSS) where 
unexpected pressure rises were taking place resulting in 
difficulties to make accurate diagnostics. 

As a matter of facts, the operation with 50 ns beams in 
2012 should go smoothly for the beam vacuum even if the 
bunch population is slightly increased. The operation with 
ions is expected to stay “transparent” for the beam 
vacuum. 

Insulation Vacuum and Leaks 
In addition to helium leaks known to be detrimental to 

LHC performances, air leaks showed-up to become 
potentially harmful. Air leaks are not an intrinsic 
limitation due to the huge cryopumping by the cold 
surfaces and installed turbomolecular pumps that remove 
the helium, not cryosorbed. But air leaks could generate 
collateral damages since  ice plugs can build-up on cold 
spots (insufficient thermal insulation) as observed in one 
bellows of the cryogenic transfer line (QRL) in Sector  
S45. Thus: 

• Large leaks need to be fixed as part of the baseline 
and time has to be allocated. 

• Preventive actions such as slower warm-up and 
additional pumping capacity adapted to the amount 
of gas released are required to avoid the thermal 
runaway. 
 

The reliability of the elastomers gaskets installed in the 
LHC (22 km) is an important issue even if this type of 
leak is not a limitation during operation. So far, no 
degradation has been observed: no leak problems.  

Helium (gas or liquid) leaks can only be partly 
mitigated by adding turbomolecular pumps. Indeed, 
additional pumping will provide a factor 2-4 maximum 
contingency. This solution is being applied for two critical 
leaks in a magnet cryostat in the Sector S34 and in the 
QRL in Sector S45. The problem is that leaks at cryogenic 
temperature tend to open and increase by orders of 
magnitude. By experience, the temperature cycles above 
120 K have a detrimental effect and must be therefore 
avoided. 

MAJOR CONSOLIDATIONS 

Safety 
The objective is to have all consolidations decided 

following the incident of Sector S34 [1] consolidated by 
end of the LS1. This includes in particular the installation 
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of the pressure relief valves, flap valves (Fig.1) and half 
shells (Fig.1) and by-passes (Fig.2). These activities are in 
co-activities with the splice consolidation. As a 
consequence, the re-clamping of the quadrupole flanges 
(Fig.2) shall be made in collaboration with BE-BI group.  

 

 
Figure 1: Picture of the half-shell (left) to protect the 

nested bellows and PIMs (Plug-In Module) at the 
cryomagnet interconnects and of a DN200 self closing 
over pressure valve (right) on a cryomagnet cryostat. 

 
Figure 2: Picture of a by-pass (left) installed across 

vacuum barriers and of the places (right) where 
instrumentation ports have been unclamped. 

To optimise the protection of the LSS from and incident 
taking place in the arcs, the pressure triggering will be 
installed at Q10 instead of Q7 and the sector valve’s 
pneumatic will be modified for a faster closure:  
1 sec instead of 2.5 sec. The valve’s pneumatic will also 
be modified around critical equipment like kickers and 
superconducting RF cavities (SC-RF) and at Q1 to protect 
the Experimental Areas. Fast shutters will be installed 
upstream and downstream to the SC-RF cavities in LSS4. 
These installations will require cabling by EN-EL. 

The consolidation of the splices will require an 
important support from the VSC group: beam screen 
installation in new magnets and leak testing in SMA18, 
extensive leak testing and pump down support in the 
tunnel (10’000 welds, 8’000 O-rings) and leaks to be 
found during critical path activities. These activities will 
be in a sequence mode and with a top priority limiting 
therefore the flexibility of vacuum experts and their 
availability for other tasks. 

The Table 1 summarises the LS1 activities linked to 
Safety. 

Performance 
The pressure rises observed during the 2010 and 2011 

Runs have been all understood and countermeasures 
integrated in the approved consolidations to allow 

performing at 7 TeV per beam and ultimate intensities. All 
equipment in view of beams are concerned, in addition to 
vacuum components, equipment from the following 
groups TE-ABT, BE-BI, BE-RF, EN-STI must be 
consolidated to mitigate the electron cloud effects and 
thermal induced desorption. The use of NEG or 
amorphous carbon (a-C) coatings or solenoids shall be 
considered. As an alternative, coated liners could be 
envisaged. Other consolidations are as well considered: 

• Optimisation of C/W transitions of the standalone 
cryomagnets to push the condensed gasses to the 
beam screen where they are less sensitive to cryo-
temperature variations; 

• New beryllium beampipes for ATLAS, CMS and 
LHCb and new forward beampipes for ATLAS. 

 
The Table 2 summarises the LS1 activities linked to 

LHC machine Performance. 

Reliability 
All known reliability problems will be addressed and 

fixed. These activities will start by an RF ball aperture 
tests right after the warm-up and the aperture test will be 
repeated before cool down. These activities are made in 
collaboration with the TE-CRG group. 

Based on the conclusions of the PIM task force, it has 
been decided not to go for a systematic PIM replacement 
but rather to exchange the ones that are more exposed to 
temperature variations and therefore exposed to a 
potential buckling. Including the PIMs, which will be 
exchanged resulting from cryomagnet replacements, 114 
PIMs (see Table 3) in total will be changed or 
consolidated. 

 
Table 3: PIMs to be exchanges or consolidated. 

Motivation Quantity 

Preventive actions (Q7/B, B/Q7) 18 

Damage bellows ~10 

Fingers buckled during warm-up ~14 

Magnet replacement 72 

Total ~114 

 
The replacement of non-conforming RF inserts in 

bellow modules of the LSS will also be an important task. 
The type and quantity of inserts to be consolidated or 
replaced is not known yet. A task force has been assigned 
for the systematic evaluation of the installed designs and 
to make recommendations. As a new manufacturing shall 
be expected, these recommendations are expected by 
September 2012 at the latest to be on time for LS1 
schedule. 

The leak tests of the cryostat envelopes, localisation 
and repair of known leaks (21 known leaks) need to be 
synchronised with TE-CRG group and with the splice 
consolidation team.  As the leak testing of cryomagnets is 
not always straightforward due to accessibility problems, 
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the splice and TE-VSC teams and LS1 Coordination must 
be prepared to allocate more time or accept to leave with 
the leak. 

The Table 4 summarises the LS1 Activities linked to the 
LHC vacuum Reliability.  

Operation Margin 
Several consolidations will be implemented to provide 

more operational margin in case problems occur during 
the operation with beams. These consolidations belongs to 
two categories: 

• More pumping: Modification of the DN200 pressure 
relief flanges of the magnet cryostats in the arcs to 
adapt for DN100 pumping ports  (2 per Sector) and 
additional pumping around injection kickers and 
collimators (LSS1, 2, 5 and 8). 

•  More instrumentation: pressure and temperature 
probes will be added around the collimators and the 
layout of the vacuum instrumentation installed in the 
sectorisation modules will be modified to avoid 
artefacts induced by electrons and photons. The later 
will limit wrong pressure reading. 

The Table 5 summarises the LS1 activities linked to 
Operation Margin. 

CHALLENGES 

Impact of the Injectors’ activities 
The initial scenario for LS1 considered minimising the 

activities in the injectors to reallocate the specialised 
resources to the LHC activities. This can no longer be 
done since important activities are planed during LS1 in 
the injectors and most of them imply the venting and 
opening of the beam vacuum systems. 

In the PS Complex, most of the activities are related to 
the maintenance of equipment except for the PS 
accelerator that needs a complete refurbishment of the 
vacuum instrumentation and control system. The 
activities linked to LINAC4 will also be important, 
acceptance tests when received from Industry, final tests 
prior to installation, installation and commissioning of the 
vacuum system. 

In the SPS Complex, activities planed concern 
maintenance, upgrade and preparation work in the frame 
of the LIU-SPS project.  

Activities in tunnel and support in Labs 
At the exception of the NEG activation activities which 

have absolute priority since blocking a huge amount of 
material which availability is required to follow the LHC 
LS1 schedule, it appear difficult to allocate more 
resources from the Injectors in 2013. Even though, an 
impact on the Injectors’ activities shall be expected. 

To avoid creating a bottleneck during the period 
October’13 to March’14, TE-VSC group recommends 
starting as quickly as possible in 2013 on Injectors’, at the 
exception of the activities, which are exposed to radiation 
issues. These one shall be pushed to the end of the 
shutdown to allow enough radiation cooling. Then, as 

from 2014 Injectors’ Run, half of the vacuum Injectors’ 
experts will be redeployed in LHC LS1 activities. The 
priority on LINAC 4 will be kept, other activities will 
suffer like AD consolidation studies, support to equipment 
owners and CTF3. 

Despite the fact that the Industrial Support is expected 
to increase to up to 34 Vacuum Experts, activities not yet 
planed will have to go through the “priority” filtering 
since no longer compatible with available resources and 
material. 

Risks & Schedule Issues 
Some major risks have been identified like damaging 

the nested bellows during the splice’s consolidation. An 
appropriate training of teams coupled with a strong 
supervision in-situ can solve this. 

Difficulties to eliminate all leaks due to the tight 
schedule (cryomagnets and QRL) are also a concern as 
well as the possibility to have to redeploy compensatory 
measures if equipment from other groups cannot be 
optimised on time (HOM, Electron Cloud). The impact on 
TE-VSC resources could be important. 

In term of schedule, again, the delay resulting from 
difficulties to localise and fix existing leaks and newly 
created leaks by the splice consolidation or magnet 
exchange is the major concern. Ensuring timely arrival of 
beryllium beampipes for CMS and ATLAS is essential 
and a close contract follow up to detect and mitigate 
schedule risks has been organized. 

OPERATION AT NOMINAL LHC 
PERFORMANCES 

During the operation with nominal beams (25 ns bunch 
spacing, 2808 bunches, 1.05 1011ppb at 7 TeV), vacuum 
dynamic effects will be seen on all non-NEG coated 
components of arcs and LSS. Pressure rises will be seen 
in the LSS as only heat loads will be observed in the arcs 
since the arc gauges “should not see” pressure rises due to 
their limited sensitivity. As the electron desorption yield 
decreases also resulting from the electron bombardment, 
no pressure rise observed will not necessarily means no 
electron cloud. 

While operating at higher beam energies, the vacuum 
system should “discover” the synchrotron radiation 
induced effects: heat loads and photoelectrons. Their 
effects on the electron cloud build-up will need some 
beam time to compare predictions with observations. 

CONCLUSIONS 
All consolidations related to Safety of personnel and of 

the accelerator will be completed. In terms of 
performances, the Vacuum system will be prepared for 
operation with 7 TeV beams with high bunch populations 
up to ultimate. The electron cloud will be mitigated 
whenever feasible (at reasonable cost: resources & 
budgets) keeping at the highest priority, the mitigation of 
the sources of background (HOM, RF inserts, ferrite 
heating) to the Experiments. The reliability of the vacuum 
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systems and instrumentation will be improved, the target 
being 100%. Layout modifications are planed to add 
operation margin, which will give room for mitigation 
solutions if needed. 

Several challenges exist but no showstopper has been 
identified. Issues are related to the final number of 
equipment to be removed from the tunnel to get 
optimized. 

Finally, while resuming operation with beams, all 
benefits from 2010-2012 Runs will not be lost. The 
scrubbing of arcs is expected to be partly kept, 
measurements in the laboratory and in the SPS have 
shown that in case the SEY drifts up, the scrubbing will 
then goes faster (memory effect). The good understanding 
of the machine behaviors with beams by the OP Crew, 
Equipment Owners and Vacuum Experts will allow a 
faster understanding of the signals provided by the 
available instrumentation. The 2011 Run was the year of 
electron stimulated desorption in LSS, the 2014-15 Runs 
will be dominated by heat loads induced in the arcs and 
photon stimulated desorption and photo-electrons. 
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Table 1: LS1 activities linked to Safety. 

 
 

  

Activity Area Motivation
VSC 

Coordinator
Groups 
Affected

Co-activities 
splice 

consolidation

Resume installation of DN200 Pressure
2-3, 7-8, 8-1 

and

Relief Valves half of 4-5

2-3, 7-8, 8-1 

and
No longer required after installation

half of 4-5 of DN200

Install Flap Valves on DN200/DN160  arcs, LSS SAMs Self closing over pressure valves PCr No

Spring based closing over pressure

valves

Install protective half shells in 

interconnections
arcs

Protect bellows (mechanical/arcs), increase 

buckling limit, limit contamination by MLI
CGa MSC Yes

Provide Δt needed to trigger the

closure of sector valves

Protect beam vac. against

overpressure

Reduce the dose received by

personnel

Improve controls logic for sector 

valves – Impact of NEG coatings

Protect sensitive LHC equipment

(studies still ongoing)

Install new cabling & instrumentation LSS VBa EL No

Install fast shutters LSS 4 + MKIs VBa EL, ABT, RF No

Install additional rupture disc Arcs SSS, LSS VBa No

Reconfiguration of permanent bake-out IR3, IR7 VBa No

Install Pressure Relief Valves (2 per sector) - 

replaces unclamped configuration
QRL PCr No

Pressure triggering at Q10 instead of Q7 

(present situation)
Arcs Q10 VBa No

Self closing over pressure valves PCr MSC Yes

Reclamping of Quadrupole DN100 flanges PCr BI No
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Table 2: LS1 activities linked to Performance. 

 
 
  

Table 4: LS1 Activities linked to Reliability.  
 

 
  

Activity Area Motivation
VSC 

Coordinator
Groups 
Affected

Co-activities 
splice 

consolidation
Install/remove mobile pumping groups Arcs, LSS Remove desorbed gas/recondition VBa No

NEG Coatings (use of liners?) on BPMs and 

other components (ADT, BPT, BGI) not NEG 

coated

LSS
Decrease the Electron Cloud induced 

pressure rise
VBa BI, ABT, RF No

Improvement of pumping performances LSS
Decrease the pressure rise when Electron 

Cloud mitigation are not feasible
VBa No

Install NEG and electron cloud No

 pilot sectors

Install beam stoppers to protect Q4 in IR6 
L&R

IR6 Protection of Q4 VBa ABT, ATB No

Exchange of Beryllium beampipes ATLAS, CMS New aperture MGa No

New aluminum based forward VI, VA, VT 

chambers
ATLAS

Improve transparency & activation, IBL 

detector
MGa

ATLAS 

coordination
No

New aluminum based ion pumps ATLAS
Beampipe transparency and lower activation 

as compared to steel
MGa

ATLAS 

coordination
No

“Hambourg” experimental beampipes IR1 L&R ATLAS Experiment MGa
ATLAS 

coordination
No

Change support UX85/2 & /3 LHC-b Improve transparency of supports MGa
LHCb 

coordination
No

Change supports in end cap/forward region CMS Improve access, reduce intervention risk MGa
CMS 

coordination
No

Additional NEG cartridge pumps on ALL Inner 

Triplets and ALL SAMs with dipoles
SAMs

Decrease sensitivity to BS temperature 

oscillations
VBa No

Heaters on Cold/Warm transitions to 

decrease the gas coverage
SAMs

Decrease sensitivity to BS temperature 

oscillations
VBa No

NEG Coatings in sectorisation modules SAMs Mitigate Electron Cloud induced pressure rise VBa No

LSS (1,2,5,8) Diagnostic instrumentation VBa EL

Activity Area Motivation
VSC 

Coordinator
Groups 
Affected

Co-activities 
splice 

consolidation

RF ball test Arcs
Aperture checks: after warm-up AND before 

cool down
VBa CRG No

Exchange PIMS Arcs, LSS Eliminate critical PIMs CGa MSC Yes

Leak test envelopes (global) arcs, LSS, QRL Check tightness integrity PCr CRG Yes

Localise and repair known leaks all arcs Eliminate helium leaks PCr MSC, CRG Yes

Inspect beam screen capillary arc 8-1 Understand helium leak origin PCr No

Install additional turbos (& cables)  QRL extremities Create pumping redundancy PCr EL No

Maintain turbo pumping groups arcs, LSS Maintenance - preventive and corrective PCr No

Repair gauge cabling in mid arcs arcs Eliminate faulty gauge reading VBa No

Install additional gauges in arcs Arcs Consolidate instrumentation VBa EL No

Replace UX85/3 chamber LHC-B Eliminate NC chamber MGa
LHC-B 

Coordination
No

Inspection X-ray VM modules LSS Identify RF finger problems VBa
Access 

restriction
yes

Exchange VM modules as required LSS Reduce impedance VBa No

Review of the RF screen inserts in bellows

LSS, 

Experimental 

Areas

Improve HOM screening VBa ABP, MME No

Modification of vacuum layout near cold D1 

and Q3

IR1, IR2, IR5 

and IR8 L&R
Decrease non-baked length VBa No
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Table 5: LS1 activities linked to Operation Margin. 
 

 

 

Activity Area Motivation
VSC 

Coordinator
Groups 
Affected

Co-activities 
splice 

consolidation
Install 2 DN200 flanges with DN100 pumping 

port/Sector
arcs

Provide more ports for additional turbo 

pumping
PCr MME No

Preparation of 10 mobile pumps with offset 

electronics
arcs Be able to install quickly additional pumping PCr EL No

Exchange S3-4 beam screens with reversed 

saw teeth
Arc 3-4 Dynamic vacuum effects PCr MSC,EL,SU Yes

CMS carbon support to be replaced if not 

fulfilling the LS1.5 constraints
IP5

Be sure that existing support is compatible 

with future work
MGa

CMS 

Coordination
No

Additional vacuum instrumentation in ALICE Provide local measurement

at the centre (close to IP) of pressure

Exchange of bellows between Q1 and VAX

Requires new BPMs

Vacuum performances of injection kickers 

intermodules
IR2L, IR8R Improve the pumping and ultimate vacuum VBa ABT No

Integration & Layout changes at MSD LSS6 Reduce vacuum sector length VBa EL, ABT No

Install thermocouples near collimators LSS 3 and 7 Monitor effect of collimators VBa EL No

Vacuum instrumentation modification to limit 

artifacts induced by electron cloud
LSS

Avoid the part of electron cloud is collected 

by gauges
VBa No

No

All Q1/VAX Allow more displacement margin for the ITs VBa BI No

IP2 VBa EL
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CRYOGENICS SYSTEM: STRATEGY TO ACHIEVE NOMINAL 
PERFORMANCE AND RELIABLE OPERATION 

J. Bremer, K. Brodzinski, J. Casas, S. Claudet, D. Delikaris, N. Delruelle, G. Ferlin, C. Fluder, 
A. Perin, G. Perinic, M. Pezzetti, O. Pirotte, L. Tavian & U Wagner, CERN, Geneva, Switzerland

Abstract 
During the LHC operation in 2010 and 2011, the 

cryogenic system has achieved an availability level 
fulfilling the overall requirement. To reach this level, the 
cryogenic system has profited like many other beam-
dependent systems from the reduced beam parameters. 
Therefore, impacts of some failures occurred during the 
LHC operation were mitigated by using the overcapacity 
margin, the existing built-in redundancy in between 
adjacent sector cryogenic plants and the “cannibalization” 
of spares on two idle cryogenic plants. These two first 
years of operation were also crucial to identify the 
weaknesses of the present cryogenic maintenance plan 
and new issues like SEUs. After the LS1, nominal beam 
parameters are expected and the mitigated measures will 
be less effective or not applicable at all. Consequently, a 
consolidation plan to improve the MTBF and the MTTR 
of the LHC cryogenic system is under definition. 
Concerning shutdown periods, the present cryogenic 
sectorization imposes some restrictions in the type of 
interventions (e.g. cryo-magnet removal) which can be 
done without affecting the operating conditions of the 
adjacent sector. This creates additional constrains and 
possible extra down-time in the schedule of the 
shutdowns including the hardware commissioning. 

This presentation focuses on the consolidation plan 
foreseen during the LS1 [1] to improve the performance 
of the LHC cryogenic system in terms of availability and 
sectorization [2]. 

INTRODUCTION 
During the LS1, the main constraint will be the 

available resources to perform the identified 
consolidations. Consequently the proposed strategy is 
based on first to recover the nominal performance of the 
cryogenic system including the safety aspects for 
personnel, hardware and helium inventory; and secondly 
to improve the reliability and the availability of the 
system. 

RECOVERY OF NOMINAL 
PERFORMANCE 

Safety first 
Some safety issues were identified during the first 

operation period and mitigation measures have been taken 
to allow safe LHC operation. During LS1, consolidations 
are needed to recover the required level of safety 
compatible with the LHC operation at nominal condition. 

Concerning safety related to personnel, collectors have 
to be added on the safety valves protecting the inner 

triplet vacuum enclosure. In case of helium release in the 
vacuum enclosure, the discharge flow is collected and 
discharged after the evacuation door allowing personnel 
evacuation without crossing a cold helium jam. Some 
deflectors must also be added on DFB access-door safety 
valves to avoid direct helium jet in the tunnel transport 
area. Personnel access to equipment located behind the 
LHC machine (QRL, cable trays…) is presently difficult 
and risky both for personnel and hardware. Access 
platforms are consequently required. The sectorization of 
the helium ring line is also highly recommended to reduce 
the risks of oxygen deficiency hazard and helium 
inventory loss. Following the 2008 incident, the periodic 
monitoring of the tunnel ventilation conditions 
(temperature, pressure and air speed) is recommended. 

Concerning safety related to equipment, the completion 
of the insulation vacuum enclosure protection must be 
performed on 3.5 sectors; this includes DN200 safety 
valves on the cryo-magnets as well as DN240 safety 
valves on the DFB access-doors. In addition, temporary 
safety devices must be replaced by final design safety 
valves. The protection of the beam vacuum pipes must 
also be consolidated by adding periodic rupture disks. 

To complete the safety chapter, the quench lines at the 
odd points must be consolidated. Today, these lines are 
not conformed and are consigned with a risk of large 
helium losses in case of massive magnet quenches. 

 

Table 1: Hardware consolidations for nominal 
performance recovery 

Consolidations Present limitations 

 Steady-
state 

Transient 

DFBA Splices X  

DFBA flexible hoses  X 

DFBX current-lead controls X  

Inner-triplet copper braids X X 

Y lines  X X 

Leaks (in S3-4, S4-5, P8…) X X 

Beam screen circuit (Q6R5) X  

Instrumentation NC  X 

Standalone magnet and DBF 
cooling limitation X X 

Leaks in LN2 pre-coolers X X 

Proceedings of Chamonix 2012 workshop on LHC Performance

236



Hardware consolidation 
In the present configuration, some equipment needs 

consolidation in order to fulfil the nominal condition 
requirements. Table 1 gives the list of these required 
consolidations and points out the present limitations. 

 

RELIABILITY AND AVAILABILITY 
IMPROVEMENT 

Cryogenic failure/stop statistics 
Figure 1 shows the statistics concerning failures and 

stops during 2010 and 2011.  
As no SEU failures were present in 2010, we can notice 

an important reduction of short and medium stops in 2011 
as well as a stable number of long stops. Concerning 
SEUs affecting the cryogenic systems, temporarily 
consolidations are deployed during the present Xmas 
stop. Less than 1/3 of short and long stops have direct 
cryogenic cause.  

Concerning beam dumps induced by the cryogenic 
system, half of the short stops (including the SEUs) have 
generated beam dumps. 

 

 
Figure 1: Cryogenic failures and stops. 

Table 2 gives the 10 medium and long cryogenic 
failures which have occurred in 2011. Mitigation actions 
have already been taken for most of them except for two 
failures which are in accordance with the foreseen MTBF 
data.  

In 2011, some cryogenic near-miss failures have also 
been recorded. Table 3 gives the list of these near-misses. 
Additional long stops have been avoided by sharing the 
cryogenic operation and refrigeration loads in-between 
sector cryogenic plants or by cannibalizing components 
on plants which are voluntarily stopped because of the 
reduced operation beam parameters. Some actions have 
been taken to solve the problems for the 2012 operation 
run. Some near-misses can still appear in 2012 but the 
2011 mitigations will be still applicable. After the LS1, 
shared operation will be no longer possible and a new 
spare strategy for warm screw compressors must be 
approved and implemented to reduce the downtime of the 
cryogenic system in case of major compressor failures. 

Table 2: 2011 medium and long stops 

 
 

Table 3: 2011 near-miss failures 
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Cryo SEU

Utilities

Cryo down

Users

Unknown (2010)

Point Date Equipment Origin Action / Decision
Treated for

2012 > LS1

P2
26

Apr

Cold 
compressor
magnetic 
bearings

Old card type on 
pre-series

Cards upgraded 
after failure

Yes Yes

P4
18 

Aug
Cold
compressor

Lost of 
instrumentation 
with diagnostic 
issue

TT replaced, new 
diagnostic and 
degraded restart 
procedures

Yes Yes

P4
16

Nov

Cold 
compressor
frequency 
drive

CC4 power card  
1st error

Systematic HW 
exchange every 
10 y

No Yes

P4
20

Nov

Cold 
compressor
frequency 
drive

CC4 power card 
2nd error

Systematic 
preventive 
renewal

Yes Yes

P4
28

Nov

Super-
conducting
link

Common vacuum 
of the DSLC with 
a DFBLC  heater 
vacuum

Separation of 
vacua per type

Yes Yes

P8
13

May
PLC (4.5 K 
plant)

PLC 1st crash
Considered as 
“normal” MTBF 
(1/y)

No No

P8
25 

May
PLC (4.5 K 
plant)

PLC 2nd crash

Crashed PLC 
CPU systematic  
replacement by 
now

Yes Yes

P8
18 
Jun

Screw 
compressor

Early bearing 
damage due to 
balancing piston 
depressurization

Consolidation 
done during 
Xmas’11 stop

Yes Yes

P8
13 

Aug
Cold 
compressor

Hard landing of 
CC4 rotor

New procedure to 
shorter the 
recovery time

Yes Yes

P8
1

Nov
Oil valve
positioner

Positioner failure
Considered as 
“normal” MTBF 
(1/y)

No No

Point Equipment Origin Action / Decision
Treated for

2012 > LS1

P2
Screw 
compressor

Compressor
failure

Shared operation 
P18/P2

No, 
but*

Yes, 
if**

P2
Valve 
bellows

Big leak on a 
valve 
bellows (Ex-
LEP)

Cannibalization of  
components on the 
P8 stopped plant
Consolidation 
budget for LS1

No, 
but*

Yes

P2
Cold 
compressor  
electronics

Electronic
card failure

Cannibalization of  
components on the 
P6 stopped plant
Additional spare 
ordered

Yes Yes

P4
Screw
compressor

Compressor 
failure

Shared operation
with adjacent plant

No, 
but*

Yes, 
if**

P4
Cold 
compressor
electronics

Electronic
card failure

Cannibalization of  
components on the 
P8 stopped plant
Additional spare 
ordered

Yes Yes

P8
Screw 
compressor

Compressor 
failure

Shared operation
with adjacent plant

No, 
but*

Yes, 
if**

*: No, but 2011 mitigation measures still possible

**: Yes, if new spare strategy for compressors approved and implemented
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Hardware consolidation for availability 
improvement 

Table 4 lists the hardware consolidations to improve the 
availability of the cryogenic system. It is recommended to 
perform during LS1 all improvements related to steady-
state operation  

 

Table 4: Hardware consolidations for availability 
improvement 

Consolidations Improvement 

 Steady-
state 

Transient 

Maintenance and major overhauling X X 

SEU consolidation X  

Stand-alone magnet level capillaries X  

DFBAO & DFBMJ instabilities X X 

Line B mixing chamber in QUI  X 

Quench valve controls for fast cool-
down improvement  X 

New CV241 QURC IHI Linde  X 

Ex-LEP Cryo-valve consolidation X  

Cryoplant configuration for cool-
down (bypass)  X 

Dryers for ATLAS (MR) and CMS X  

 

Spares and redundancies for availability 
improvement 

Proposals for spares and redundancies for improving 
the availability of the cryogenic system are given in 
Table 5. 

 

Table 5: Spares, redundancies and upgrades for 
availability improvement 

Proposals Status 

Spare strategy (hot vs stored) 

    Warm compressors (LHC and its detectors) 

    Electrical motors (LHC and its detectors) 

    Special electronic equipment (PLC, VFD…) 

    Turbines, Cold compressors 

 

S 

N 

N 

Done 

Redundancy 

    Better sharing of HP-MP-BP flows  

    2 cryoplants with one 1.8 K refrigeration unit 

    24 V electrical supply redundancy 

 

N 

Done 

N 

S: under Study, N: Not planned  

 
Spare strategy for warm compressor requires long 

procurement process and consequently needs urgent approval.  

Concerning the LHC detectors, ATLAS and CMS, there is 
presently no available spare; however, some extra-capacity is 
present in the ATLAS boosters. During the Xmas’11 stop, a hot 
spare is being installed for ATLAS HP compression stage. In 
May’12, 2 new stored spares will be delivered for CMS 
(1 booster plus 1 HP stage already ordered). During the LS1, a 
hot-spare booster will be installed for ATLAS (already ordered) 
as well as 2 hot-spare skids for CMS (0.6 MCHF). 

Concerning the 4.5 K refrigerators of the LHC machine, the 
warm compressor stations at Points 4, 6 and 8 have enough 
extra-capacity to guarantee the required nominal volumetric 
flow in the case of major failure of the biggest HP and/or 
booster machine partially compensated by the use of LN2 
precooling to save HP flow (LN2 consumption compensated by 
electrical power saving but logistics to be reliable). To improve 
the capacity sharing between the compressor stations, the plant 
LP, MP, HP by-passes have to be reviewed. At Point 2, a 
volumetric flow of about 2000 m3/h will be missing (even with 
LN2 precooling) for the HP stage. At Point 18, volumetric flows 
of 1500 m3/h and 1050 m3/h will be respectively missing for the 
HP and the booster compression stages. Consequently, to 
guarantee nominal operation with minor MTTR (~1 day), hot 
spares is recommended at Point 18 (2 hot spares) and at Point 2 
(1 hot spare). To complete the spare strategy, stored spares is 
recommended for the Points 4, 6 and 8. However, Stal spares are 
not available any longer on the market (repair and major 
overhauling still possible) and space for the hot spare at P2 is 
not available.  

Figure 2 shows the present warm compressor station for the 5 
Points. Figure 3 shows the proposed consolidation with the 
following hypotheses: 

• 2 new hot spares (h) at Point 18 (~1 MCHF) 
• 1 new hot spare (h) at Point 2 (~ 0.5 MCHF) 
• 4 new compressor skids at Point 2 to recover 6 Stal motor-

compressors as stored spares and to free the space for the 
hot spare installation. (~2 MCHF) 

• 1 new compressor skid at point 4 to recover 2 Stal motor-
compressors as stored spares. (~0.5 MCHF) 

• Add stored spares for the new compressors and for the 
missing Aerzen type (red type) (~0.9 MCHF). 

 
The proposed configuration is compatible with a storage 

availability better than 90 %. For a storage availability higher 
that 97 %, a new compressor skid and a new compressor spare 
will be required (~0.8 MCHF). 

 

 
Figure 2: Present configuration of compressor stations of the 
LHC 4.5 K refrigerators 
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Figure 3: Proposed configuration of compressor stations of the 
LHC 4.5 K refrigerators 

 
Concerning the LHC 1.8 K refrigeration units, the sum of the 

expected nominal 1.9 K refrigeration on two adjacent sectors is 
below the installed capacity of a single unit. Consequently, 
except for P2 (sector 2-3) where no back-up unit is existing, the 
present configuration offers already some redundancy. Figure 4 
shows the present and the proposed configuration compatible 
with a MTTR of about 1 day with the following hypotheses: 

• 1 new Keaser hot spare (h) at Point 2 (~ 0.5 MCHF) 
• 1 new Mycom stored spare (~0.5 MCHF). 
 

 
 

Figure 4: Present and proposed configuration of compressor 
stations of the LHC 1.8 K refrigeration units 

 
In total, for LHC and its detectors, depending on the required 

storage availability (90 or 97 %), 7 to 8 MCHF are required to 
complete the present approved configuration scheme. This 
includes ~1.5 MCHF of non-competitive tendering, ~0.6 MCHF 
on Team budget (CMS) as well as new storage area (~100 m2) 
for stored spares. This consolidation will require as well 
contribution from EN-EL and EN-ICE. 

Upgrade for availability improvement 
Proposals for upgrades for improving the availability of 

the cryogenic system are given in Table 6. 
 

Table 6: Upgrades for availability improvement 

Upgrade proposals Status 

Sectorization for HWC flexibility improvement 

LN2 for parallel cool-down 

Robustness to power glitches 

Interlock chain redundancy 

ATLAS cryo-distribution 

S 

S 

N 

N 

A 

S: under Study, N: Not planned, A: Approved  

 
The upgrade proposal of the sectorization in between sectors 

is developed hereafter. Sectorization in between sectors was 
already implemented during the design of the LHC cryogenic 
system. The level of sectorization depends of the type of works 
to be performed: 

• Type 1 work: Opening of M lines (e.g. interconnect splice 
repair), of continuous cryostat cold masses (e.g. diode 
repair), of RF cavity cold masses, of beam pipe and W 
enclosure (e.g. DN200 safety valve consolidation). 

• Type 2 work: Opening of QRL headers (C, D E & F), of C’ 
lines and beam screen circuits, of standalone magnet cold 
masses (e.g. Q6 level capillary). 

• Type 3 work: Opening of sub-atmospheric circuits (B, X, Y 
lines) (e.g line Y line repair or magnet removal). 

 
Figure 5 shows the sectorization matrixes of the different 

types of work.  
 

 

 

 
Figure 5: present sectorization matrixes depending of work 
types (E: Excluded, A: Allowed) 
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The sectorisation is already ultimate for type 1 work, has a 
singularity in S12 for type-2 work (not possible to perform type-
2 work in S12 in parallel with cryogenic operation in S23) and 
does not allow to perform type-3 work in a sector in parallel 
with cryogenic operation in the adjacent sector. 

Adding 7 valves (DN250) on the header B in the 
interconnection boxes will allow to improve the sectorization for 
type-3 work at the same level that the present type-2 work. This 
upgrade will cost about 150 kCHF per valve, i.e. about 1 MCHF 
for the complete upgrade. To be noticed that today, no solution 
is existing to perform type-2 and type-3 works 3 in S12 in 
parallel with cryo operation in S23. 

 

CONCLUSION 
Consolidation for nominal performance recovery of 

cryogenics is about on tracks 
Concerning the improvement of the cryogenic 

availability, some measures are already taken to reach in 
2012 an overall cryo-availability increase from 90 % to 
95 %. Direct cryo-downs (including SEU) represent 50 % 
of the total stops; consequently, improvement of user and 
utility stabilities is also important. Some long cryo-stops 
were avoided in 2011 thanks to cannibalization and 
operation sharing of non-used cryo-plants; it will be no 
more possible for nominal operation after LS1 and a 
strategy of warm compressor spares is proposed with an 
additional budget estimated to ~7-8 MCHF. In addition, 
manpower need must be consolidated. 

Concerning the improvement of sectorization in-
between sectors, the level of sectorization is already 
ultimate for type-1 work (e.g. splice/diode repair) and 
optimized on 7 sectors for type-2 work (e.g. intervention 
on standalone magnet cold masses and on beam screens). 
The sectorization could be improved on 7 sectors for 
type-3 work (e.g. Magnet removal); the corresponding 
cost estimate is about 1 MCHF for the interconnection 
box upgrade. 
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DETECTORS PLANS FOR LS1 

M.Nessi, CERN, Geneva, Switzerland 
 

Abstract 
 

All experiments plan an effective usage of the LS1 
shutdown period. After three years of running they will 
go through a consolidation phase, mostly to fix problems 
that have emerged over time, like single points of failure 
in the infrastructure, failures of low-voltage power 
supplies and optical links. Upgrades of some detector 
components will start, mainly related to the beam pipe, 
the innermost tracker elements and the trigger system. 
Detector components, which had to be staged for cost 
reasons in 2003, will then enter into the detector setup. 
The goal is to be fully ready for the new energy regime at 
nominal luminosity. 

LS1 DEFINITION 
The experiments work on the assumption that LS1 is 

constrained as following: 
• Detectors access: 17th or 24th November 2012 till 

mid July 2014 
• Delivered Luminosity up to LS1 start  < 25 fb-1  
• Detector access independent from LHC activities 

= 20 months (experimental caverns decoupled 
from the tunnel) 

• At restart, 13 - 14 TeV center-of-mass energy, 25 
ns bunch spacing. 

 
On the basis of this, all 4 experiments have worked out 

detailed plans to consolidate, repair and upgrade the 
detectors.  

 
 
    The experiments are working on the assumption that 
every 3 or 4 years of running are followed by a major 
shutdown, which will allow both the experiments and the 
LHC machine to face the next phase in optimum 
conditions. LS1 should aloe to prepare detectors and 
machine to operate efficiently at nominal energy and 
luminosity. 

ATLAS PLANS 
   ATLAS is preparing since now 3 years the LS1 
interventions. A formal agreement within the 
collaboration and with the funding agencies was 
reached 2 years ago and the program is fully financed. 
Among the major items: 
 
- the insertion of a 4th pixel layer (IBL), much closer 

to the IP than before, which should provide better 
vertex and b-tagging performances, increasing the 
pattern recognition capabilities in the high pile-up 
environment. This is just possible by decreasing 
the Be beam pipe diameter by about 11 mm. The 
collaboration is also preparing the possibility to 
extract the entire pixel detector and fix existing 
problems at the 4-5 % level (nSQP project). 
Enormous engineering efforts are going into this 
project in order to be ready in time, given the fact 
that the shutdown has been anticipated by 18 
months with respect to the original 2009 plans. The 
new schedule will also include a repositioning in 
space of the entire barrel calorimeter and end caps 
by a few mm. 

   

 
 
- Replacement of all steel beam pipes, including ion 

pumps and flanges, with aluminium one, in order 
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to improve background level and to minimize the 
activation risks. 

 
- Replace all DC-DC converters low-voltage power 

supplies placed on the detectors and serving the 
calorimeters, with new and more reliable ones. 
This has been for years a source of problems for 
the smooth running of the calorimeters and new 
solutions had to be envisaged. 

 
- Full replacement of the present inner detector 

evaporative plant with a new one based on thermo-
syphon technique and therefore avoiding the usage 
of active compressors, as it is presently the case. 

 
- Substantial improvements in the magnets 

cryogenics reliability and redundancy, including a 
full decoupling between toroids and solenoid.  

 
All these items come on top of the regular maintenance 
and repairs activities already scheduled.  ATLAS has also 
submitted and seen approved the Letter of Intent [1] for 
the upgrade activities for LS2, mainly targeting an 
effective improvement in the triggering capability for 
leptons at small PT while maintaining efficiency in the 
high pile-up environment of 2-3x1034 cm-2s-1 luminosity. 
 

CMS PLANS 
   CMS has a similar plan for LS1. All details can be 
found in the technical proposal submitted for approval 
to the LHCC in 2011 [2]. 
 
- An upgrade of the muon coverage in the end caps, 

adding a new yoke disk 4 and equipping it with 
RPC and CSC chambers. Doing that, the trigger 
efficiency for muons is increased by about 20% at 
large rapidities. In parallel to this, a campaign is 
foreseen of muon barrel electronics consolidation 
and of moving sector collectors to USC. 
 

- The light detection in the HF and HO calorimeter 
will need to be upgraded, by exchanging the 
present photomultipliers with multi-anode ones, 
and respectively for the HO exchanging the HPD 
readouts with a new generation of Si 
photomultipliers. 

 
- CMS will also make an important extension of the 

UPS coverage in the service caverns. This is an 
activity that all experiments are entering, to 
consolidate the overall protection towards power 
glitches, which are today an important source of 
data taking inefficiency. 

 
- For the medium term, the plans are to install a new 

4-layers pixel detector, which at some point should 
replace the present one. As a first step in this 
direction, CMS plans to replace during LS1 the 

present central beam pipe with one smaller in 
radius. A concentric Pixel adjustment system will 
also be tested and installed. Piping and test 
structures for its cooling will also be preventively 
installed. 

 
- As for the ATLAS case, several consolidation and 

repair activities will happen: RP shielding test 
installation, moving/guiding system improvement 
to reduce risk (YE disks + HF), … 

 
Because some of the new components (like Be beam 
pipe and CSC chambers) might be on the critical path 
for delivery, CMS is proposing the possibility to start 
LS1 with 3-4 months delay, extending therefore the run 
over the winter shutdown. Independently of this, their 
plan is to be ready with a detector for beam in 
September 2014, therefore 3 months later than presently 
planned. A decision in that sense will be take end of 
June 2012, once the data taking statistics for 2012 is 
known. 
 
CMS also keeps the possibility open to be ready to 
installing the new pixel detector just after summer 2016, 
introducing the concept of a extended shutdown LS1.5. 
 

LHCB PLANS 
   LHCb has also submitted a Letter of Intent to the LHCC 

committee in 2011 [3]. 
 

-     Important consolidation work on the beam pipes is 
expected: an exchange of the beam pipe UX85/3 
which requires opening of all subdetectors and the 
muon filter, a removal of the beam pipe section 
UX85/2-4, installing a protection for UX85/1. An 
exchange of beam pipe support structures around 
UX85/2 will improves transparency in the 
acceptance region. 
 

-    Consolidation work on the magnet is also planned, 
replacing the protection between coils and support 
brackets. 

 
- LHCb will make the most out of LS1 and of the 

following extended technical stops to prepare the 
installation of the upgrade in LS2 as far as 
possible. During the LS1, LHCb will concentrate 
on the cabling and the optical fibers installation. 
This requires the opening of the shielding wall and 
the addition of new support structures. 
 

- For the LHCb upgrade, the size of the existing PC-
farm has to be tripled. LHCb has started to define 
the specifications, with input from the involved 
departments (EN, GS and IT). A current evaluation 
shows that this requires a new construction at point 
8. If agreed, excavation work shall start preferably 
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during the LS1, to avoid any risk of power cuts etc. 
during the physics data taking afterwards. 

 
A major upgrade of LHCb is scheduled for 2018  (LS2) 
to run at up to  2x1033 cm-2s-1 with a data taking at 40 
MHz. The LS2 - being one year at present – might be 
too short for the upgrade installation. A detailed 
schedule is under preparation, for presentation to the 
LHCC in June.  

 

ALICE PLANS 
   ALICE’s consolidation work in LS1 is divided as 
following: 
 
- Major installation of EM Calorimeter extension +   

support structures and services 
 

- Completion of the Transition Radiation Detector  
system by adding the 5 final modules 
 

- Opening of the central detector to get access to the 
tracker for consolidation efforts (see picture below) 

 
- Major consolidation work on electrical 

infrastructure and cooling infrastructure, which 
dates from LEP times 

 
-  

 
 
ALICE needs also important infrastructure investments: 
refurbishment of both surface cranes in SXL2 and SX2 
and the large door of the SXL2 building (EN-HE) in 
2012; refurbishment of the entire electrical 
infrastructure in the counting rooms 1 to 4 and 
replacement of all UPS units (EN-EL); ventilation and 
chilled water production upgrade and consolidation 
(EN-CV); A-side beam pipe removal and central beam 
pipe transfer to temporary rails (TE-VSC); storage 
building at P2 (GS). 
As for the LHCb case, ALICE already raises concerns 
about the duration of LS2, which might be just to short, 
for all the activities foreseen. 
 

 

SUMMARY 
 
All four experiments plan a busy schedule for LS1, 

often advancing and preparing work for the LS2 
shutdown upgrades activities. Aside the special case of 
CMS, all experiments are compatible with the present 
plans of the machine for this shutdown.  

 
Many infrastructure and maintenance activities are 

planned which make use of CERN services used by all 
partners, including LHC. It will be wise to make sure that 
there is an adequate level of coordination between all 
support groups and the experiments, before entering a 
crisis situation. 
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QPS UPGRADE AND MACHINE PROTECTION DURING LS1 

R. Denz on behalf of the QPS team, CERN, Geneva, Switzerland

Abstract 
The presentation will explain all the proposed changes 

and discuss the impact on other shutdown activities. 
The upgrade of the LHC Quench Protection System QPS 
during LS1 with respect to radiation to electronics will 
concern the re-location of equipment and installation of 
new radiation tolerant hardware. The midterm plan for 
further R2E upgrades will be addressed. 
The protection systems for insertion region magnets and 
inner triplets will be equipped with a dedicated bus-bar 
splice supervision including some additional 
modifications in order to improve the EMC immunity. 
The extension of the supervision capabilities of the QPS 
will concern the quench heater circuits, the earth voltage 
feelers and some tools to ease the system maintenance. 
The protection of the undulators will be revised in order 
to allow more transparent operation. 
The installation of snubber capacitors and arc chambers 
for the main quad circuits will complete the upgrade of 
the energy extraction systems.  
Finally the re-commissioning of the protection systems 
prior to the powering tests will be addressed.  

    

INTRODUCTION 
The protection of the superconducting circuits of the 

LHC, i.e. magnets, bus-bars and current leads is ensured 
by electronic quench detection systems in combination 
with other active protection elements such as quench 
heater discharge power supplies and energy extraction 
systems [1] [2]. Due to the size and the location of these 
systems major upgrades can only be smoothly 
implemented during long shutdowns. 

The refurbished and upgraded systems are expected to 
run without major overhaul at least for 3 to 4 years, i.e. 
until the next long shutdown. 

The LHC run after the first long shutdown LS1does not 
require any principal changes of the protection 
functionality; some protection settings however need to 
be adapted to the higher beam energy. 

Based on the experience during LHC operation so far, 
several requests for enhanced supervision and diagnostic 
capabilities of the protection systems have been issued by 
equipment owners, experts and users. These requests 
concern the LHC operation as well as the hardware 
commissioning campaigns. 

In addition there will be some upgrades improving the 
maintainability of the protection systems, such as 
enhanced remote control options and a new generation of 
software tools for automatic analysis and configuration of 
device parameters. 

R2E RELATED ACTIVITIES 
 Relocation of QPS equipment 

The QPS will profit from the occasion to relocate 
certain protection systems from radiation exposed to low 
radiation areas. This activity [3] concerns the inner triplet 
protection systems installed in UJ14, UJ16 and UJ56 and 
will basically require the displacement of two racks per 
area and the installation of new instrumentation cables. 

With respect to the necessary replacement of the 
obsolete and not fully radiation tolerant field-bus coupler 
chip type MicroFip™ the infrastructure of the QPS field-
bus networks will be modified for the deployment of the 
new  NanoFipCERN based DAQ systems. Hereby the 
number of segments will be doubled increasing as well 
the data transmission capabilities of the fieldbus 
networks. 

Radiation tolerant hardware 
The deployment of radiation tolerant hardware for 

quench detection systems starts already in 2012 and is 
basically required for systems installed in the exposed 
underground areas RR13,17, 53, 57, 73, 77, where a re-
location of QPS equipment is not possible during LS1. 

In addition some potentially vulnerable systems (e.g. 
splice protection systems) installed in exposed areas of 
the LHC tunnel will be upgraded. 

 

 
Figure 1: Radiation tolerant quench detection board for 

insertion region magnets and inner triplets 

EQUIPMENT UPGRADE FOR 
INSERTION REGION MAGNETS & 

INNER TRIPLETS 

Bus-bar splice supervision 
The protection systems for the insertion region magnets 

and inner triplets will be equipped with a dedicated bus-
bar splice supervision allowing permanent monitoring 
equivalent to the systems already in use for the LHC main 
circuits. Due to the fast discharge time of these circuits 
the splices are very well protected by the global 
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protection system. Therefore it is not necessary to connect 
the bus-bar splice supervision to the powering interlocks. 

The upgrade requires the installation of 102 new 
protection crates. The currently installed crates, detection 
and DAQ systems can be re-used after being refurbished. 
The capabilities of the DAQ systems will be enhanced 
including the means for advanced quench heater 
diagnostics (see below). 

Enhanced EMC immunity  
In order to transmit the additional signals for the splice 

supervision and to reduce at the same time the risk of 
false triggers of the protection systems caused by 
electrical perturbations, the instrumentation cables and the 
proximity equipment installed close to the DFB need as 
well to be modified and require a re-cabling campaign. 

ENHANCED DIAGNOSTICS FOR 
QUENCH HEATER CIRCUITS AND 
UPGRADE OF THE MAIN DIPOLE 

PROTECTION SYSTEMS 

Motivation for enhanced diagnostics of quench 
heater circuits 

The upgrade is driven by the intention to reduce the risk 
of damage to the quench heater circuits of the LHC 
superconducting magnets, especially the main dipoles and 
insertion region magnets [4]. The present system 
monitoring only the discharge voltage is not sensitive 
enough to detect all fault states of the quench heater 
circuits, specifically failures of the heater strips. 

All of the few quench heater faults observed so far 
during LHC operation could be mitigated by disabling the 
respective heater circuit and switching to a low field 
heater. 

There is however a risk of quench heater related faults, 
e.g. a short to coil compromising the electrical integrity of 
the magnet, requiring at least an exchange of the magnet. 
As a first measure to minimize the risk of such failure the 
test discharge voltage has been reduced to ~10% of its 
nominal value of U_HDS = 900 V by implementing a 
dedicated test mode. For LHC exploitation after LS1 and 
the preceding commissioning campaign the risk will 
slightly increase, basically due to the magnet training 
campaign [5]. 

The enhanced quench heater supervision is supposed to 
identify clearly a faulty quench heater circuit and to 
reveal eventual precursor states of a potential failure. 

R&D campaign in 2011 
 In 2011 a research and development campaign has 

been conducted evaluating several potential extensions of 
the existing DAQ systems with respect to improved 
quench heater supervision. 

In particular two methods have been subject to study, 
the simultaneous measurement of the discharge voltage 
and current at higher sampling rates than used in the 
present system (20 kHz instead of 200 Hz) and the high 

precision (ΔR  ≈ 100 µΩ) measurement of the resistance 
of the quench heater strip. The first method will require 
the installation of additional current transformers adapted 
to the discharge current of the quench heater power 
supplies; the second a precision automatic measurement 
system integrated into protection crate. This instrument 
will remain disabled and disconnected from the heater 
circuits while magnets are powered. 

Both methods will deliver significantly more 
information about the state of a quench heater strip but 
will require a substantial upgrade of the currently 
installed protection systems. 

Protection crate upgrade   
The implementation of these extensions requires the 

construction of new protection crates, as the presently 
installed ones cannot house additional measurement 
systems. The existing quench detection electronics and 
DAQ systems however can be re-used. The new crates 
will contain as well spare slots for eventual further 
extensions. 

Adaption to redundant UPS powering 
 The new protection crates will be as well adapted to 

profit fully from the redundant UPS powering scheme 
implemented in 2009. In addition the state of the two 
redundant power sources will be permanently monitored 
by the built-in DAQ systems.  

EARTH VOLTAGE FEELERS 
The earth voltage feelers will monitor the electrical 

insulation strength of the LHC main circuits especially 
during fast discharges. The system will as well measure 
the electrical insulation strength between adjacent bus-
bars. As all acquired data will be stored in the LHC 
logging database, the evolution in time can be studied 
easily. In case of an eventual earth fault the system will 
allow to identify rapidly the location of the fault position 
on the half-cell level. This will significantly reduce the 
occupation time in the LHC tunnel of the teams in charge 
of the precise localisation and repair. 

Per sector a maximum of 54 devices for the main dipole 
circuit and 55 for each of the main quad circuits can be 
installed (1308 units in total). The installation and 
commissioning will be staged starting in 2012 with one 
sector and being completed during LS1. 

 

 
Figure 2: Earth voltage feeler. 
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GENERAL SYSTEM OPTIMIZATION 
During LS1 a number of system upgrades will be 

implemented with the aim of improving the availability of 
the data from the redundant electronic channels and  the 
system maintainability.   

This concerns for example the full visibility of all 
redundant circuit boards in all layers of the QPS 
supervision including post mortem data. This change 
requires a modification of the QPS firmware and will 
result in an about a factor three increased data flow to the 
logging database. At the same time the post mortem data 
volume will be doubled. 

The protection systems for the two undulators will be 
revised in order to allow more transparent operation. 
Hereby the automatic enabling of inductive compensation 
should allow higher ramp rates and operation without re-
calibration in between technical stops. 

The quench loop controllers supervising the QPS 
internal interlock loops for the LHC main circuits will be 
equipped with redundant current sources for the loops and 
dedicated measurement boards for enhanced diagnostics 
especially with respect to false triggers including the 
interface to the powering interlock controller. 

Enhanced remote control 
The remote power cycle feature, currently available for 

the 600 A protection system and the nQPS part of the 
main circuits, will be extended to the majority of the 
DAQ systems. This is as well a prerequisite for the 
envisaged firmware download via the QPS supervision. 

All newly developed circuit boards allow the remote 
control of a wide selection of device parameters. During 
LS1 it is planned to link this feature to a dedicated QPS 
configuration database allowing the automatic 
configuration of a system after an intervention. 

UPGRADE AND MAINTENANCE OF THE 
ENERGY EXTRACTION SYSTEMS 

13 kA energy extraction systems 
During LS1 the installation of new arc chambers for the 

RQD / RQF extraction switches needs to be completed in 
order to increase the maximum operational voltage of 
these circuits. This will allow to keep the discharge time 
constant of the RQD / RQF circuits short (τ < 20 s). 

At the same time the installation of the snubber 
capacitor banks in the RQF/RQD circuits (16 installations 
in total) will be executed. 

 

 
Figure 3: Snubber capacitor bank for a RQD / RQF 
energy extraction system (photo courtesy K. Dahlerup-
Petersen).  

600 A energy extraction systems  
The 600 A energy extraction systems will be submitted 

to a general upgrade campaign focussing on an improved 
fixation of the holding coils and an additional supervision 
of the internal current distribution. All 48 extraction 
resistors will be upgraded resistors for accepting double 
energy deposit. 

RE-COMMISSIONING OF THE 
PROTECTION SYSTEMS 

All the work performed during LS1 will require a full 
re-commissioning of all protection systems prior to the 
powering tests. This activity comprises the complete 
electrical quality assurance for all superconducting 
circuits, the test of all QPS instrumentation cables and the 
quench heater circuit qualification prior to the 
implementation of the enhanced supervision layer. 

These tests will be succeeded by complete individual 
system tests checking the hard and software interlocks as 
well performing the quench heater discharge tests. The 
system tests will be completed by a thorough verification 
of the QPS supervision.  

The re-commissioning campaign will profit from the 
experience gained so far but will remain challenging. 
Additional tests will be required during the powering tests 
in order to qualify some newly installed items like the 
upgrades of the energy extraction systems and the earth 
voltage feelers. 
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SUMMARY  
During LS1 the LHC quench protection and energy 
extraction systems will undergo substantial upgrades 
basically focussing on enhanced diagnostic capabilities 
and improved system maintainability. Table 1 lists the 
basic hardware changes, which will be complemented by 
the respective firmware and software upgrades. 
 

Table 1: Foreseen upgrades of the QPS during LS1 

Item Quantity 
Protection crate main dipoles 1232 
Protection crate inner triplets 8 
Protection crate insertion region 
magnets 

94 

Rack powering and interface module 418 
Bus-bar splice supervision system 360 
Radiation tolerant fast digital quench 
detection systems 

632 

Measurement boards 2268 
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LS1: ELECTRICAL ENGINEERING UPGRADES  
AND CONSOLIDATION 
F. Duval, CERN, Geneva, Switzerland.

Abstract 
Compared to past shutdowns, the Engineering 

Department Electrical Engineering (EN-EL) 
Group’s activity volume will be multiplied by 
about four during LS1. The Group is 
experienced in handling such situations and will 
cope with this by transferring manpower from 
studies to worksite supervision and thanks to its 
subcontractors who know how to increase their 
manpower in such a manner as to maintain a 
good level of professionalism.  

EN-EL is substantially increasing its 
resources to cope with this workload. This 
increase in resources is, however, limited by the 
management capacity of EN-EL’s core staff. As 
a consequence, not all of the requested activities 
will be possible and prioritization will be 
necessary.  

This paper details the upgrades and the 
consolidation to be carried out during LS1 and 
the measures taken by EN-EL to cope with this 
heavy workload. 

GENERAL OVERVIEW 
Activities 
Three different types of activities are planned by 
EN-EL for the first long shut down (LS1): 

• The consolidation of EN-EL’s ageing 
infrastructure elements. It is part of a 15-
year programme aiming at increasing the 
reliability and availability of the power 
distribution network.   

• Maintenance of the accelerators 
infrastructure. In addition to the usual 
periodic operations and those delayed until 
LS1, the group will address more 
demanding activities like the replacement 
campaigns for irradiated cables and non-
radiation resistant fibres as well as the 
removal of unused cables in particularly 
overcrowded areas. 

• A vast amount of user copper and optical 
fibre cabling requests: EN-EL estimates that 

only 50% of LS1 requests are currently 
known. The main activities will be EN-EL’s 
contributions to the R2E project, BE-BI 
upgrade projects, and the RF upgrade 
project in SPS BA3. 

 
Strategy 

EN-EL will have a huge work programme 
during LS1. All the projects are being organised 
so that the activities during LS1 are mainly 
those that are only possible during machine 
shutdowns. Therefore the EL programme for the 
shutdown will commence as early as January 
2012 and be completed well after LS1 (2015). 
EN-EL is already starting to increase its 
engineering and site supervision resources so 
that newcomers will have time for training and 
integration. Fellows and associates have been 
hired and an agreement has been signed with the 
University of Krakow to provide 12 worksite 
managers.  

CONSOLIDATION OF THE ELECTRICAL 
INFRASTRUCTURE 

 
A first report describing its necessary 
modernisation of the electrical infrastructure 
was published in 2007[1]. The conclusions of 
this report have been taken into account and 
adapted to the current needs. 
During LS1, the renovation concerns: 

• Two existing SPS electrical substations and 
the complete power cables distribution for 
the SPS; 

• A new substation in Prévessin (BE91); 
• A new 66 kV substation in Meyrin; 
• The replacement and upgrade of the 

Uninterruptible Power Supply (UPS) 
systems in the LHC; 

• The protection systems of the complete 66 
kV network supplying the LHC and the 
associated experiments. 
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Whenever possible, all the preparatory work 
(installation of cable ducts, power cables and 
civil works) are carried-out during the operating 
periods of the accelerators. The connection and 
commissioning is carried out during technical 
stops or long shutdowns. Considering the actual 
dates of the long shutdowns, the consolidation 
projects will be completed by the end of 2019. 

 
The four main consolidation projects are 

detailed in the sections below. 
 

SPS Power Cables 
 The cables of the 18 kV SPS network are 40 

years old. In the past years, they experienced 
several failures due to deteriorated joints; in 
addition, moisture was observed in the screen 
layer during the last repair operations. 

The cross-section of screen of the cables has 
to be increased to carry higher currents. 

The consolidation of the 18 kV SPS cables 
was decided in 2007 and will be completed by 
the end of LS1. Most of the digging works to 
bury the new cable ducts (66 kV link from 
Prévessin to Meyrin, fibre optics, 3.3 kV cables 
for the secured network and control cables)  was 
completed in 2011. 

Cable segments will be longer, effectively 
reducing the number of joints from 80 to 
roughly 8. More than 90 km of cables will be 
pulled in ducts buried inside 7 km of trenches. 
The budget for this project is 17 MCHF. 

 
Substation BE91 in Prévessin 

The substation is part of the upgrade of the 
electrical infrastructure for the Prévessin site 
[2]. Its construction was advanced in order to 
house the electrical distribution equipment for 
the CCC which was originally planned to be 
installed in the basement of the building 
replacing the Pavillon opposite to the CCC.  

The CCC is presently powered by a dedicated 
electrical substation called SE0. This supply 
guarantees uninterrupted power from the safety 
network through a UPS system. However, the 
required redundancies for maintenance 
operation have been eroded by the increase in 
installed power. Furthermore, the EN-CV 
infrastructures are not autonomous as they 

partly depend on the distribution infrastructure 
of building 870. The cooling power is no longer 
sufficient and the ventilation in the CCR must 
be modernized.  

The safety network which supplies the CCC 
rack room and the associated cooling and 
ventilation systems will be powered by diesel 
generators. This redundancy includes the UPSs 
and control distribution 48 VDC. It will enable 
the annual maintenance to take place while the 
CCC is in operation. 

The BE91 substation is a 900 m2 building 
including a set of 3 Diesel generators with its 
3.3 kV substation, a new 18 kV substation for 
the Prévessin site and a double (redundant) low 
voltage substation for the CCC infrastructure. 
The budget for this project is 6.2 MCHF. 

 
66 kV Protection System Consolidation 

The 66 kV protection system is about 25 
years old and its reliability is decreasing due to 
aging electronic components [3]. 

It will be replaced by a modern system which 
will implement modern features such as digital 
interlocks and blocking signals for a better 
selectivity.  

The studies and manufacturing of components 
will take place during machine operation. 
However, the installation and final testing will 
require the substation to be stopped and will 
take place during LS1. 

 
 
66 kV Feeder to the Meyrin Site 

The first step in renovating obsolete 
equipment on the Meyrin site will the 
replacement of the substation SW (ME59) 
which was commissioned in 1968 and is located 
in the basement of building 112.  

This new substation will be powered via a 
66/18 kV transformer located just outside the 
existing substation. This transformer will be 
powered by the main 66 kV substation on the 
Prévessin site, using a new cable link which will 
be installed with the new SPS 18kV network 
cables (see above).  

This alternative power feeder to Meyrin is 
mandatory for the consolidation of the Meyrin 
infrastructure. 
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MAINTENANCE 
In addition to the consolidation of the 

electrical infrastructure, maintenance of the 
network is also essential. This includes the 
standard yearly operations, and the maintenance 
operations delayed since the start of the LHC.  

 
Water-Cooled Cables 

Just after their installation in 2008, the water-
cooled cables in the LHC started showing signs 
of unexpected deterioration. These cables are 
made of a section of conductor located inside a 
hose, which is made of reinforced rubber similar 
to the technology used for car tires. The 
circulation of a cooling fluid in the hose 
maintains the conductor at an acceptable 
temperature.  

After the installation of the water cooled 
cables, it was realized that the some of the hoses 
are not halogen-free and therefore do not 
comply with the specifications. Also, some must 
have manufacturing defects since they started 
exhibiting cracks very early after installation. 
Negotiations with the manufacturer, for the 
replacement of the defective cables are still in 
progress. However, without waiting for the 
outcome of the discussions, EN-EL must 
foresee the  replacement of more than 3 km of 
these hoses in the sectors where the signs of 
deterioration (cracks) are most critical. This 
concerns Points 4, 6, and 8 of the LHC. The 
replacement work will be followed by a 
complete hydraulic, mechanical, and electrical 
test campaigns before re-commissioning 
operations. 

 
Cleaning-Up Unused Cables 

The PS accelerator complex has been 
operating for over 50 years and the SPS for over 
40; several machine areas and technical 
galleries are overcrowded with cables, many of 
them no longer in use. In the most crowded 
areas, new cables can no longer be installed.  

Cleaning up unused cables on a massive scale 
is a challenging project. Following the 
conclusions from the cable working group [1] 
the IEFC decided that a clean-up campaign was 
necessary for LS1; the SPS Point 5, which is the 

most critical area was selected for this first 
campaign. 

Before LS1, The unused cables must be 
clearly identified. This will be done with the 
help of the groups responsible for the equipment 
for which the cables were installed. These 
cables will be identified onsite and 
disconnected, before ultimately being removed. 
The cost of this operation for BA5 at the SPS is 
3.5 MCHF.  

 
Other Maintenance Activities 

Other maintenance activities to be carried out 
are: 

• The maintenance by RTE of the the Bois-
Tollot substation and the 400 kV 
Génissiat/Bois-Tollot overhead line, which 
is the only way to supply full power to 
CERN; 

•  The maintenance of the main 400 kV and 
66 kV substations including the power 
transformers, which has been postponed 
three times;  

• Replacement of irradiated cables in the SPS 
tunnel, which used to be done 
systematically once a year during the 4 
month shutdown; 

• Replacement of non radiation-resistant 
optical fibres in the LHC tunnel. 

REQUESTS FROM EQUIPMENT GROUPS 
 
A large number of user requests for new cable 

installations have already been received; these 
will require almost all of EN-EL’s cabling 
capacity during LS1. However, based on 
previous experience, we estimate that this is still 
only 50% of the total requests for LS1. Below 
are some of the cabling requests received so far. 

 
R2E activities 

In the R2E project, EN-EL will be 
responsible for moving approximately 80 racks 
(re-cabling operations included) outside areas 
where the radiation levels will adversely affect 
the operation of the installed equipment. This 
concerns LHC Points 1, 5, 7, and 8. 

 This relocation also affects most of the 
equipment installed in the underground safe-
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rooms. Due to the lack of available space, the 
safe-room concept (resistance to fire for a 
minimum of 2 hours) will have to be re-
examined. 

 Besides the lack of space to relocate 
equipment racks, EN-EL also faces the problem 
of finding space for the new cables and their 
associated cable trays.  

All displaced equipment will need a complete 
functional testing after relocation. The estimated 
budget for these relocation activities is about 5.5 
MCHF. 

 
Other cable installation requests include: 

• PS Access system (PSS);  
• RF upgrade project in SPS BA3; 
• Linac4 and Transfer line to Linac2; 
• The BE-BI upgrade projects; 
• HIE-ISOLDE; 
• ELENA; 
• Video SPS; 
• RF fire brigade; 
• GSM-BTS; 
• DAQ system for CMS and LHCb; 
• ATLAS and ALICE consolidation; 
• Cryo upgrade; 

EL STRATEGY 
 
Since EN-EL will have a heavy workload 

during LS1, the EN-EL projects have been 
organised so that only activities that absolutely 
must take place during a full shutdown are done 
during LS1.  

Therefore the EN-EL work programme for 
the LS1 has already started in January 2012 and 
will not be completed until2015.  

The substantial increase in resources needed 
to cope with this sustained  workload is 
stretching EN-EL’s core staff to the limit of the 
capacity to organise and supervise newcomers. 

Despite of this increase in resources, EN-EL 
will not be able to meet all work requests for 
LS1 and prioritisation will be necessary. This 
prioritization is being coordinated with the LS1 
Project Leader to ensure that there is a coherent 
approach across all the proposed activities.  
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EN-CV DURING LS1:  
UPGRADE, CONSOLIDATION, MAINTENANCE, OPERATION 

M. Nonis, CERN, Geneva, Switzerland 
 

Abstract  
The Cooling and Ventilation (CV) Group in the 

Engineering Department (EN) will be heavily involved in 
several projects and activities during the long shutdown in 
2013 and 2014 (LS1) within a timeframe limited to 
around twelve months. According to the requests received 
so far, most projects are related to the upgrade of users’ 
equipment, consolidation work, and the construction of 
new plants. However, through the experience gained from 
the first years of the LHC run, some projects are also 
needed to adapt the existing installations to the new 
operating parameters. Some of these projects are 
presented hereafter, outlining the impact that they will 
have on operational working conditions or risks of 
breakdown. Finally, EN-CV activities during LS1 for 
maintenance, operation, and commissioning will be 
mentioned since they represent a major workload for the 
Group. 

GENERAL OVERWIEV 
The projects planned to be carried out during LS1 can 

be divided into three major activities:  
• Consolidation activities: mainly based on a request 

from EN-CV itself; 
• Upgrade activities: requested either from equipment 

users in order to cope with future needs or by EN-CV  
in order to match existing thermal loads; 

• New projects: requested by equipment users groups. 
These activities represent an important workload and 

the number of projects is equally distributed among them. 
At present, around 55 different activities are planned to 

be carried out by EN-CV during LS1 across CERN’s 
accelerator complex. One third of them consist in major 
projects that will represent an important workload and 
require major efforts given the technical complexity, 
number of plants concerned by each project, amounts 
involved, and planning constraints. The remaining 
activities are less complex and are considered closer or 
comparable to routine work. 

However, around 20 projects have already been 
postponed to a date later than mid-2014 since EN-CV’s 
resources are fully absorbed by approved activities. 

LHC PROJECTS 
Among the approved projects, the most important ones 

having a direct impact on the operation of CV 
installations for the LHC complex are reported in Table 1. 

 
 
 
 

Table 1: List of major CV projects in the LHC 

Project Location Work 
duration 

(months) 

PM32 raising pumps PM32 3 

Cooling of the CCC Bldg. 874 12 

R2E Pts 1, 5, 7, 8 12 

Backup cooling towers for 
ATLAS & cryogenics 

Pts 1, 4, 6, 8 3 /Pt 

Thermosyphon for ATLAS Pt 1 15 

Chilled water upgrade Pt 2 12 

New pumps in UWs All UWs 2 /UW 

Controls update SFs, SUs, UWs 12 

Ventilation of ALICE L3 Pt 2  

Backup pump Pt 4 SF4 3 

Details on some of these projects are given hereunder. 

PM32 Raising Pumps 
There is a constant water and sand ingress into the LHC 

tunnel from the underground water table in Sector 34. The 
water is collected into a basin at the bottom of PM32 
where pumps continuously send the water to the surface 
while the sand cumulates at the bottom of the pit.  

The project is justified by the poor conditions of the 
existing plant that needs refurbishing, by the obsolescence 
of the control system for which spare parts are no longer 
available and because the access conditions to the bottom 
of PM32 were changed last year. In fact, while during the 
LEP era the basin was independently accessible even 
during the run of the accelerator, with the LHC this is no 
longer possible since the basin is located in the helium 
escape path in case of leak. The sand has to be 
periodically emptied from the basin and 2 people are sent 
to transfer the sand out of the basin into special 
containers. 

The system is extremely strategic since, if there is a 
general failure of the main pumps and of the backup 
pumps, the Level 3 alarm is triggered within 12 minutes 
and water overflows from the basin after 3 additional 
minutes. 

The solution is to refurbish the station and modify the 
bottom of the basin in order to pump water and sand to 
the surface at the same time, consequently eliminating the 
need for people to access the basin to remove the sand. 
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An additional complication is given by the need of 
keeping the system operational during the whole duration 
of the work. 

CCC Cooling 
The CERN Control Centre is presently cooled by a set 

of air handling units each one dedicated to a specific 
room. The overall cooling power is insufficient in some of 
these rooms and the plant is no more redundant for the 
critical equipment. Moreover, when maintenance work is 
carried out, the system has to be shut down since there is 
no parallel plant can keep on providing the necessary 
cooling; this problem mainly concerns uninterruptible 
equipment; namely, informatics and telecom racks and the 
electrical supply. 

The work will consist in increasing the cooling power, 
providing additional redundant units, and creating parallel 
circuits so that maintenance interventions can be 
performed without affecting the operation of the Control 
Centre. A new circuit for water-cooled rack shall also be 
implemented. 

Throughout the whole duration of the work (more than 
one year), several phases are foreseen to keep on ensuring 
the cooling of the equipment. However, the final 
connection to existing pipes and ducts, functional tests, 
and commissioning (foreseen at the end of 2013) require a 
general downtime of the plant of one month during which 
the functioning of the Control Centre will have to be 
reduced. 

Backup Cooling Towers for ATLAS & Cryogenics 
Applicable laws on the control of Legionella risk 

require an annual stop of evaporative cooling towers with 
a complete cleaning and chemical treatment of their 
primary circuit. In order to comply with this constraint 
during the years of LHC run, the systems relying on the 
cryogenic plants have to be stopped for an overall 
duration of several days to take into account the warming 
up of the cryogenic systems, the cleaning period and the 
cool down to the operating temperature. 

Installing a 6 MW cooling tower in parallel to the 
existing ones in LHC Points 1, 4, 6 and 8 will allow 
CERN to carry-out the mandatory cleaning while keeping 
the cryogenics operational. Other advantages of such a 
solution are the possibility of performing full maintenance 
on the pumping station of the primary circuit for 3 weeks 
(compared to the 4 days presently allowed for the stop) 
and to allow the run of the LHC throughout the winter of 
2014-2015 when no winter stop is planned. 

The work duration is estimated to be about 3 months 
per point with a total downtime of the cooling system of 
about 2 weeks. 

Chilled Water Upgrade in Point 2 
The available cooling power of the chilled water station 

at LHC Point 2 is presently insufficient to match the 
existing needs. Therefore, when the external temperature 
is around 32°C, the system cannot cope with the needed 
power and temperatures can only be guaranteed for the 

ventilation of UX25, the tunnel and counting room in 
PX24. Moreover, no backup chiller is available for most 
of the year. 

Increasing the cooling power requires additional 
chillers to be installed and the distribution circuit for the 
underground plants to be upgraded, including the change 
of the PM shaft pipeline. 

The downtime of the station is estimated to be around  
2 months for surface users while 6 months are foreseen 
for the work in the PM shaft. 

ATLAS Thermosyphon 
The cooling of the inner detector of the ATLAS 

Experiment is ensured by a closed circuit using C3F8 as a 
coolant and a set of compressors working in parallel. The 
operation of these compressors has not been reliable 
enough in the past years and an extended maintenance 
every 2 months is mandatory to ensure the proper running 
of the station. 

The project involves creating a cascade of circuits to 
reach the -70°C operating temperature of the coolant 
entering the detector. In this circuit no mechanical 
component is installed (the existing compressors are kept 
only as a backup solution) and the required pressure at the 
inlet of the detector is ensured by the weight of the 
column of fluid between the surface (where the tank and 
condenser are located) and the underground cavern of the 
detector. The fluid then goes back to the surface in the 
gaseous state. 

Several advantages in terms of reliability are expected, 
since the lack of mechanical components reduces the risk 
of failure as well as the risk of polluting the detector from 
possible oil droplets. The lack of vibration should also 
prevent damage to the circuits which result in leaks of the 
coolant; this represent a cost and environmental impact 
that is non-negligible. In addition, the overall requested 
maintenance will be reduced.  

In the past years a smaller scale test has been carried 
out above ground to validate the concept. 

Work has already started in 2011, will continue and be 
completed in 2012, and the plant commissioned in 2013. 

New Pumps in UWs 
The cooling circuit of each LHC sector is ensured by a 

single pump located in the UW cavern in the even points 
of the LHC. For budgetary reasons, the backup pump was 
not installed. 

Another issue affecting the performance of this station 
is the flow rate that is excessive with respect to the design 
conditions and to the nominal working point of the 
installed pumps (from 9 to 38% higher). Even though this 
does not represent a significant loss in the circuit 
pressure, the motor of the pumps is very close to the limit 
and the risk of the motor overheating is very high. 

Since there is no request for further increase of the flow 
rate in the coming years, the work will mainly consist in 
replacing the pumps and installing backup pumps. 

The downtime of the station should be around  
2 months, during which no cooling will be possible in the 
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sector. The impact on the UPS temperature located in the 
REs has to be carefully evaluated. 

MAINTENANCE, OPERATION 
Since during LS1 most of the equipment and 

accelerator components are not supposed to operate, EN-
CV shall plan extended maintenance interventions in its 
stations to compensate the lack of maintenance during the 
last four years of run, when, because of the constraints 
imposed by the LHC operation schedule, the available 
time left for maintenance was insufficient to guarantee an 
acceptable level of upkeep thus limiting interventions to 
very basic work (greasing, replacing filters, belt 
tightening) and repairing faulty components. 

Within the 20 months scheduled for LS1, two 
maintenance rounds are planned for all the equipment that 
is supposed to be operated during the shutdown period; a 
single intervention is foreseen, preferably at the end of 
LS1, for the stations that will not run in 2013. 

The extended maintenance of the CV plants, whether it 
be cooling or ventilation, shall require the complete stop 
of the stations and operations such as the opening and 
cleaning of plate heat exchangers, the verification of 
Doucet filters, etc. 

In addition, EN-CV will need to perform an extensive 
series of functional tests to ensure that the stations will 
perform correctly during the next few years: these tests 
include safety tests (e.g. Level 3 alarms) that are already 
performed periodically, as well as manipulating isolation 
valves to isolate part of the circuits or working in a 
degraded mode scenario (one single air handling unit to 
ventilate several areas in parallel) that cannot be 
performed during the annual technical stops during the 
LHC operation years. 

The implementation in 2012 of a new preventive 
maintenance plan for cooling plants with more detailed 
instruction lists and procedures for performing 
interventions will bring additional advantages in terms of 
reliability and performance in the coming years. 

CV SERVICES DURING LS1 
Although the accelerator equipment is foreseen not be 

powered during LS1, several CV plants shall continue to 
run in the same way as during LHC operation years. 

All the essential services that are under EN-CV’s 
responsibility shall continue to be operated with possible 
interruptions to systems that will be subject to 
consolidation or upgrade work. However, compensatory 
measures shall be implemented during these stops 
wherever possible. 

The essential services ensured are the following: 
• Ventilation of underground and surface premises 

(tunnel, experimental areas, buildings, etc.); 
• Chilled water only for ventilation purposes; 
• Compressed air; 
• Raising systems; 
• Drinking water supplies; 
• Fire hydrants network; 

• Ventilation in the REs. 
It is important to note that the ventilation units 

dedicated to the cooling of specific equipment (such as 
the ones in the UAs or service caverns for the 
experiments) are not planned to operate. 

In addition to these plants, CV will operate plants 
according to users’ requests, provided that they match the 
work foreseen in the same systems. However, until now 
even though the question has already been raised several 
times, no request has been made to run the CERN Axion 
Solar Telescope (CAST) experiment in LHC Point 8 for 
half of 2013. The author is convinced that several requests 
will be made in the coming months which might create 
significant problems in terms of planning and availability 
if the requests are made after the detailed planning for 
work and related contracts have already been signed with 
external contractors. 

COMMISSIONING 
Another activity that will represent an important 

workload during 2013 and 2014 is the commissioning of 
CV stations, especially those needing modification works, 
as well as the commissioning of users’ equipment. As an 
example, the number of connections and valves to balance 
in each circuit of one LHC sector is above one hundred 
(e.g. 137 connections in Sector 12). 

It is fundamental to make use of the previously gained 
experience from the commissioning work that was carried 
out at the end of the LHC installation project, during 
which several difficulties were encountered that had an 
impact on the planning. Given the limited flexibility of 
the planning during LS1, it will be essential to avoid 
similar problems. The following issues are the most 
important to tackle: 

• Continuous balancing of cooling circuits following 
the start-up of the different equipment to be cooled;  

• Air management in underground areas during the 
shutdown period in which the tunnel will be in an 
open access configuration; 

• Balancing the pressure difference between different 
areas, that can be checked and calibrated only once 
the whole tunnel and experimental caverns are 
closed, i.e. at the end of the shutdown; 

• Circuit flushing, with a higher risk of filters clogging 
if a proper flushing has not been previously carried 
out on each equipment; 

• Coordination and phasing of every job in case the 
circuits need to be drained to avoid the equipment 
being damage (e.g. current leads). 

FINAL CONSIDERATIONS 
EN-CV’s involvement during LS1 covers various 

activities (installation work, maintenance, operation, etc.) 
and fully employs all the CV staff throughout the whole 
shutdown. This means that flexibility will not be possible 
when dealing with new intervention requests or 
modifications to the work schedule at a later stage. The 
addition of a new project will result in the cancellation of 
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other ones but such a decision has to be coordinated at a 
more general level (where several groups are involved in 
the same project) and shall comply with the priorities set 
by CERN’s management. 

Although LS1 shall start in 10 months from now, 
CERN procedures require that call for tenders related to 
the most important projects have to be sent out by May 
2012 at the latest; this implies that project definition and 
detailed planning have to be clarified before this date. 

In order to reduce the workload during LS1, part of the 
work shall already start in 2012, where possible. 
However, this represents a small part of EN-CV’s activity 
and also depends on other Groups’ availabilities (such as 
the civil engineering work).  

As it has already been mentioned in several parts of this 
paper, the success of the activities foreseen during LS1 
will also strongly depend on the general and detailed 
planning of work for each Point. Maintenance 
interventions as well as projects, tests, and commissioning 
will affect or require important downtime of the plants 
and this should match the cooling needs of the equipment 
groups for their activities. It is therefore clear that the 
delay in one activity will have a domino effect on other 
ones. Finally, any important modifications to the planning 
have an impact on several contracts with external 
contractors and might entail important overspending. For 
all these reasons it is of primary strategic importance that 
all activities and requests are made in the coming weeks 
in order to define a feasible and credible planning. Since 
the number of requests exceeds the resources available in 
EN-CV, an arbitration process by the LS1 Project Leader 
will define which requests shall be approved and which 
ones have to be postponed until after LS1. Late requests 
cannot be taken into consideration. 

The last point that needs to be mentioned is an outlook 
on 2014 and 2015 in terms of reliability of CV plants: 
since no technical stop is foreseen around Christmas 
2014, the installations will run for two years without any 
preventive maintenance. It is therefore extremely 
important that, whenever possible and in agreement with 
the commissioning and powering planning, EN-CV is 
allowed to perform preventive maintenance work in all its 
installations during 2014. 
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ACCESS SYSTEMS STRATEGY IN THE ACCELERATOR COMPLEX AND 
EXPERIMENTAL AREAS 

R. Nunes, P. Ninin, E. Sanchez-Corral, T. Ladzinski, CERN, Geneva, Switzerland 
 

Abstract 

This paper reviews the main features of the new PS 
Personnel Protection System (PSPSS) as well as the main 
milestones for its deployment during the Long Shutdown 
of 2013-2014. Access conditions in the PS, SPS and LHC 
complexes during this period shall be described as well as 
the upgrades and improvements that are under 
preparation. 

PS PERSONNEL PROTECTION SYSTEM 
PROJECT (PS PPS) 

The main difference of the PS accelerator complex with 
respect to the LHC from an access perspective is the fact 
that the physical layout of the machines involved is very 
different. 

The LHC is a circular accelerator with two injection 
tunnels and two beam dumps, and Experiments are 
located in 4 interaction points along the main ring. The 
LHC has 5 safety “chains” and 12 EIS-f/m*. 

In contrast, the PS complex is composed of 19 
interlocked zones organised in 17 safety “chains”, in an 
intricate interdependent layout, illustrated in Figure 1 
below. 

Furthermore, even if the number of access elements 
(EIS-a†) of the PS complex is comparable to LHC, the 
number of EIS-f/m is one order of magnitude higher as 
can be seen in Table 1. 

 

 

Figure 1: Schematic overview of the PSC Complex 
zones and their relationship from PACS Functional 
Specification [1]. 

 
 
 

Table 1 No. of elements in LHC & PS 

                                                        
*
 EIS-f/m – Elément Important pour la Sûreté – faisceau/machine 

†
 EIS-a – Elément Important pour la Sûreté – accès 

 LHC PS 

Access Points 36 28 

Doors 265 ~100 

Patrol Boxes 330 ~110 

EIS-f/m/ext 13 ~100 

Interlock “Chains” 5 17 

 
From a functional point of view there are some 

differences of the PS PPS when compared to the 
LACS/LASS. 

Although the major radiation-related personnel access 
risks are addressed, some other risks are considered also 
in the PS PPS, and are treated as “external interlocks” 
such as ventilation, laser, etc.. 

There are 2 additional access modes : Special Permit 
and Test EIS-f, that allow magnet specialists to enter an 
area with the magnets on and permit testing of all the EIS-
f by interlocking the upstream safety chain respectively. 

A new Public Address system shall be installed to 
replace the existing one for operational needs.  

 A mini-MAD‡ drawer shall be available at each access 
point to pass small material. 

Finally, maintenance doors shall be installed to allow 
maintenance of the access points during machine run. The 
objective is to reduce the unavailability of the access 
control system during technical stops and shutdowns. 

Similarly to the LHC Access System, the PS PPS shall 
retain some key features such as the iris biometric checks, 
PAD & MAD with “unicity of passage” features and 
distribution of trapped keys for restricted mode. 

PSPSS DESIGN STATUS 
From the project progress point of view the following 

phases have been completed: 
Functional Specification & Sectorisation are 

completed, with detailed sectorisation documents 
circulating for final approval. 
                                                        
‡
 MAD = Material Access Device 
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Figure 2 Example of sectorisation drawing for ISOLDE 

 
Figure 3 PS PSS Sectorisation and integration page [2]  

 
The preliminary risk analysis document is completed 

and is pending final approval [3] . All Safety functions 
have been defined. 

The Technical Specification is completed [4] and the 
contract for study and execution passed. System design is 
completed, including, architecture design [5] and 
component selection. 

 
Figure 4 System architecture layout [5]  

 
The Test platform has been built in building 271 and 

the first Factory Acceptance tests have been completed. 
The system validation on the CERN platform is scheduled 
for 2012 Q2. 

Figure 5 PS0 test platform in building 271 
 
The integration studies are on-going, including Area 3D 

scans & Detailed Integration Studies. 
Some major difficulties are being encountered due to 

lack of physical space for installation of cables and access 
points. 

 

 
Figure 6 Examples of integration and 3D area scans 
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PSPSS WORK IN PROGRESS 
Work in progress in the PSPSS project includes the 

installation of Rack Control Room in building 271 on the 
Meyrin site. 

The first functional tests on test platform are due to be 
completed in 2012 Q2. 

Civil engineering preparations are on-going for LS1 
(Long Shutdown 1) mostly for the: 

• Installation of the access points; 
• Construction of new irradiated material buffer zones; 
• Construction of new cable trenches/galleries. 
New Buffer Zones are to be built at the same time as 

the new access points and integrated physically with the 
latter. This has required a close collaboration with 
DGS/RP & EN/MME in order to optimise the installation 
works. 

Further to a major effort of cleaning up the existing 
cable trays and installing cables, new cable trenches or 
complete new cable galleries shall have to be built, and 
discussions are on-going with EN/EL and GS/SE.  

Intense collaboration with EN/MEF, EN/EL & IT/CS is 
also under way to prepare all the technical infrastructure 
for the installation of optical fibres, power cabling and 
copper cabling for controls and remote I/Os. 

 
Figure 7 Proposal for cable routing in Meyrin 

 

PS PSS INSTALLATION PLANNING 
The main objective is to complete the commissioning 

of all zones during LS1. 
 Installations should start in 2012 Q4, beginning with 

zones in the LHC injector chain.  
Assuming approximately 2 to 4 months per zone and 

installation of 2 zones in parallel with a further 2 months 
for final system commissioning and testing including 
DSO tests & OP validation, the installations in the LHC 
injectors should be operational by April 2014. 

The exception is Linac4 which must be ready for 
Hardware Commissioning tests in 2013 Q1. 

 

 
Figure 8 Schedule & planning for PSPSS [6]  

 
The constraints to be respected in the schedule are of 4 

distinct types:  
• Requirements for Machine run 

Some machines shall need to run during the LS1, 
such as Linac3, CTF, ISOLDE. Operation dates for 
each are still to be confirmed. 
This implies that the current system must be kept 
fully operational for these zones, including interlocks 

• Requirements to give Access 
Access must be controlled during the LS1 across all 
machines in the PS complex.  
This implies that the current system must provide 
full access control functionality (but not interlock) 

• RP Constraints 
Some work areas are subject to ALARA working 
conditions, decay time for some areas and DIMR 
procedures. 

• Coactivity Management 
Some works by other groups for other projects 
impact the schedule (e.g. route Goward shielding). 
This is coordinated with EN/MEF. 

PS SECONDARY AREAS ACCESS 
SYSTEM 

During 2012-2013 a new feature shall be added to the 
access system of the experimental areas in AD and East 
Hall that will restrict the patrol mode to users with a 
formal training. This system is already deployed in the 
SPS North Area. 

 

 
Figure 9 Addition of badge readers in AD and EH 

 
During LS1 and depending on the East Area 

Renovation project (cf. East Area Day Workshop) some 
changes are expected in the layout of the PS Secondary 
Access system. 

During the reshuffling of the areas in the East Hall, a 
spin-off of the command & control of the EIS-f to 
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“CESAR-type” control is envisaged, in order to 
approximate the behaviour of the system to the SPS North 
area. 

Furthermore it becomes necessary to install building 
access control to the Hall 157, much as has already been 
done in building 193 (AD) and EHN1 (North Area) 

SPS PRIMARY AREAS ACCESS SYSTEM 
During 2011-2012 some modifications shall be done, in 

particular the upgrade of the SPS SCADA supervision. It 
was originally developed with FactoryLink, which has in 
the meantime been bought by Siemens. This product is no 
longer supported and Siemens suggested migrating the 
supervision to WinCC. During 2011 some “usual” 
modifications have already been performed such as the 
new area HiRadMat & other minor re-sectorisation tasks. 

During LS1 no special actions are foreseen, since all 
resources, human and material, are now devoted to the PS 
PPS. 

The IMPACT tool can be used if needed. 
 
During LS2 however, even if its dates are not yet 

defined, it is clear that the level of obsolescence of the 
SPS Access control system will be high. 

 
 

Figure 10 Current status of the SPS Primary Access 
 
A complete rebuilding shall be necessary since it is now 

running on an obsolete safety & control architecture and 
there is a rapidly diminishing support for the Siemens S5-
series PLCs. 

GS-ASE has recently started the Risk analysis phase 
studies. For resource optimisation similarities with PS & 
LHC shall of course be explored. 

As for the time scale of such a project, its development 
should start back-to-back with PSPPS project, since we 
would profit from the expertise and experience of the 
existing CERN and contractor personnel. 

SPS SECONDARY AREAS ACCESS 
SYSTEM 

In 2011 the SPS Secondary Access Control system was 
completely rebuilt. 

It is now aligned, in terms of basic control architecture 
with the PS AD and East Hall Secondary Access control 
systems and has delivered a good & reliable performance. 

During 2012, the building access control to the NORTH 
Hall (EHN1) shall be deployed, in order to enforce the  
use of the personal dosimeter by people entering the 
building and also to reduce vehicle parking on “Salève 
side”. 

 
Figure 11 New features of the North Area Access 

 
During LS1 there is one major activity to be conducted 

in the SPS North Area: the Project for High Intensity 
Proton Beam (and LOKN refurbishing) is of primary 
importance to the safety of personnel in the North Area, 
and the Safety Study is currently under way. 

LHC ACCESS CONTROL/SAFETY 
SYSTEM UPDATES 

LHC Main Updates in 2011-2012 
Several new features have been deployed to the LACS 

such as: 
• Integration of access with IMPACT 

The access system is now connected to interface with 
the Intervention Management Tool IMPACT, so as to 
grant access only to people with an approved activity 
in a certain underground area, in addition to the 
relevant administrative and safety criteria. 

• Automatic Key Distribution [7]  
A new sub-mode has been deployed that delivers the 
tokens/keys automatically without intervention of the 
operator. This is useful in order to reduce the 
workload of the operator when the zones are to be 
kept patrolled in the Restricted Mode. It has been 
tested during the 2011-2012 Xmas Break 

• 11 new key distributors have been added in tunnel  
areas 

• 2 new PADs in PM54 (CMS) have been installed 
• Biometry upgrade (2 eyes) due to lack of spares from 

the supplier for the existing model. In total 9 out of a 
total of 36 access points have already been equipped. 

LHC Access Improvement Programme 
After consultation with main stakeholders BE-OP and 

EN/MEF, an improvement list has been compiled with the 
objective to “Improve availability but not compromise on 
safety”. 

The list of issues contains 3 types of improvements 
• R2E-motivated relocations 
• Performance Improvements (Access points, 

sectorisation, maintenance, and CCC improvements) 
• Scope Increase – Interlock more than Beam &Access 
 
R2E-motivated relocations 
The relocation of the UJ14 and UJ16 complete access 

points is necessary. Both radiation simulations and 
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increased number of unexplained failures motivates the 
relocation of the complete access points to UL14 and 
UL16 respectively. 

Integration studies are complete, and works are 
included in the LS1 schedule constraints. 

  
Figure 12 Integration of the UL14 & UL16 
 
Further to these relocations, R2E studies motivate the 

relocation of the control racks located in UJ56 and UJ76 
to USA55 and TZ76 respectively. 

 
Performance Improvements 
The list of proposed improvements includes  the 

following key points. 
• Access point improvements 

• PAD : Avoidance of spurious patrol losses 
• MAD : Improvement of human presence 

detection performance 
• Improve information to users on refusal reasons 

• Sectorisation improvements 
• New Zone/sectors for CLIC pre-alignment tests 

in TZ32 
•  RP veto for TI2, TI8 and Dumps 

• Maintenance improvement 
• Allow maintenance of Access points during 

beam 
• CCC improvements 

• Periodic upgrade of LASS IT infrastructure  
• Improve monitoring of “really closed” doors in 

the CCC 
 
Scope Increase 
The last type of improvement has the most significant 

impact on the basic architecture of LACS/LASS and is 
still pending official formal confirmation. 

Currently the LHC Access Safety System (LASS) 
interlocks only access doors and beam elements in order 
to cover radiation-related risks. 

The future requirements, as we understand them, would 
require the LASS to partially cover the risks arising from:  

• Accidental helium release in the presence of 
personnel underground (considered possible to occur 
with superconductive magnets powered above a safe 
current limit);  

• Exposure of the environment to extraction of 
activated air from the LHC. 

The first function would imply interlocking the power 
converters (via the PIC), if a breach of a predetermined 
door-envelope occurs. 

The second function would imply interlocking the 
beam if another pre-determined envelope of ventilation 

doors/walls is breached, since the nominal path of air 
extraction could no longer be guaranteed.  

 

 
Figure 13 Current vs future LASS interlocks 

 
If these functions were to be implemented, they would 

increase the number of safety elements involved, and 
would impact negatively the “availability” of the 
accelerator. 

A formal decision is still expected on this point. 
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RF UPGRADE PROGRAM IN LHC INJECTORS AND LHC MACHINE 

E. Jensen, CERN, Geneva, Switzerland 

Abstract 
The main themes of the RF upgrade program are: the 

Linac4 project, the LLRF-upgrade and the study of a 
tuning-free wide-band system for PSB, the upgrade of the 
SPS 800 MHz amplifiers and beam controls and the 
upgrade of the transverse dampers of the LHC. Whilst 
LHC Splice Consolidation is certainly the top priority for 
LS1, some necessary RF consolidation and upgrade is 
necessary to assure the LHC performance for the next 3-
year run period. This includes 1) necessary maintenance 
and consolidation work that could not fit the shorter 
technical stops during the last years, 2) the upgrade of the 
SPS 200 MHz system from presently 4 to 6 cavities and 
possibly 3) the replacement of one LHC cavity module. 
On the longer term, the LHC luminosity upgrade requires 
crab cavities, for which some preparatory work in SPS 
Coldex must be scheduled during LS1.  

INTRODUCTION 
Winter Technical Stops (WTS) were relatively short 

over the last years, shorter than traditional winter shut-
downs. Some important maintenance work does not fit 
those WTS and thus had to be postponed and re-
scheduled to LS1; a couple if near-miss incidents clearly 
indicate that some systems are operated close to their 
limits. One example is the HV power supply of the SPS 
200 MHz system, which already exploded in 1997 with 
major impact and which recently again had serious 
problems; luckily this could be discovered and fixed, but 
it could have caused a similar, major incident. The 
likelihood of this type of incident can be reduced only by 
correct preventive maintenance. In particular in view of a 
planned long operation period following LS1, the 
thorough maintenance of our systems during LS1 is of 
primordial importance in order to assure the reliable and 
the safe operation of our systems. 

LINAC 4 
The Linac 4 project has made good progress during 

2011: the klystrons are ordered, the RFQ brazing 
difficulties now seem solved, the 3 MeV test stand is in 
operation and continuously upgraded, the DTL drift tubes 
are now in production, the fabrication of the CCDTL 
structures in Novosibirsk is finished and the PIMS discs 
are being machined in Poland. The Linac4 project has to 
keep its momentum to progress correctly to allow 
commissioning at 50 MeV (possibly at 160 MeV) in 
2014. Even if the final connection to the PSB is scheduled 
only for LS2 (2018), the commissioning of Linac4 at 
intermediate energy with protons is important in order to 
be ready if ageing Linac2 fails beyond possible repair.  

PSB 

LLRF upgrade 
The PSB LLRF upgrade is part of a major 

modernisation program towards modular, versatile and 
modern LLRF systems for all CERN synchrotrons, 
following a common philosophy and methodology; the 
present PSB LLRF program takes advantage of 
experience gained with LHC and LEIR; it will soon 
demonstrate its versatility since it will have to operate 
both with the traditional ferrite cavities and the modern 
wide-band FINEMET® cavity system now under study. 

The LLRF upgrade is based on digital technology with 
direct RF sampling, digital signal processing and direct 
digital synthesis. DSPs and FPGAs allow very flexible 
and powerful, firmware-upgradable systems. These 
systems allow the inclusion of practically all control loops 
(phase, radial, synchronisation, polar, tuning …) with all 
parameters fully controllable in PPM, using standard 
protocols to interface with controls and diagnostics.  

After initial successful beam tests in one PSB ring and 
prototype hardware in 2011, the new LLRF hardware will 
be tested in ring 4 in 2012. The production of the 
hardware for all rings is planned for 2013 and 2014, such 
that the full deployment of the upgraded system can be 
commissioned with beam directly after LS1.  

RF Power upgrade 
There are presently 4 RF systems in the PSB: the C02 

(0.6 … 1.8 MHz), the C04 (1.2 … 3.8 MHz), the C16 (6 
… 16 MHz) and the transverse damper system. While the 
C02 was designed and built in 1996 as dedicated system 
for the LHC, the C04 harmonic system (the former h=5 
system) clearly limits the intensity of the Booster. The 
upgrade program thus concentrates on this system, while 
all other systems receive moderate upgrades concerning 
obsolete sub-systems and protocols (G64, interlocks, 
protections, modernized power supplies, filament supply 
stabilizers etc.) 

The upgrade of the C04 system follows a double 
strategy: a wideband, FINEMET® based system is being 
designed and tested that could eventually replace both the 
C02 and C04 systems. Since this system is based on new 
concept that has to be fully validated with all PSB beams, 
the remaining risk must be mitigated. For this reason, the 
upgrade of the final amplifiers for existing C04 system is 
studied in parallel. This power upgrade is the fall-back 
solution which would not be implemented if the modern 
FINEMET® system is fully validated. 

FINEMET® is a magnetic alloy that allows design of 
wideband RF systems. The concept has first been 
invented and developed at KEK and is at the heart of the 
J-PARC facility. At CERN, it has been successfully 
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implemented for the LEIR RF system. The PSB however 
has to deal with substantially larger beam current (2E13 
protons per ring) and the voltage requirements impose a 
relatively large number of gaps, which increases the 
impedance presented to the beam and requires special 
attention.  

The potential advantages of this system however seem 
to outweigh the risks: 1) it would be possible to 
instantaneously cover the full frequency range of the C02 
and C04 systems (0.5 … 4 MHz) allowing for multi-

harmonic operation, 2) with a single gap with two 
FINEMET® rings constituting one 0.7 kV cell, the 
system is fully modular, 3) it uses solid-state amplifiers, 
mounted directly on each cell allowing for fast RF 
feedback to electronically reduce impedance, 4) the large 

instantaneous bandwidth makes tuning and large tuning 
power supplies unnecessary and 5) the modularity allows 
for increased RF voltage and for “hot spares”, thus 
increasing reliability. 

A five-cell prototype FINEMET® system (Fig. 1) has 
recently been built and installed in section 6L1, ring 4. It 
will be tested with beam and with the new digital LLRF 
system (see above) during 2012. If successful, the next 
step will be the construction of a full, 13 cell system for 
ring 4, which will allow full qualification. The installation 
of this system is planned through LS1 with beam 
commissioning directly afterwards. The full production 
for the systems for the remaining rings would follow in 
2015 and 2016 with possible installation during LS2, 
after which the existing C02 and C04 systems could be 
recovered. 

PS  
Upgrades and consolidation work in the PS are 

summarized in Table 1. The on-going LLRF studies and 
the subsequently planned upgrade to full digital beam 
control are part of the same strategy mentioned above 
under the PSB LLRF upgrade. The implementation of the 
1-turn delay feedback is on-going; equally the fast tuners 
for the 80 MHz (and 40 MHz) systems, which will 
become essential for operation of protons and Pb ions 
during the same supercycle.  

Table 1: PS consolidation and upgrade program 

SPS 
LLRF upgrade 

The SPS LLRF system upgrades to hand in hand with 
the power upgrades described below in order to assure 
and improve beam stability. Elements of this upgrade are: 
a complete 800 MHz LLRF overhaul, new frequency 
programs, implementation of prototypes for the 200 MHz 
LLRF system, the upgrade of the MMI controls from G64 
to VME style and the preparation of the SPS LLRF for 
the light ion run. 

The 200 MHz power upgrade 
Since 1980, when the SPS became a proton-antiproton 

collider, there have been four 200 MHz travelling wave 
cavities, two 4-section and two 5-section cavities. In 
travelling wave structures, the beam loading at higher 
beam current will reduce the forward travelling power 
such that the effective accelerating voltage is significantly 
reduced – for “full beam loading” e.g., the forward 
travelling power is reduced to zero at the downstream end 

Figure 1: The five-cell prototype FINEMET® system. 

Activity Schedule Status 
LLRF Studies 05/2011 – 06/2012 active 
Digital beam control upgrade 06/2014 – 06/2018 planned 
1-Turn delay feedback 01/2012 – 12/2014 active 

Prototype commissioning 03/2012 – 06/2012  active 
Installation on all cavities LS1 planned 

HLRF studies 05/2011 – 12/2012 active 
Preparation for Ar ions LS1 planned 
10 MHz system renovation 12/2012 – 06/2018 planned 
PS Longitudinal damper 01/2012 – 06/2014 planned 

Install prototype in PS LS1 planned 
Coupled bunch feedback. LLRF 01/2012 – 12/2015 planned 
40/80 MHz feedback renovation 06/2012 – 06/2017 planned 
Fast tuner for 80 MHz system 01/2012 – 12/2015 active 

Install prototype in PS LS1 planned 
C201 C206 consolidation 01/2013 – 03/2014 planned 
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and the accelerating voltage is approximately halved; to 
reduce this effect of beam loading, a larger number of 
shorter cavities is advantageous. Fig. 2 below 
demonstrates how the total accelerating voltage is reduced 
with beam currents for the four (black), five (pink) and 
six cavities (blue). 

The upgrade plan is to build four 3-section cavities 
from the 10 sections of the existing 5-section cavities plus 
two of the existing spare sections. This would allow 
having a total of six cavities from LS2, two 4-section 
cavities and four 3-section cavities.  

This upgrade of course implies the increase of RF 
power by 50%, and different options for the new RF 
power amplifiers are presently under study, including a 
full solid-state solution, a conventional tetrode based 
solution or even more unconventional IOT final stages. In 
either case this will be a major installation that will 
require a new surface building between BA3 and BB3 – 
the new building “BAF3” is presently being studied. The 
construction is planned for 2013/2014. With the decision 
on the amplifier solution imminent in 2012, construction 
of the amplifiers with industry could start later in 2012 for 
delivery and installation in BAF3 in 2015 and 
commissioning in 2016. With these approximate time 
lines in mind, it is clear that the necessary re-arrangement 
of accelerating structures in LSS3 in the SPS tunnel can 
only take place during LS2. 

The 800 MHz system upgrade 
The proton beams for the LHC are intense and unless 

careful precautions are taken they become unstable in the 
SPS. One of the most important systems in the SPS used 
to keep the beams stable and of the highest quality is the 
800 MHz RF system. The present system is very old and 
has become very unreliable. 

For the upgrade, we decided to order IOT (Inductive 
Output Tube) based, turn-key transmitter systems. In 
2011, after successful Factory Acceptance Test, we 
received our first pre-series transmitter. Endurance tests at 
CERN however revealed a weakness – the maximum time 
between failures was only 168 h and not good enough for 
our reliability demands! Careful analysis revealed 

however that all of the many observed trips happened 
between 4 AM and 7 PM – a clear indication that the 
problem was high sensitivity to industrial noise (in 
sufficient EMC) and not due to the IOT concept. The 
system could be fully qualified and the series was ordered 
later in 2012. The revised schedule now foresees delivery 
of the series of 8 transmitters in the middle of 2013 and 
commissioning in the second half of 2013. 

SPS Transverse Damper upgrade 
Even if the re-arrangement of 200 MHz cavities in 

LSS3 will take place only during LS2, some preparation 
work is planned during LS1, notably the relocation of 
pick-up and kicker elements of the SPS transverse 
damper system. The high bandwidth transverse damper 
system, presently under study jointly with US-LARP, will 
have some new pick-ups installed in LSS3. Also some 
limited consolidation work on the transverse damper 
elements in BA2 is presently under discussion with BE-
BI. 

Preparation of Coldex area for CC tests 
In the framework of HL-LHC, the RF group is 

committed to the study and initial tests of crab cavities, 
which are required in LHC to compensate for luminosity 
loss with a substantial crossing angle. With the planning 
for installation of the final crab cavities in the LHC 
upstream and downstream of the IPs only in LS3 and 
their final construction in the years just preceding this, 
initial validation tests of crab cavities are required before 
LS2. In order not to tamper with LHC physics, the SPS 
was chosen as ideal test bed for crab cavities. A well 
suited area in the SPS was identified to be BA4 where 
presently the Coldex is installed. During LS1, it is 
planned to prepare this area for first crab cavity tests in 
2015. It was agreed with TE-CRG that the existing 
cryoplant (TCF20) will be upgraded to 2 K liquefaction 
mode.  

LHC 

400 MHz ACS  
The LHC main RF system (ACS) consists of four 

superconducting modules of four single-cell cavities each. 
This system has been working relatively reliably during 
2011; one module (M1B2) however contains one cavity 
(#3) which is limited to 1.2 MV instead of the nominal 2 
MV. It should be noted that all cavity related trips during 
2011 occurred in this module. It is planned to replace 
module M1B2 with the spare module during LS1. To this 
end, the existing spare module will have to be re-tested 
during summer 2012. This change is a major intervention 
that requires careful planning and follow-up.  

400 MHz Klystrons and modulators 
The 400 MHz high power klystrons suffer from a 

power limitation from a wrongly designed collector; these 
collectors are progressively replaced by the supplier. Half 
of the 16 existing klystrons have already been upgraded – 

 
Figure 2: SPS accelerating voltage vs. beam current for 
different numbers of cavities (more, shorter cavities lead 
to less effect of beam loading). 
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the remaining 8 will be upgraded during LS1. This is 
however not a limitation for present LHC operation. 

The planned upgrades follow from analysis of the 2011 
LHC RF fault statistics: most trips were caused by a 
klystron heater fault or a crowbar event, followed by 
cavity trips and arc detector triggers. The klystron heater 
faults are due the use of old and unreliable LEP hardware 
(DCCTs) and due to degrading spring contacts in the HV 
voltage connectors – both were improved during the 2012 
WTS. The crowbar system, protecting the klystron from 
over-currents, uses thyratrons, which require very careful 
adjustment; a solid state replacement using a thyristor-
stack instead of the thyratron is presently under study. 
The presently used arc detectors are equally inherited old 
LEP equipment, not optimized for LHC use. They suffer 
from radiation induced opacity of the optical fibres and 
have frequent false trips triggered by secondary showers 
directly from the beam; new fibre-less “shower head” arc 
detectors have been designed and initial measurement 
results are very encouraging [2]. A combination of 4 
redundant detectors with improved trigger logic allows 
minimizing spurious trips.  

ADT 
The upgrade of the LHC transverse damper system 

(ADT) is aiming at reducing noise for the 7 TeV run. This 
will be reached by upgrading to better RF cables and the 

use of additional pick-ups. Also will the reliably be 
improved by adding a HV switch to the power supplies 
that will automatically disconnect a faulty amplifier. 

CONCLUSIONS 
The table below summarizes the on-going and planned 

RF consolidation and upgrade program in the LHC and its 
injectors. The program is very demanding but necessary 
to assure performance and reliable operation. 
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ENERGY OF THE LHC AFTER THE 2013-2014 SHUTDOWN* 

E. Todesco, C. Lorin, M. Bajko, CERN, Geneva, Switzerland

Abstract 
In 2008 all the LHC main dipole circuits were trained 

to 5 TeV, two sectors to 6 TeV, and one sector was 
pushed up to 6.6 TeV. In the 5-6 TeV range, a few 
quenches were needed to retrain the LHC dipoles, and 
none for the quadrupoles. On the other hand, in the 6-
7 TeV range a larger than expected number of quenches 
was observed in the main dipoles. Using this limited set 
of data, tentative estimates were given to guess the 
number of quenches needed to reach nominal energy.  
After three years, the only additional experimental data 
are the retraining of the magnets individually tested at 
SM18, either coming from the spares or from the 3-4 
sector.  After presenting this additional information, we 
will consider the different scenarios that can be envisaged 
to train the LHC main magnets after the Long Shut-down 
1, the expected energy, the impact on the commissioning 
time and the associated risk. 

ESTIMATES TO REACH 6-7 TEV 
All the LHC main dipoles were trained to reach 8.5-9 T, 

i.e. well above 8.3 T or 7 TeV equivalent energy, during 
individual tests at CERN (SM18 test station [1,2]). A 
fraction of them (about 10%) has been tested after a 
thermal cycle. Based on these data, the first estimate of 
~330 quenches needed to reach nominal was given, i.e. 
about one quench every four LHC dipoles (see Table I, 
method 1 [1,3]). 

 

Table 1: Estimates of total quenches needed in the LHC 
dipoles to reach 6-7 TeV energy range. See text for 

explication of different methods.  

 
 
According to the acceptance criteria, only magnets not 

reaching ultimate field (i.e., 7.54 TeV equivalent energy) 
were tested after a thermal cycle. For this reason, the 
sample used for extrapolation was believed to be biased, 
and a revised estimate of 200 total quenches in the LHC 
was given (see Table 1, method 1). 

The hardware commissioning brought an unexpected 
result: even though most sectors reached 6 TeV with 
negligible training, numerous quenches occurred around 
6.5 TeV, all from Firm3 dipole manufacturer [4,5]. This 
awkward behaviour was observed on the only sector (5-6) 
tested at these energies, so everybody was looking 
forward to seeing the data of the rest of the LHC. The 
2008 incident and the discovery of weakness in the 

copper-copper interconnections of the main dipoles [6] 
prevented to power the LHC at these energies, and so 
today we are still left with this doubt. 

A simple scaling of the training in the LHC tunnel 
shows that 10 quenches are needed to reach 6 TeV, 30 for 
6.25 TeV, and 100 for 6.5 TeV (see Table I, method 2). 

The analysis of the training of the 5-6 sector data 
revealed two facts. First, is was observed [4] that in a 
energy versus log(n) scale (where n is the number of 
quenches) the training was linear (see Fig. 1). Even 
though this log t behaviour diverges for infinite times, i.e. 
has a non-physical asymptotic limit, it is widely used in 
different phenomena. A log t behaviour is used to fit creep 
in materials, or the decay of persistent currents in 
superconducting magnets (flux creep [7]). For this reason 
this fit could be defined as “quench creep”. This allowed 
to extrapolate the 5-6 experience to get an estimate of the 
quenches needed to reach 7 TeV. If a factor three in the 
quench number is needed to have an additional 0.25 TeV 
(see Table 1, method 2), it is easy to estimate that 100 
quenches to 6.5 TeV imply ~900 quenches to 7 TeV. 

 

 
Figure 1: The “quench creep” log behaviour observed in 

5-6 sector training data [4]. 
 
The second fact revealed by the analysis efforts [5,8] is 

that a trace of the weakness of the Firm3 magnets at low 
energies was present in the production data, but it was 
overlooked since attention was focussed on reaching 
nominal and beyond. A MonteCarlo method was 
developed: production data in virgin conditions were 
extrapolated using the correlations between training 
before and after thermal cycle, based on the techniques 
used for magnetic measurements. This analysis gave more 
pessimistic estimates w.r.t. previous scalings, and the need 
of non-negligible training to reach 6.5 TeV (see Table 1, 
method 3). Moreover, it showed that in the low energy 
range, training was dominated by Firm3 magnets. But it 
did not manage explain the slow training of sector 5-6 
above 6.5 TeV (see Figure 2). 

 

Model Year 6 TeV 6.25 TeV 6.5 TeV 7 TeV
1 2006 200-330
2 2008 10 30 100 900-1300
3 2008 0 0 50-80 230-550
4 2011 0 0 0 330
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Figure 2: The MonteCarlo method to estimate training of 

sector 5-6, and hardware commissioning data [5]. 
 
After the 2008 incident, 32 magnets were removed 

from sector 3-4 and after minor repairs, not involving the 
active part of the magnet, were tested at SM18. 
Unfortunately, only 6 were from Firm3. This very limited 
sample showed a 20% probability of quench to reach 
7 TeV for Firm1 magnets (i.e. one quench each five 
magnets), 27% for Firm2 and 33% for Firm3. No 
quenches were needed to reach 6.5 TeV. Extrapolation of 
these data gives 330 total quenches to reach 7 TeV (Table 
1, method 4), in agreement with previous scalings of 
SM18 data (methods 1 and 2). 

In 2010 an additional effort on the modelling side has 
been done. A simple dynamical system based on the 
equilibrium between energy margin and frictional energy 
released during powering has been proposed [9]. This 
corresponds to a model that makes quantitative what is 
generally believed to the slip-stick mechanism of training. 
This model has an asymptotic performance limit, and one 
can prove that it is reached via an exponential in the 
number of quenches. It is curious to see the similarity 
with the situation of the decay of persistent currents, 
which is fitted though a log t behaviour or through an 
exponential behaviour. This model was shown to provide 
a good fit for the training of the LHC dipoles, with the 
exception of the initial part. To have a perfect fit of the 
data one has to change one of the model parameters to 
non-physical values.  

 

 
 

Figure 3: Equilibrium between energy margin and 
frictional energy released during training quench [9]. 
 

These fits were then adapted to the scarce data relative 
to hardware commissioning to provide an estimate of the 
training needed to reach 7 TeV. Also in this case the result 
is around 900 quenches, but this is a pessimist estimate 
for Firm1 and Firm2 magnets, were no significant sample 
was available and therefore a lower bound based on 5-6 
experience was considered. 

A summary of these different estimates show that 
negligible training is needed to reach 6 TeV, 0-50 
quenches for 6.25 TeV and 0-100 quenches to 6.5 TeV 
(see Figures 3 and 4). Due to the very limited set of data, 
a large error is associated to these estimates. 

 

 
Figure 3: Summary of estimates of needed training in the 

LHC dipoles to reach 6-7 TeV equivalent energy. 

RISKS 
A quench induces mechanical and thermal stresses in 

the superconducting coil. During the production, a 
weakness in the quench heater was found in some Firm2 
magnets, causing the loss of the electrical integrity of 
protection circuits in four magnets. Thanks to the 
redundancy of the protection, this has not prevented 
operation of the LHC, and the four magnets will be 
replaced in 2013-2014 shutdown. 

 

 
 
Figure 4: Summary of estimates of needed training in the 
LHC dipoles, blowing of previous figure in the 6-6.5 TeV 

energy range. 
 
Even though each dipole was quenched several times 

during individual powering tests, a massive training in the 
tunnel soon after consolidation is not considered to be 
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reasonable. Therefore one should find out an optimal 
level of training that minimizes the risks without affecting 
the performance. 

In 2010, about 100 quenches occurred in the main LHC 
dipoles at energies between 1.2 and 3.5 TeV [10]. These 
were not training quenches, but quenches provoked by 
firing of the protection system. Quench heaters were fired 
many more times (about 6000 times) without current in 
the magnet to test the protection system during hardware 
commissioning. 

A POSSIBLE STRATEGY 
Having outlined the best estimates for training and the 

related risks, we propose to aim at 6.5 TeV in the 
commissioning of the first four sectors [10]. This could 
imply about 10-15 quenches per sector. A training quench 
at 6-7 TeV provokes in general the quench of three 
adjacent magnets. This total number of quenches 
represents a very limited risk for the protection integrity 
in comparison with the number of quench heaters fired so 
far.  

During the 2008 training campaign, recovery times of 
the order of 8 hours were needed, and two training 
quenches per day were possible. Therefore 10 quenches 
per sector would take 5 days per sector, with a negligible 
impact on the schedule. According to the plan, four 
sectors could be trained by March 2014. Based on this 
experience, one could train the other sectors to 6.5 TeV or 
step back to 6.25 TeV if data show the need of a larger 
training. This would allow to fix the operational energy of 
the LHC in spring 2014, leaving a few months to the 
colleagues from experiments to run the MonteCarlo 
simulations needed for data analysis. 

According to the need of the experiments, and to the 
operational experience, a more massive training campaign 
to push the LHC towards 7 TeV could be foreseen for the 
second long shut down of 2018. This scenario of a first 
run at lower energy to minimize risks related to quench 
was already envisaged in 2004 [11]. 
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Abstract

The main upgrades of the injector chain in the frame-
work of the LIU Project will only be implemented in the
second long shutdown (LS2), in particular the increase of
the PSB-PS transfer energy to 2GeV or the implementa-
tion of cures/solutions against instabilities/e-cloud effects
etc. in the SPS. On the other hand, Linac4 will become
available by the end of 2014. Until the end of 2015 it may
replace Linac2 at short notice, taking 50MeV protons into
the PSB via the existing injection system but with reduced
performance. Afterwards, the H− injection equipment will
be ready and Linac4 could be connected for 160MeV H−

injection into the PSB during a prolonged winter shut-
down before LS2. The anticipated beam performance of
the LHC injectors after LS1 in these different cases is pre-
sented. Space charge on the PS flat-bottom will remain a
limitation because the PSB-PS transfer energy will stay at
1.4GeV. As a mitigation measure new RF manipulations
are presented which can improve brightness for 25 ns bunch
spacing, allowing for more than nominal luminosity in the
LHC.

INTRODUCTION

The performance reach of the LHC depends on the beam
parameters, respectively the beam brightness from its in-
jectors. To overcome today’s limitations of the injector
chain, a significant upgrade program, the LHC Injectors
Upgrade (LIU) Project, has been launched at the end of
2010 [1]. All major upgrades of the injector complex, in-
cluding the replacement of the proton injector Linac2 by
Linac4 [2], a new PSB injection for H−, the increase of
the PSB-PS transfer energy from 1.4GeV to 2GeV [3],
as well as a major RF upgrade and coating of the beam
pipe to suppress electron clouds in the SPS, are coordinated
within the LIU Project. These upgrades will however only
be ready for implementation during the second long shut-
down (LS2) in 2018. According to the present baseline
planning, Linac4 will become available by the end of 2014
and the equipment for the new H− injection into the PSB
will be ready for installation at the end of 2015.

LINAC AND PSB PERFORMANCE

Linac4 connection to the PSB

Assuming that Linac4 will be fully commissioned and
will have successfully completed its reliability run by the

∗heiko.damerau@cern.ch

third quarter of 2015, two main options for the connection
to the PSB could be pursued [2]. Firstly, as the present
baseline scenario, Linac4 could be connected to the PSB
with H− at 160MeV during LS2 in 2018/2019. Unfor-
tunately, this implies that the new Linac will remain un-
used for about three years and must be kept in stand-by
during this period. Secondly, the connection of Linac4
could be advanced to an intermediate stretched winter shut-
down, so-called LS1.5 [4]. This option would imply about
7 (+1) months without protons from the injectors (the first
month of PSB cool-down could be in the shadow of an ion
run in LHC).

A third, emergency option only becomes interesting in
case of a major unrepairable failure of the aging Linac2. In
the case of such an unlikely event, Linac4 could be oper-
ated as a 50MeV proton accelerator. The existing proton
injection could then be used to transfer the beam into the
PSB. After less than two months, protons could be deliv-
ered by the injectors, but with reduced performance. It is
important to point out that the emergency connection of
Linac4 with protons does not save any installation or com-
missioning time later, when switching to H− at 160MeV,
as the duration is dominated by the installation of the PSB
H− injection elements.

Performance of Linac2/PSB

The brightness of the PSB with Linac2 delivering pro-
tons at 50MeV for LHC-type beams has been explored
during the 2011 run (Fig. 1). The average transverse emit-
tance increases approximately linearly with the intensity
per bunch at extraction. At equal intensity, the transverse
emittance of the best performing ring 3 is about 17% below
the emittance of ring 1, shown in Fig. 1. Further investiga-
tions during the 2012 run will focus on these differences
between rings.

Connection of Linac4 with protons or H−

In case of an unrepairable fault of Linac2, Linac4 could
replace it delivering 50MeV protons after less than two
months of modification, which would include

• converting the ion source from H− to protons,

• detuning of all RF structures above 50MeV,

• turning a bending magnet (BHZ20, which selects be-
tween proton beam from Linac2 or Linac4) towards
the transfer line from Linac4,
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Figure 1: Average emittance versus intensity per bunch of
the worst PSB ring 1 [5]. The lossy region (shaded in pur-
ple) of very small transverse emittances below 1μm only
becomes accessible by controlled transverse shaving after
injection in the PSB. With Linac4 the slope of the bright-
ness limit line will be halved. Emittances are quoted as 1σ
normalized.

• closing the vacuum,

• commissioning of the transfer line from Linac4 to
BHZ20 and re-commissioning up to PSB injection.

Table 1: Comparison of Linac2 and Linac4 with protons.

Linac2 Linac4

Kinetic energy at exit 50MeV
Pulse current 160mA 40mA
Transverse emittance 1μm 0.4μm
Maximum beam 100μs 400μs

pulse length
Bunch frequency 202.56MHz 352.2MHz

Relative brightness 1 0.625

Table 1 compares the beam parameters of Linac2 and
Linac4, assuming that the achievable current in Linac4 will
be the same for protons and H−. The peak current in
Linac4 is mainly limited by space charge at low energy
and RF beam loading, but the beam pulses can be longer
than in Linac2. The new charge-exchange injection into
the PSB will allow for these longer beam pulses to be in-
jected (up to 100 turns/ring at 160MeV compared to the
present 15 turns/ring at 50MeV) and painted within small
emittances, limited by space charge in the PSB.With pro-
ton injection betatron stacking has to be used so that the
maximum pulse length remains limited by PSB acceptance
and distributor pulse length (100μs).

Simulation studies have been performed to compare the
brightness of proton beams from Linac2 and Linac4 after
injection into the PSB [6]. They indicate that only 75% of

today’s brightness for LHC-type beams could be reached
with protons from Linac4, which would translate (bright-
ness times bunch intensity) into about half the luminosity
in the LHC.

The connection of Linac4 with H− at 160MeV could ei-
ther take place early during a prolonged winter stop (LS1.5)
or during LS2. An early connection would allow commis-
sioning of the PSB injection separately from the extra com-
plexity of an increased PSB extraction energy. Additionally
the PSB would profit from the full brightness of Linac4 for
LHC-type beams. However, at least when using the present
double-batch injection, the performance of the PS will only
marginally benefit because of the space charge limitation
at 1.4GeV. In case of a connection during LS2, the PSB
with its injection, ejection and RF systems changed at the
same time will have to be commissioned as a new machine.
Since the major upgrades of PS and SPS will also be im-
plemented during LS2, the whole injector chain will profit
significantly from the improved performance of Linac4 and
PSB.

PS AND SPS PERFORMANCE

The bunch intensity as delivered from the PSB within
a given transverse emittance is distributed over several
bunches at PS extraction. This splitting ratio transforms the
intensity axis of Fig. 1 into intensity per bunch transferred
to the SPS. For the nominal RF manipulation, with triple
splitting on the flat-bottom and two bunch pair splittings on
the flat-top, each incoming bunch is split into 12 bunches
for LHC in the PS. A reduction of this splitting ratio by new
RF manipulations allows the injection of less intensity per
bunch from the PSB for the same bunch intensity at PS ex-
traction, hence reducing transverse emittance and increas-
ing brightness. However, the smaller splitting factor im-
plies shorter batches, longer filling time and fewer bunches
in LHC compared with the nominal production scheme.

Space charge and coupled-bunch instabilities in
the PS

The main limitations in the PS are space charge on the
flat-bottom (1.4GeV) and longitudinal coupled-bunch in-
stabilities after transition crossing. To improve understand-
ing of the former, an extensive measurement campaign has
been pursued in 2011, confirming that the vertical tune
spread of the nominal 25 ns beam for LHC (1.6 · 1012 ppb
at injection corresponding to 1.3 · 1011 ppb at ejection) is
already close to the maximum permissible tune spread.
Studies with larger space charge will continue in 2012,
but ΔQy = −0.26 computed using Eq. (1) is assumed
throughout as a conservative limit for beams injected in
double-batch [7]. In case of single-batch injection, as could
become possible with Linac4 as a pre-injector and imme-
diate acceleration in the PS, space charge will cause less
emittance blow-up and a slightly higher brightness might
be obtained [8].
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Since the beam size increase due to momentum spread
and non-zero dispersion introduces a non-negligible con-
tribution for small transverse emittance beams, the integra-
tion formula [9]

ΔQy =
rpNb

(2π)3/2γ3β2σz

1
√
εy

∮

C

√
βy(s)√

βy(s)εy +
√

βx(s)εx + σ2
Δp/pD

2
x(s)

ds
(1)

has been applied for the tune spread calculations, where
βx/y(s) and Dx(s) are the beta and dispersion functions.
The physical emittances εx/y in the equation are related via
εx/y = εx,y/(βγ) to the normalized emittances εx,y .

The space charge limit, together with the Linac2/PSB
brightness limitation, are shown in Fig. 2 (for double-batch
injection on h = 7) and Fig. 3 (for double-batch injec-
tion on h = 9). In both cases maximum brightness

Figure 2: Linac2/PSB brightness limit together with the PS
space charge tune spread limitation of ΔQy = −0.26 for
injection of LHC-type beams on h = 7.

Figure 3: Same plot as Fig. 2, but for injection on h = 9.

from the PSB and the allowable space charge tune spread
at PS injection pose similar limitations. Hence at 1.4GeV,
Linac2/PSB and the PS are well matched. This also implies
that double-batch in the PS can only profit marginally from
higher brightness from the PSB connected to Linac4 with-
out an upgrade of the PSB-PS transfer energy to 2GeV.
Experience with other than LHC-type single-batch beams
(e.g. the TOF beam) in the PS shows that |ΔQ| > 0.3
could be possible, but for high-brightness beams this will
be subject to further studies during the 2012 run.

Coupled-bunch oscillations that develop after transition
are the main longitudinal limitation. A feedback system for
these instabilities has already been installed in 2005 [10],
but its capabilities are limited since two 10MHz accelerat-
ing cavities are operated as longitudinal kickers rather than
a broadband device. The attainable bunch intensity ver-
sus longitudinal emittance (per bunch at extraction) is plot-
ted in Fig. 4. For the beam with 50 ns bunch spacing, half

Figure 4: Maximum bunch intensity versus longitudinal
emittance accelerated stably for final bunch spacings of
25 ns and 50 ns.

the particles per bunch within half the longitudinal emit-
tance are accelerated in the PS; hence the 50 ns cases in
Fig. 4 appear as 25 ns cases at half emittance and inten-
sity. The measurements suggest an empirical scaling of the
coupled-bunch instability threshold proportional to the av-
erage longitudinal bunch density Nb/εl and impose an ab-
solute intensity limit of 1.9 · 1011 ppb (for εl = 0.35 eVs),
independent from the bunch spacing. The development of
a longitudinal Finemet-based wide-band kicker cavity to
cover all possible oscillation modes has started in collabo-
ration with KEK. Assuming that the kicker cavity will be
installed during LS1, the new feedback could be commis-
sioned in 2014/2015.

Limitations and improvements in the SPS

The major upgrades within the LIU Project in the SPS,
such as coating the vacuum chamber with amorphous car-
bon to eliminate e-could effects and the major 200MHz RF
upgrade from 4 to 6 cavities, can also only take place dur-
ing LS2 [11, 12]. Improvements during the period between
LS1 and LS2 are nonetheless expected from [13]:
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• the new Q20 optics for LHC-type beams which has
been extensively studied in 2011 and which requires
only minor hardware changes;

• the upgrade of the low-level and feedback systems of
the 800MHz RF system, as well as more voltage from
the second cavity equipped with a new amplifier;

• reduced impedance due to shielding of the last MKE
kicker.

The brightness reach at SPS extraction for the Q20 optics
has been explored with single bunches during machine de-
velopments (MDs) in 2011 and the emittances versus in-
tensity are illustrated in Fig. 5. With these improvements
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Figure 5: Transverse normalized emittances at flat-top
in the SPS with the Q20 optics measured with single
bunches [14].

after LS1, and potential further optimizations during MDs
with the Q20 optics in 2012, this brightness reach could be
assumed as an optimistic limit also for multi-bunch beams.

Performance with 25 ns bunch trains will however be
limited by e-cloud effects and possible beam characteristics
will depend on the degree of scrubbing of the SPS vacuum
chamber after LS1.

RF MANIPULATIONS IN THE PS

In the transverse planes the PS is expected to preserve
emittances. In the longitudinal plane RF manipulations are
required to produce short bunches spaced by 25 ns or 50 ns.
In the nominal scheme, each bunch from the PSB is split in
12 parts for 25 ns spacing, requiring 12 · 1.3 · 1011 � 1.6 ·
1012 ppb at injection. Reducing the splitting factor by new
RF manipulations [15] increases the brightness per bunch
at the cost of a shorter batch at extraction from the PS.

Performance with present production scheme

The nominal production scheme of LHC-type beams in
the PS consists of double-batch injection of 4 + 2 bunches
from the PSB into h = 7 buckets, leaving a gap of 1/7

of the circumference for the extraction kicker. After the
second injection, the bunches are split in three on the flat-
bottom, resulting in 18 bunches at h = 21. Follow-
ing acceleration to 26GeV, one (50 ns bunch spacing) or
two (25 ns) bunch pair splittings result in finally 36 (50 ns,
each PSB bunch split in 6) or 72 (25 ns, splitting ratio 12)
bunches at h = 84, the only RF harmonic on which, to-
gether with h = 168, sufficient RF voltage is available to
produce short bunches for the bunch-to-bucket transfer to
the SPS.

Given the various limitations of the injector chain, the
expected performance is summarized in Table 2.

The observed performance of the injectors agrees well
with the expected figures. The last two rows indicate rel-
ative intensity and luminosity in the LHC (simple scaling
without taking the total number of bunches per LHC ring
into account). The coupled-bunch limited 50 ns beam is
chosen as reference, since its parameters are close to those
of the beam delivered to the LHC at the very end of the
2011 run. Although reducing the event pile-up in the ex-
periments, the luminosity with 25 ns bunch spacing would
only be two thirds of what has already been achieved with
50 ns.

Batch Compression schemes

With the operational 4 + 2-bunch double-batch transfer,
the PSB accelerates only two bunches for the second in-
jection, while the other two rings remain empty. Hence
only half of the possible brightness from the PSB is de-
ployed with the beam accelerated for the second injection
into the PS. Additionally, the large splitting ratio requires
high intensity at injection from the PSB with the corre-
sponding emittance (Fig. 1). Alternative schemes to reach
h = 21, the canonical harmonic for acceleration of 25 ns
and 50 ns beams, have therefore been proposed [16, 17].

To profit from the full PSB brightness, 4+4 bunches can
be injected into h = 9 buckets [18]. Following a harmonic
number change (batch compression) from h = 9 → 10,
a bunch pair splitting 10 → 20 and a further batch com-
pression step to h = 21, the splitting ratio becomes 8 in the
25 ns case, respectively 4 for 50 ns spacing. First beam tests
in 2011, injecting two bunches from each PSB ring (Fig. 6),
have demonstrated the feasibility of the RF manipulation
scheme at 2GeV. Its full implementation, including beam
tests in SPS and LHC, is foreseen during the second half
of the 2012 run. Table 3 gives an overview of the expected
performance. Thanks to the reduced splitting ratio, beams
with smaller transverse emittance can be produced. While
the 50 ns variant could become interesting to push luminos-
ity in the LHC, the 25 ns beam will allow the exploration
of the regime of small transverse emittance beams in the
injector chain and tentatively also in the LHC.

More evolved RF manipulation schemes in the PS could
further increase brightness, once transverse emittance con-
servation has been demonstrated up to the flat-top in the
SPS. Assuming sufficient longitudinal emittance margin,
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Table 2: Performance reach of the injectors with the present bunch splitting scheme in the PS. For the PS 5% losses and
5% emittance blow-up are assumed while the SPS causes 10% losses and 10% blow-up.

50 ns 25 ns 50 ns
early 2011 ∼nominal CBI-limit

PS injection Bunch intensity 0.8 · 1012 ppb 1.6 · 1012 ppb 1.2 · 1012 ppb
Normalized emittance, ε 1.2μm 2.4μm 1.8μm
Vertical tune spread, ΔQy −0.24 −0.26 −0.25

PS ejection Bunch intensity 1.27 · 1011 ppb 1.27 · 1011 ppb 1.90 · 1011 ppb
Normalized emittance, ε 1.3μm 2.5μm 1.9μm
Bunches per batch 36 72 72

SPS ejection Bunch intensity 1.15 · 1011 ppb 1.15 · 1011 ppb 1.71 · 1011 ppb
Normalized emittance, ε 1.4μm 2.8μm 2.1μm

Brightness limit PSB X X X
Space charge limit PS X X X
Coupled-bunch limit PS - - X
RF power limit SPS - X -

Relative intensity in LHC 0.67 1.33 1.0
Relative luminosity in LHC 0.67 0.67 1.0

Table 3: Performance reach of the injectors with h = 9 → 10 → 20 → 21 batch compression and splitting scheme.

50 ns 25 ns 25 ns
high intens. high intens. low εh/εv

PS injection Bunch intensity 0.8 · 1012 ppb 1.07 · 1012 ppb 0.64 · 1012 ppb
Normalized emittance, ε 1.3μm 1.8μm 1.0μm
Vertical tune spread, ΔQy −0.26 −0.26 −0.26

PS ejection Bunch intensity 1.90 · 1011 ppb 1.27 · 1011 ppb 0.76 · 1011 ppb
Normalized emittance, ε 1.3μm 1.9μm 1.0μm
Bunches per batch 32 64 64

SPS ejection Bunch intensity 1.71 · 1011 ppb 1.15 · 1011 ppb 0.68 · 1011 ppb
Normalized emittance, ε 1.5μm 2.1μm 1.1μm

Brightness limit PSB - - X
Space charge limit PS X X X
Coupled-bunch limit PS X - -
RF power limit SPS - X -

Relative intensity in LHC 1.0 1.3 0.8
Relative luminosity in LHC 1.4 0.9 0.6

bunch pair merging doubles the intensity per bunch, while
keeping transverse parameters unchanged. It has therefore
been suggested to inject 4 + 2 bunches in h = 7 buck-
ets and, on an intermediate flat-top, sequentially raise the
harmonic number up to h = 14 and then merge back to
3 bunches in h = 7. The usual triple splitting procedure
can then be executed, finally yielding h = 21. A simulated
mountain range density plot of this manipulation is shown
in Fig. 7. Due to the bunch merging, the splitting ratio is
halved (25 ns: 6; 50 ns: 3) and the brightness increases ac-
cordingly (Table 4, left and center columns), at the cost of
half the number of bunches at extraction with respect to the
nominal scheme. The same RF manipulations can also be
easily adapted to the injection of 4 + 4 bunches into h = 9
buckets (Fig. 8). This not only saves two harmonic num-

ber steps during batch compression, but also exploits the
full brightness from all PSB rings and yields 30% longer
batches (Table 4). It is important to point out that with
these RF manipulations in the PS, nominal luminosity can
be reached with 25 ns bunch spacing, without increasing
the total intensity circulating per beam in the LHC.

An even further reduction of the splitting ratio and po-
tentially even higher brightness could be reached by a pure
batch compression scheme. Injecting 4+4 buches into h =
9 buckets and sequentially changing the harmonic number
to h = 21 (simulated mountain range density plot in Fig. 9)
may push the beam parameters from the PS well beyond
what can be digested by the SPS (Table 4, right column).
A beam generated with such a scheme could nonetheless
be a powerful tool to probe limitations in the SPS.
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Table 4: Performance of the injectors with h = 7 or 9 → . . . → 21 batch compression, merging and splitting schemes.

50 ns 25 ns 25 ns
high intens. low εh/εv ultra-bright

PS injection Bunch intensity 0.6 · 1012 ppb 0.8 · 1012 ppb 0.65 · 1012 ppb
Normalized emittance, ε 1.0μm 1.2μm 1.0μm
Vertical tune spread, ΔQy −0.21 −0.24/− 0.26 −0.26

PS ejection Bunch intensity 1.90 · 1011 ppb 1.27 · 1011 ppb 1.54 · 1011 ppb
Normalized emittance, ε 1.1μm 1.3μm 1.1μm
Bunches per batch 18/24 36/48 32

SPS ejection Bunch intensity Beyond SPS 1.15 · 1011 ppb Beyond SPS
Normalized emittance, ε reach 1.4μm reach

Brightness limit PSB X X/- X
Space charge limit PS - -/X X
Coupled-bunch limit PS X - -
RF power limit SPS - X X

Relative intensity in LHC (1.0) 1.3 (1.63)
Relative luminosity in LHC (1.8) 1.3 (2.38)

Figure 6: Batch compression and splitting scheme, h =
9 → 10 → 20 → 21. The manipulation process (time goes
from bottom to top) takes about 120ms.

Filling time and bunch numbers in the LHC

The total cycle length of 3.6 s in the PS does not need to
be prolonged. More than 450ms could be exploited with-
out exceeding three basic periods (double-batch injection).
This extra time is sufficient to accommodate an intermedi-
ate flat-top for the RF manipulations. Fewer bunches due
to shorter batches from the PS can partly be compensated
by more injections into the SPS. However, the total num-
ber of bunches per ring in the LHC is still lower because

Figure 7: Batch compression, merging and triple splitting
scheme, h = 7 → . . . → 14 → 7 → 21.

of the extra kicker gaps and an extended filling time can-
not be avoided (Table 5). Depending on the scheme in the
PS about 10% fewer bunches can be injected per LHC ring
which may take less than five minutes more than the theo-
retical minimum dedicated filling time for both LHC rings.

CONCLUSIONS

With the PSB-PS transfer energy remaining at 1.4GeV
until LS2, potential performance improvements in the LHC
injector chain after LS1 are expected from low transverse
emittance beams produced with batch compression RF ma-
nipulations in the PS. Emittance conservation up to the flat-
top in the PS looks promising, but remains to be demon-
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Table 5: Maximum number of bunches per ring and minimum (dedicated) filling time of the LHC [19, 20, 17].

RF manipulation Transfers PS-SPS # of bunches Minimum
abs. rel. filling time

Triple splitting, h = 7 → 21 2/3/4 · 72 bunches 2808 1.0 8 min 38 s
Batch compression, h = 9 → 10 → 20 → 21, Fig. 6 up to 4 · 64 bunches 2688 0.96 ∼ 9 min 20 s
Batch comprsn., h = 7 → . . . → 14 → 7 → 21, Fig. 7 up to 7 · 36 bunches 2520 0.9 ∼ 13 min
Batch comprsn., h = 9 → . . . → 14 → 7 → 21, Fig. 8 2/4/5/(6)·48 bunches 2592 0.92 10 min 5 s
Pure batch comprsn., h = 9 → . . . → 19 → 21, Fig. 9 up to 8 · 32 bunches ∼ 2450 ∼ 0.87 ∼ 14 min 20 s

Figure 8: Batch compression, merging and triple splitting
scheme, h = 9 → . . . → 14 → 7 → 21.

strated in the SPS. The feasibility of the h = 9 → 10 →
20 → 21 batch compression scheme for LHC-type beams
has been shown in the PS. Following its full implementa-
tion, a test with SPS and LHC is planned for the second
half of 2012. MDs with a more evolved RF manipulation
scheme, promising more than today’s luminosity with 25 ns
bunch spacing in the LHC, will be performed in 2012 to de-
cide on a possible implementation in the RF beam control
for the after-LS1 period. In the SPS, improvements before
LS2 are expected from the Q20 optics, the 800MHz RF
upgrade and the completion of the MKE shielding. The
performance gain with Linac4 alone will be modest, but
the filling time of the LHC could be reduced using single-
batch injection in to the PS. With double-batch injection
with Linac4, the PS could be pushed to its space charge
limit. To profit fully from the performance potential of
Linac4 injecting H− into the PSB, the upgrade of the PSB-
PS transfer energy to 2GeV is essential [21].

The authors would like to thank Thomas Bohl, Eric
Montesinos, Rende Steerenberg and Jocelyn Tan for dis-
cussions and for providing information.

Figure 9: Pure batch compression scheme, h = 9 → . . . →
20 → 21.
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LUMINOSITY PERFORMANCE REACH AFTER LS1

W. Herr, (CERN, Geneva, Switzerland)

Abstract

Based on past experience (2010/2011), in particular ex-
pected limitations from beam-beam effects, and taking into
account the expected beam quality from the LHC injectors,
the peak and integrated luminosity at top energy is dis-
cussed for different scenarios (e.g. bunch spacing, beta*).
In particular it will be shown which are the key parameters
to reach the nominal luminosity and whether it is possible
to exceed the nominal luminosity. Possible test in 2012 are
discussed.

LESSONS FROM BEAM-BEAM STUDIES
IN 2011 - IMPLICATIONS FOR

PERFORMANCE

In all colliders, a significant limitation to the perfor-
mance can come from beam-beam effects. This is also ex-
pected in the LHC. Based on the studies and observations
in the first years of operation, we can estimate the possible
implications for the operation at 7 TeV. Based on these ob-
servations and our experience we try to define a parameter
set. The main observations can be summarized as [1]:

• High brightness beams not (yet) limited by head-on
beam-beam effects

• Long range beam-beam effects strong as expected

- Sufficient separation absolutely essential

- PACMAN effects very strong

- Number of collisions and number of bunches im-
portant (i.e. 25 ns vs 50 ns)

- Small emittance highly desirable

• Luminosity levelling using transverse offsets is possi-
ble

Head-on beam-beam

In dedicated experiments [1] we have succeeded to ob-
tain head-on beam-beam parameters several times the nom-
inal value. Although not unexpected, such values can only
be achieved in very clean conditions [1]. Whether such
high brightness beams can be collided in the presence of
many bunches and which are possible limitations, further
studies are still needed and input during the studies in 2012
is expected on:

• Effect of noise

• Effect of bunch by bunch fluctuation

• Modulation effects

During normal operation, the beam-beam parameter is
twice the nominal values, largely due to the smaller beam
emittance available from the injectors. In the following
we therefore assume that no limit comes from the head-on
beam-beam effects.

Long-range beam-beam

From theoretical considerations and simulations, we ex-
pect that long-range beam-beam interactions reduce the
dynamic aperture, i.e. leading to increased losses and lower
lifetime. The expected dynamic aperture as a function of
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Figure 1: Dynamic aperture versus crossing angle [5].

the normalized beam-beam separation is shown in Fig.1.
Also shown in Fig.1 are estimates from the long range
beam-beam studies in 2011 [1]. The two lines correspond
to the cases with 25 ns and 50 ns bunch spacing, i.e. corre-
spond to a different number of long range interactions. The
number of long range encounters is an important factor as
demonstrated in [1]. From Fig.1 we can deduce that for
a sufficient dynamic aperture under these conditions we re-
quire a separation of 10 σ for 50 ns and 12 σ for 25 ns spac-
ing. The two simulations have been done for equal bunch
intensities in the two cases and one must expect that an in-
crease of the bunch intensity can change the picture. The
estimates presented later are based on a normalized separa-
tion for 10 σ. Presently, no experimental data is available
on the effect of intensity on the dynamic aperture due to
long range beam-beam interactions and the estimates are
based on scaling laws derived from an analytical model we
have developed to assess the simulation results.

Long range scaling laws

For the scaling of the long range beam-beam tune shift
(Δ Qlr) and the dynamic aperture (DA) we assume the de-
pendence shown below.

Δ Qlr ∝ N (Intensity)
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Δ Qlr ∝ nb (number of bunches)

Δ Qlr ∝ ε

Δ Qlr ∝ 1

d2
sep

∝ 1

α2

Δ Qlr ∝ 1

d2
sep

∝ 1

β∗

DA → 1

nb
(number of interactions)

DA → 1√
ε

DA → dsep → α

DA → dsep →
√

β∗

DA → 1

N
(Intensity, still to be checked)

Conclusion: beam-beam effects

For the operation at 7 TeV we do not expect severe prob-
lems from head-on beam-beam effects. The long range
beam-beam interactions behave as expected and provided
a sufficient separation can be secured with a crossing an-
gle, it can be kept under control. More input is expected
from beam tests in 2012.

TOWARDS HIGHER LUMINOSITY

The operation of the LHC at higher energy after LS1 al-
lows to aim for larger peak luminosities. The reduced emit-
tances at larger γ allow for a smaller β∗ and therefore con-
tribute twice to a smaller beam size at the interaction points.
The purpose is to provide the maximum useful integrated
luminosities to the experiments. In this presentation we try
to evaluate the possible performance reach within the given
boundary conditions and the present experience with LHC
operation. The questions how the machine is operated af-
ter the restart and the strategy to reach a high luminosity
quickly are not addressed.

Assumptions for 2015 and beyond

• Energy 6.5 TeV (in 2015), 7 TeV later

• Aperture not worse than now

• Bunch spacing 25 ns or 50 ns

Performance issues in the LHC

The purpose of the LHC is to provide the maximum
number of ”useful” luminosity to the experiments. The at-
tainable peak luminosity is therefore only a secondary pa-
rameter and emphasis should be on the integrated luminos-
ity.
However, the integrated luminosity is only useful when the

detectors can make the maximum use and this requires to
minimize the number of events per bunch crossing (event
pile-up). This can easily be computed from the total inelas-
tic cross section as:

PU =
1

frev

L
nb

· 72 mbarn

Assume a maximum pile up limited to 42 events/crossing
(twice nominal) this imposes limits for the maximum peak
luminosity, depending on the number of bunches, and we
arrived at the maximum luminosity as:

- Nb = 1380: Lmax = 0.9 1034cm−2s−1

- Nb = 2520: Lmax = 1.75 1034cm−2s−1

This shows the surprising result that the nominal luminos-
ity cannot be achieved with a bunch spacing of 50 ns with-
out exceeding significantly the limit for the event pile-up.
The two options to avoid this are:

- Operation with 25 ns spacing

- Luminosity levelling for 50 ns spacing and loss of to-
tal integrated luminosity

At present the operation with 25 ns spacing is limited for
reasons other than beam-beam effects and more input will
come from 2012 operation.

How to get high luminosity ?

Given a fixed energy, we have several parameters which
can be optimized to obtain the desired peak and integrated
luminosity, given the boundary conditions discussed above.
these are:

- Number of bunches (i.e. 25 ns versus 50 ns)

- Sufficient bunch intensity

- Small beam size (εn and β∗)

- Sufficient beam-beam separation (crossing angle α
and εn)

For the beam-beam separation we assume 10 σ separation
at the encounters in the drift space. This can be changed if
required, although with possible implications for the reach
in β∗.
In principle, the peak luminosity increases quickly with de-
creasing β∗, however the requirement for sufficient separa-
tion changes this picture.

In Fig.2 we show the relative luminosity as a function
of β∗ (solid line) and the reduced luminosity in the pres-
ence of a crossing angle providing a separation of 10 σ. It
is clearly visible that below a β∗ of approximately 0.50 m
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Figure 2: Luminosity versus β∗, including crossing angle
(constant separation) and hour glass effect.

the increase of luminosity is very small. For even smaller
β∗ one has to expect that the hour glass effect reduces the
luminosity further. From Fig.2 we conclude that operat-
ing with β∗ smaller than approximately 0.50 m requires
crab cavities to recover the geometric loss and since they
are not foreseen before the high luminosity upgrade, we re-
strict ourselves to a minimum β∗ of 0.50 m in the following
calculations.
The emittance provided by the injector chain is of vital
importance for the luminosity performance and below we
show some of the scaling properties of separation (d), lumi-
nosity (L), long range beam-beam tune shift (ΔQLR) and
the required crossing angle (α):

d ∝ 1√
εn

L ∝ 1

εn
ΔQLR ∝ εn

α =
d · √εn√
β∗ · √

γ

A smaller transverse emittance is an advantage in all cases
and we suggest to keep the emittance as small as possible,
provided it is allowed for other effects, i.e. collective insta-
bilities or emittance growth.

Boundary conditions - injectors

It was experienced in 2011 operation that a small emit-
tance is closely related to smaller bunch intensities, in par-
ticular for the case of 25 ns spacing.

Possible scenarios

Given the boundary conditions, the preferred scenario
are compromises between conflicting requirements and op-
tions, such as:

• High intensity:

+ Possible with spacing 50 ns (at present)

+ High peak luminosity

− High event pile up

• Small emittance:

+ Possible with spacing 50 ns and 25 ns (lower in-
tensity)

− Smaller crossing angle required, smaller β ∗ pos-
sible

− Smaller peak luminosity

+ Smaller event pile up

An optimum choice is difficult to foresee since some of the
dependencies are still unknown and some mitigation pro-
cedures (e.g. e-cloud) not predictable on a reliable basis.
Therefore we have several options and follow basically two
strategies:

• Assume little improvement on beam quality (very
conservative) compared to 2011

• Assume improved beam brightness from injectors [2,
3]

It was shown [2, 3] that manipulations of the beam prepara-
tion process in the injectors and the choice of related filling
schemes, possibly with reduced number of bunches, can
lead to an improved brightness for both, 50 ns as well as
for 25 ns spacing. Under the assumption that smaller emit-
tances are tolerable for collective effects and an emittance
increase in the LHC can be understood and controlled, we
can derive different parameter sets which we consider real-
istic.
Since the possible parameter space is very large, given the
number of possible parameters and options, we restrict our-
selves to a few options which can be scaled within limits
and should give a good hint for the target performance.
In Tabs.1 and 2 we show the parameters and luminosity

Δt/nb∗) εn Nb Lpeak α PU
(μm) (1011) (1034) (μrad)

50/1404 2.0 1.4 1.35 ±120 61
25/2808 3.0 1.2 1.30 ±150 30
50/1404 2.0 1.7 1.90 ±120 87
25/2520 1.3 0.7 1.00 ±100 23
25/2592 1.4 1.15 2.30 ±120 63

Table 1: Peak luminosity for different sets of parameters
(PU = events per crossing).

for different sets of parameters, for 50 ns and 25 ns op-
tions. The parameters for bunch intensities and emittances

Δt/nb∗) εn Nb Lpeak α
∫

Ldt
(μm) (1011) (1034) (μrad) (fb−1)

50/1404 2.0 1.4 1.35 ±120 40
25/2808 3.0 1.2 1.30 ±150 38
50/1404 2.0 1.7 1.90 ±120 56
25/2520 1.3 0.7 1.00 ±100 29
25/2592 1.4 1.15 2.30 ±120 70

Table 2: Peak luminosity for different sets of parameters.
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are compatible with those presented in [2, 3]. In all cases
considered the head-on beam-beam tune shift is in the same
order as achieved in operation in 2011. The integrated lu-
minosity in Tab.2 assumes a simplified form using a global
factor (0.23) of efficiency. A more refined model requires a
better understanding of the luminosity behaviour together
with a well defined procedure for levelling.
The first surprising result is that the nominal luminosity of
1.0 · 1034 cm−2 s−1 is in reach already with parameters
achieved in the 2011 operation. On first sight an operation
with 50 ns spacing provides higher peak luminosity, but at
the expense of a large event pile-up. The required lumi-
nosity levelling would reduce the useful luminosity signif-
icantly.
Assuming that for both spacing options a levelling is re-
quired eventually, the option for 50 ns provides only half
the luminosity. The potential for (useful) improvement is
much larger for the 25 ns option and should therefore get
high priority.

Further possible improvements

Under the conditions that smaller emittances can be pro-
duced and conserved, additional measures can be con-
ceived to improve the performance.
The smaller emittance allows for a smaller β∗ due to less
strict aperture requirements. However, due to the required
crossing angle (see Fig.2) the loss due to the geometric fac-
tor is 30 -40 %, depending on the exact configuration. A
possible option to avoid this loss is the use of ”pseudo-flat”
beams. The feature unequal β-functions in the two planes,
i.e. β∗

x �= β∗
y . Such beams have been used in the Spp̄S in

the last years of operation with great success. It is easy to
compute that e.g. beams with (β∗

x,β∗
y ) = (0.5m, 0.3m) result

in a larger luminosity that round beams with 0.4 m in both
planes. The crossing angle would be in the plane of larger
β∗, resulting in a smaller minimum angle for the desired
separation and a smaller loss of luminosity. It was usually
considered a (unproven) disadvantage that for pseudo-flat
beams the head-on beam-beam tune shifts are not equal in
the two planes, i.e. ΔQx �= ΔQy . Accidentally, a cross-
ing angle providing a 10 σ separation reduces the tuneshift
in the crossing plane sufficiently to make them practically
equal.
A further advantage of such a scheme is that a levelling
with β∗ is simplified since it may be done only in one plane
and a change of the crossing angle is not required.

LUMINOSITY LEVELLING

It was speculated that a luminosity levelling is required
to provide the maximum useful luminosity. It is certainly
the case for 50 ns spacing but most likely also required at
high performance with 25 ns beams. Different levelling op-
tions have been discussed. The requirement that any level-
ling must be local (single experiment) excludes global lev-
elling options (such as change of bunch length) and a level-
ling with crossing angle provides only a small range unless

crab cavities are used. The basic options left are transverse
offsets as used during 2011 in IP2 and IP8 and levelling
by changing β∗. The latter has not been tried and may be
facilitated by the use of pseudo-flat beams.

SUMMARY

The analysis of possible operational scenarios after LS1,
including the expected improvements from the injectors,
have shown that:

• Nominal luminosity is clearly in reach

• Preservation of emittances should be high priority

• Peak luminosities two times larger than nominal (or
higher) are possible
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After LS1: MAGNET POWERING WITH ZERO DOWNTIME – A DREAM? 

Markus Zerlauth, CERN, Geneva, Switzerland

Abstract 
Despite a number of improvements already applied in 

the course of the year, the magnet powering system of the 
LHC still accounts for around 50% of the premature beam 
dumps. This number might even further increase when 
moving to higher beam energies in the next years. With 
mitigations of radiation effects and the prospects for beam 
induced magnet quenches being discussed elsewhere, we 
aim at identifying possible mid- and long-term 
improvements within the various equipment systems to 
further reduce the number of equipment failures leading 
to a loss of the particle beams. Amongst others, this 
includes the sensitivity of equipment to external causes 
such as electromagnetic perturbations or perturbations on 
the electrical network. To conclude, the gain of the 
identified mitigations will have to be balanced against the 
potential impact on schedule and cost. 

LHC MAGNET POWERING SYSTEM 
  The LHC magnet powering system represents a 

considerable part of the complexity of the LHC. A total of 
more than 1600 electrical circuits are needed to power the 
10000 superconducting and normal conducting magnets 
installed in the LHC tunnel. In addition to the magnet and 
quench protection systems, the required infrastructure of 
powering equipment, cryogenics and electrical 
distribution will account for many 10000 interlock 
conditions capable of dumping the beam in case of 
equipment malfunctioning or failures in the magnet 
powering. Since the first Hardware Commissioning 
Campaigns in 2005, more than six years of operational 
data and experience with the magnet powering system 
have been acquired. While machine protection in case of 
powering failures is not only assured by the 
corresponding powering interlock systems but also 
through redundant protection by the beam loss monitors, 
the availability of the magnet powering system has been 
due to its complexity of primary concern since the very 
beginning of LHC operation. 

  Despite numerous improvements in the different 
equipment systems, the magnet powering system still 
accounts for the largest fraction of premature beam 
dumps, with 35% of the fills at 3.5TeV being aborted in 
2010 and 46% in 2011. The increase in 2011 will be 
explained later in this paper in more detail, and is mostly 
correlated with the increase of luminosity and beam 
energy with respect to the operational year 2010. In 
addition the downtime following failures in the magnet 
powering system is often considerably longer than for 
other systems (e.g. after a failure of the cryogenic 
system). Analysing the 2011 dumps, four of the 5 most 
prominent causes of the beam dumps from physics energy 
are originating in the magnet powering system, namely 
from the Quench Protection System, Cryogenics, Power 

Converters and the Electrical Network [1]. Summing up 
the total physics time lost due to events in the magnet 
powering system one arrives at a total downtime of 35 
days. With an average production rate of ~ 0.1 fb-1/day in 
2011 these additional days would have resulted in a 
considerable increase of luminosity production, 
highlighting the importance of additional efforts to 
increase the availability of the various equipment 
systems.  

FAULT DEPENDENCIES 
  Failures in the powering system are showing a strong 

dependence on the energy level. While almost half of the 
premature dumps at 3.5TeV originate from the magnet 
powering, this number reduces to some 10% at injection 
level as shown in Figure 1 for the operational years 2010 
and 2011. This is mainly due to the absence of 
radiation/luminosity related problems, lower loads and 
higher detection thresholds in e.g. the Quench Protection 
system.   

 

 

Figure 1: Causes of beam dumps for the past two 
operational years 2010 (left) and 2011 (right) at injection 

level of 450 GeV 

Despite this strong energy dependence, the repartition 
of faults between the different equipment systems 
involved in magnet powering (QPS, Cryogenics, Power 
converters, electrical network, feedbacks, cooling and 
ventilation and powering interlock system) is surprisingly 
constant between the past operational years and between 
injection energy and flat top.  
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As for the energy, there is a clear dependency of 
powering failures on the total beam current present in the 
machine. As it can be seen from Figure 2, the density of 
faults throughout the year is strongly correlated to the 
intensity increase in the beginning of the year (until the 
second technical stop) and the luminosity production, 
especially for some systems such as the quench protection 
system and the powering interlock system. The fault rates 

appear to peak after every technical stop to decrease in 
the following by around a factor of two during the 
subsequent weeks of physics time. The much improved 
availability visible during the ion run at the end of the 
year confirms the potential gain of the R2E mitigations in 
the order of a factor 2-3.  
 
 

Figure 2: Beam dumps caused by the magnet powering subsystems as a function of time and intensity in the machine  

SUBSYSTEM ANALYSIS  

Power Converters 
A number of weaknesses in the various types of power 

converters used for LHC magnet powering have already 
been identified and mitigated during the operational year 
2011. This includes the re-definition of several internal 
fault states to become warning states (done during the 
2010/11 Christmas stop), the resolution of an issue with 
air in the water cooling circuits of the main dipoles 
(resulting in cooling problems on the thyristor bridges and 
bypass diodes) as well as the deployment of a new FGC 
software version to increase the tolerance of these 
sensitive components to radiation effects. The remaining 
26 faults recorded during physics operation at 3.5TeV 
were mainly caused by failures of the controls software, a 
known weakness of the auxiliary power supplies of the 
low-current converters and failures of the power module 
or the associated water cooling. The development of the 
FGC lite, radiation tolerant Diagnostics modules which 
are assumed to be ready to equip all LHC power 
converters between LS1 and LS2 and the study of 
redundant power supplies for 600A circuits are expected 
to further increase the availability in the coming years. On 
the contrary operation at higher energies after LS1 is 
expected to slightly increase the failure rates by some 10-
20%. 

Cryogenics 
Since the beginning of operating the cryogenic system 

in 2005 its availability has been a driving factor of the 

commissioning and operation of the magnet powering 
system. The system has thus been closely monitored by 
the cryogenic operations team and considerable efforts 
have gone in the consolidation and upgrade of the system 
with the target to minimize in particular events that would 
lead to long recovery times such as stops of cryogenic 
compressors. While stops of the these cold compressors 
have been the cause of only one quarter of the observed 
events, the majority of the events seen in the past 
operational year were due to quickly recoverable 
problems such as issues with temperature sensors, valve 
controllers, single event upsets and the electrical 
distribution. Additional actions foreseen during the 
present Christmas stop include the relocation of PLCs in 
IR4/6 and 8 into radiation free areas (ULs), an SEU 
mitigation for the temperature sensor cards installed in the 
tunnel areas as well as efforts to move towards redundant 
PLC architectures after LS1. Further long-term 
improvements will depend on future hardware upgrades 
and the strategy chosen for the purchase of additional 
spares [2]. 

Quench Protection System 
The quench protection system has shown to be the one 

suffering most from radiation induced effects during the 
2011 run as shown in Figure 3 and Figure 4, triggering 
numerous mitigation measures that will be put in place 
during the present Christmas stop as well as during LS1 
[3]. The considerable number of spurious triggers is 
another area of ongoing work and understanding of these 
events is hoped to be much improved through the 
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development of additional diagnostics and monitoring 
tools. 

 
 

Figure 3: Origins of QPS triggers from 3.5TeV in 2011 

 
 
Figure 4: Distribution of QPS triggers from 3.5TeV in 

2011 over time 
 
A clear priority will be the development of a dedicated 

threshold management tool for the various components of 
the quench detection system as well as additional pre- and 
post-operational checks in order to assure the integrity of 
protection level throughout the whole operational year in 
perspective of the many changes and interventions 
necessary on this complex system. For longer-term 
upgrades, alternative architectures (with respect to the 
current 1 out of 2 architecture) should be investigated, as 
for example voting architectures like 2 out of 3 provide 
more immunity against single equipment failures, noise 
and SEUs whilst maintaining the required high level of 
safety.   

Magnet Interlock Systems 
The interlock systems were at the origin of five lost 

physics fills during the past operational year, all of them 
which have been traced down to spurious stops of 
programmable logic controllers (PLCs) of the powering 
interlock system, leading to a fast abort in all magnet 
powering circuits controlled by this PLC. All of the 
observed failures happened during beam operation and in 
areas where the PLCs are exposed to a certain amount of 
radiation (UJ14, UJ16 and UJ56). Although the diagnostic 
buffers have been retrieved and sent to the supplier for 
closer analysis the true origin could not be identified. In 
view of the circumstances and operational conditions at 
the time of failure they are believed to be radiation 

induced effects. Therefore all 10 PLCs still installed in 
these areas have been relocated during the TS4 and the 
Christmas stop to radiation free areas. An additional 
measure that could be envisaged to attempt a further 
increase of the availability of the magnet powering 
system is to decrease the number of corrector circuits that 
preventively dump the beams in case of equipment failure 
through the powering interlock system. Currently this 
configuration is done by circuit family, irrespective from 
the actual current used in each of the circuits during 
nominal operation (and thus the effect on the particle 
beams in case of powering failures). This has to be done 
with great care however as this would mean to rely to a 
larger extend on the beam loss monitors to ultimately 
capture powering failures in case the loss of a circuit has a 
bigger effect on the beam than expected.   

Electrical Distribution Systems 
The LHC magnet powering system critically depends 

on the quality of the mains supply. Especially the high 
current thyristor power converters are susceptible to 
perturbations on the electrical network due to the lack of 
intermediate energy storage in the conversion stage. The 
majority of the events happen during the summer period, 
when lightning strikes on high voltage lines outside the 
CERN network result in voltage dips of typically some 
10-20% on a single phase of the AC input of the power 
converter. Figure 5 is showing a typical distribution of the 
perturbations as seen inside the CERN network. While 
major events (of larger voltage variation or duration) 
mostly result in trips of accelerator components, minor 
perturbations are typically caught by the LHC machine 
protection system (typically the Fast Magnet Current 
Change Monitors installed on the normal conducting 
magnets of the LHC and the SPS-LHC transfer lines). 
Mitigations to decrease the sensitivity of the powering 
equipment against minor network perturbations are 
currently being investigated, including an increased 
rejection by the power converter as well as a potential 
increase of detection threshold on magnets with lower β 
function and thus less impact on the circulating beams. 
 

 
Figure 5: Distribution of typical network perturbations  

CONCLUSIONS AND OUTLOOK 
In view of the major contribution of the magnet 

powering system to the number of premature beam dumps 
during the past two operational years, all equipment 
groups are already undertaking serious efforts to further 
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enhance the availability of their systems. Apart from a 
few systematic failures, most systems are already within 
or well below the predicated MTBF numbers, where 
further improvements will become increasingly costly. 
Failures in the magnet powering system in 2011 were 
dominated by radiation induced failures, and the low 
failure rates in early 2011 (when operating with lower 
beam intensity) and during the ion run indicate a 
considerable potential to further decrease the total failure 
rate. It is expected that the various mitigation measures 
deployed during 2011 and the present Christmas 
shutdown will further reduce the premature beam dumps 
caused by the magnet powering system in 2012 by around 
30%. 
Efforts for further mid- and long-term consolidations of 
systems to improve availability should be globally 
coordinated to guarantee the maximum overall gain. For 
this it is suggested to create a dedicated working group 
along the lines of the Reliability Sub Working Group 
which has proven of vital benefit to the development of 
the machine protection systems.  
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BEAM SYSTEMS WITHOUT FAILURES – WHAT CAN BE DONE?

Matteo Solfaroli Camillocci, Jan Uythoven, CERN, Geneva, Switzerland

Abstract
The beam dumps triggered by interlocks not related to 

the magnet powering are discussed. This concerns the 
systems like the RF, the transverse feedbacks, beam 
instrumentation, beam dumping system, collimators and 
control systems. An analysis of the reasons of these 
dumps is presented together with a possible strategy to 
mitigate the effect of these failures.

BEAM DUMP ANALYSIS
This study was meant to analyze the major causes of 

beam dumps not related to the powering system, in order 
to identify solutions and possible bottlenecks in view of 
the operation beyond 5 TeV. All beam dumps of 2010 and 
2011 have been analyzed, excluding those related to 
powering system and those happened during MD periods 
as not representative of the sample needed for the 
analysis. They have finally been sorted by energy on:

• Dumps at 450 GeV
• Dumps during the ramp
• Dumps at 3.5 TeV

Injection energy
In order to avoid compromising the results of the

analysis with a large number of not fully significant 
dumps at injection energy, only the fills with intensity of 
both beams higher than 3E10 p have been considered. As 
the beam intensity in 2010 was sensibly smaller than what 
used in 2011, this choice resulted in a very weak 
statistics. Indeed, only 2 events were found; one due to 
losses in injection region and the other one to a BLM card
electronic failure. More interesting is the statistics for the 
2011 when 38 events took place, as shown in Figure 1.

Figure 1: beam dumps at injection energy

In Table 1 the details of the beam dumps at 450 GeV are 
shown. It can be noticed that most of the events are due to 
beam instabilities (leading to losses and beam excursion) 
rather than system failures.

Table 1: Events at injection energy in 2011

Beam dump cause Number of events (2011)

Losses 11

Excursion 10

Vacuum 8

Radiofrequency 3

LBDS + kickers 2

Machine Protection System 1

Software 1

Operation 1

UFO 1

A more detailed analysis of the dumps caused by beam 
losses showed that in almost all cases they are provoked 
by losses in the injection regions during injection; several 
improvements are foreseen for the future [1]:

• Moving/adding TCDIs in the transfer lines to 
reduce showers in injection region (LS1)

• BLM sunglasses or Little Ionisation Chambers
• Possibly increasing BLM thresholds at injection
• SPS MSE ripple reduction
• SPS MKE4 beam position with respect to the 

waveform delayed (possible intervention on the 
magnet (out of specification) during LS1).

Ramp
The source of the beam dumps happened during ramp is 
shown in figure 2 and table 2. A total of 40 events took 
place in 2010 and 15 in 2011.

Figure 3: beam dumps during the ramp

Table 2: Events during the ramp 

Beam dump cause Number of 
events (2010)

Number of events
(2011)

Excursion 9 2

Operation 8 0
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Collimator 6 1

Software 4 0

Radiofrequency 3 6

LBDS + kickers 3 1

Losses 2

Machine Protection System 2 0

Vacuum 1 1

Feedback 1 1

UFO 1 2

Experiments 0 1

Table 2 clearly shows an improvement from 2010 to 2011 
during the ramp, with the global number of events 
reduced from 40 to 15. The major changes can be 
identified in the increased reliability of the operation and 
of the control software as well as of the collimation 
system. It can also be noticed that in 2011 almost 40% of 
the dumps were due to RF system.

Nominal energy (3.5 TeV)
The statistics of beam dumps at maximum energy is 

surprising as exactly the same number of events was 
found in 2010 and 2011 operation. This has to be seen as 
a big improvement on machine performance and 
reliability, considering the increased number of bunches 
and bunch intensity in 2011 operation with respect to 
2010.

Figure 3: beam dumps at 3.5 TeV

107 beam dumps in this category took place in 2010 as 
well as in 2011; the details are presented in Table 3.

Table 3: Events at 3.5 TeV

Beam dump cause Number of 
events (2010)

Number of events
(2011)

Operation 17 2

LBDS + kickers 13 6

UFO 12 14

Losses 11 7

Collimator 11 7

Excursion 10 3

Feedback 8 3

Non standard operation 7 6

Experiments 5 5

BLM 5 0

Software 4 8

Access 2 2

Radiofrequency 2 28

Machine Protection System 0 2

Vacuum 0 14

Table 3 clearly shows a significant improvement of the 
operation that allowed reducing the number of dumps 
from 17 (2010) to 2 (2011). A big improvement is also 
visible on orbit control and LBDS performances. The 
number of dumps, on the other hand, increased for the RF 
system (26% in 2011) and vacuum (13%) due to the much 
higher operational intensity. The number of dumps due to 
UFOs is still high and it could be the real bottleneck for 
the high energy operation.

SYSTEMS OVERVIEW
With the cause of beam dumps analysed, it is important 

to check in details the performance of every system and 
see what can be done in the future to improve the 
situation. In this chapter the most critical systems are 
treated and possible actions to be taken are identified.

RF
The main reason of the increased number of beam 

dumps provoked by the radiofrequency system is the 
connection to the Beam Interlock System of all RF 
interlocks. This operation, performed on June 17th 2011 is 
required to protect the RF equipment from reflected beam 
power in case of an RF failure. This is required if the 
beam current is above half nominal (1.54E14 p). Since 
this operation was carried out, 25 dumps were caused by 
the RF system above injection energy.

After the long shutdown 1 (LS1), foreseen for 2013, 
some RF interlocks could again be separated from the 
BIS; in this case if the beam intensity is below half 
nominal some RF interlocks would not dump the beam. 
Some studies are proposed to implement a “safe RF” 
beam intensity flag, able to mask some interlocks in case 
of low intensity beam. Clearly, a fully reliable beam 
intensity measurement, also taking into account 
unbunched beam, is needed. Disconnecting the RF 
interlocks from the BIS would anyway not save any high 
intensity fill as in this case the beams have to be dumped 
to protect the RF system.

Some other improvements [2] are foreseen to be carried 
out during the 2011/2012 Christmas break on the RF 
system, estimated to reduce by 50% the number of 2011 
trips; this number will be further reduced by 20% due to 
the interventions planned for 2013.
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Vacuum
The beam dumps initiated by the vacuum system can be

mainly divided in two categories:
• RF fingers
• Electron cloud

In the first case, a vacuum spike appearing in the 
injection regions initiated the dumps. These spikes were 
due to a loose spring on the RF fingers. These faulty
vacuum modules generated a large number of dumps (17 
between injection, ramp and high energy). A fix of these 
modules is foreseen to take place during the 2011/2012 
Christmas break. Depending on the case, the vacuum 
interlock threshold can be increased locally, but beyond a 
certain level the BLM system would react and dump the 
beams anyway. A definitive solution is foreseen for LS1 
with the complete redesign of the modules.

A minor number of beam dumps were generated by 
electron cloud. This problem only concerned the 
operation at 25 ns, which will most likely only take place 
after LS1. In this case, the problem can be solved, by
performing a more intense scrubbing (an estimated time 
between 20 hours and 2 weeks is needed [3] [4]).

In the vie of the nominal LHC operation at 7 TeV with 
2808 bunches spaced by 25 ns, some additional problems 
might influence the machine availability [5], such as 
vacuum dynamic effects in non-NEG coated components 
in the arcs and long straight sections as well as heat load 
and photoelectrons due to synchrotron radiation.

Collimation
The collimation system also led to some beam dumps. 

The analysis of these events showed that no structural 
problems are present. The main causes of dumps were
temperature readings and single event upset (SEU). To 
mitigate the first cause, some thresholds have been 
increased and the monitoring system has been largely 
improved. On the other hand, the new shielding installed 
during the Christmas stop should reduce the impact of the 
SEUs, at least for the same radiation level. 

After LS1, the LHC will be operated with nominal 
energy and intensity and the integrated radiation dose 
could become an issue, affecting equipment lifetime.
Moreover, the collimator position limits will be tighter (as 
defined to be a fraction of sigma), but the reliability of the 
system is not expected to be affected. As a 
complementary mitigation a new PXI chassis, with added
redundancy, is being developed, to increase availability of 
the collimation system. It is foreseen to be installed 
during LS1.

Beam injection and extraction
Most LBDS failures were due to instabilities in the 

power converters of the MKD and MKB generators. Over 
the Christmas stop, all MKD and MKB power converters 
have been sent to the manufacturer and have been 
repaired for a known weakness. This should improve the 

tracking performance. Nevertheless, if the problem
reappeared, the MKB generator tracking window could be 
enlarged. The vacuum pumps on MKB were also replaced 
during Christmas break and should decrease the number 
of dumps generated by vacuum interlock.

In 2 cases, the beam dump was generated by an 
injection kicker MKI erratic; this event clearly needs to 
generate a beam dump and no mitigation is possible. This 
consideration is also valid for LBDS MKD erratic,
although such an event was not experienced so far.

Operation
The number of operational mistakes leading to a beam 

dump has been reduced from 25 in 2010 to 3 in 2011; this 
substantial improvement was due to:

• Extensive work on the establishment of solid 
operational procedures.

• A large improvement of software tools used.
• An increased knowledge of systems and beam 

behaviour.

Miscellaneous
A minor number of dumps was initiated by other 

systems or mechanisms, such as UFO’s, access system, 
BLM failure, software, machine protection system. Due 
to the limited statistics of these cases it is not easy to 
identify whether a systematic source of problems exists.

The case of UFO’s deserves anyway a particular 
attention as it might become more serious with increased 
beam energy. The global number of UFO’s is presently 
dominated by MKI UFOs (limiting on Q4 and D2). Some 
improvements [6] are already being considered, but more 
studies will be done during the 2012 run. Arc UFOs are 
expected to dominate the statistics after LS1 as their 
number increases with energy faster than the MKI UFOs’. 
A strategy to further increase the BLM threshold is under 
discussion [7].

CONCLUSIONS
The analysis presented in this paper only concerns 

beam dumps not related to powering system failures. A 
large improvement has been achieved between 2010 and 
2011 operation, despite the beam intensity increase. 
Although it will not be easy to continue on this line, some 
key points have been identified to further limit system 
failure events after LS1 when, due to the foreseen 
increase in beam energy and total beam current, the 
global number of beam dumps is expected to increase.

The largest improvement has been achieved thanks to 
more rigours discipline and operational procedures.

It is very important to notice that no system has been 
identified to have any structural problem.
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WILL WE STILL SEE SEES? 
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Mitigation Project 

CERN, Geneva, Switzerland 

 
Abstract 

The actions taken during the first years of the Radiation 
to Electronics (R2E) Mitigation Project [1] enabled to 
drastically reduce the rate of Single Event Errors on 
radiation-sensitive electronic equipment installed in the 
LHC underground areas. Shielding and relocation 
activities, performed during the first Long Shutdown 
(LS1) in 2013/2014, will allow the resolution of the 
present issues concerning UJs of Points 1, 5, 7 and the 
cavern of Point 8. The parallel development of radiation 
tolerant power converters will address the remaining 
concerns for equipment in the RRs. Similarly R&D on 
super-conducting links will address the relocation of 
equipment away from RRs and further exposed UJs. 
Radiation levels in areas where luminosity is the source 
are under control. The questions yet remaining are related 
to the evolution of the beam-gas source term in the arc 
and dispersion suppressor (DS) region, and to the 
evolution of losses at the betatron and momentum 
insertion regions. 2012 operation will enable these points 
to be investigated; this will be used for a complete 
forecast of radiation levels and projected failures after 
operation is resumed in 2014/15. 

INTRODUCTION 
The mandate of the R2E Project is to minimize all 

radiation-induced failures in the LHC; in particular, to 
allow LHC operation with a Mean Time Between Failures 
(MTBF) greater than or equal to one week for a peak 
luminosity of 2×1034 cm-2s-1 and a yearly integrated 
luminosity of 50 fb-1. R2E Mitigation actions are also 
starting to take into account the LHC performances 
expected after the High Luminosity upgrade (HL-LHC), 
and therefore assume a peak luminosity of ~5×1034 cm-2s-1 
for a yearly integrated luminosity of 200 fb-1. 

Mitigation actions were foreseen in these last 3-4 years 
to reduce the risks of radiation-induce failures, as 2011 
operation has already shown. These actions particularly 
consist in: 

1. Relocating equipment located in areas where the 
high energy hadron (HEH) fluence exceeds  
~107 HEH/cm2/year; 

2. Additional shielding for zones where relocation is 
not an option; 

3. Radiation-tolerant hardware development to allow 

the operation of electronics equipment in regions 
where solutions 1 and 2 cannot be implemented. 

Some of these actions were already taken before and 
during 2011 operation. Others were implemented 
during the 2011/2012 winter shutdown and the most 
impacting ones will be performed during and after LS1. 
In any case, we can anticipate that there will still be 
single event errors (SEE) in the LHC after LS1, due to 
the fact that certain equipment will have to remain, for 
the foreseeable future, in the tunnel or in other exposed 
areas.  

Despite the planned mitigation actions, as this paper 
explains, it is very difficult to give reliable figures on 
the number of failures expected in the years after LS1, 
due to uncertainties on the radiation-induced failure 
cross-section and on radiation levels in the various parts 
of the LHC. Moreover, the R2E Mitigation Project’s 
goal is to guarantee a SEE-induced MTBF greater or 
equal than one week in post-LS1 years.  

In this report we will first give a long-term overview 
of expected radiation levels in the LHC areas where 
electronics equipment is placed. Then we will analyse 
what will remain critical after the LS1 mitigation 
activities and how we are currently treating the known 
issues in view of nominal and ultimate LHC 
performances. Lastly, we will address a list of 
recommendations to guarantee the long-term follow-up 
of SEE-induced issues. 

 

RADIATION LEVELS AND 
OPERATIONAL ASSUMPTIONS 

 
Based on the operational results of 2011 [2], the 

radiation levels can be scaled for the next few years by 
using the expected machine parameters (beam energy, 
yearly integrated luminosity, total proton lost at IP3/7 and 
beam intensity), chosen according to the main radiation 
sources for a given critical area. This latter point can be 
grouped into three main categories, depending on their 
location in the LHC: 

- Particle debris from beam-beam collisions in the 
main four interaction points (Points 1/2/5/8); 

- Direct losses in collimators and absorber-like 
objects; 

- Inelastic interactions of the beam with the residual 
gas inside the beam pipe (so called “beam-gas”). 
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Concerning the scaling of radiation levels as a function 
of beam energy, according to FLUKA simulations, the 
operation at 7 TeV/beam will increase the radiation levels 
by a factor 1.5 compared to 3.5 TeV/beam operation. 

For the shielded areas close to the IPs (for example 
UJ14/16 and RRs), and the DS regions, the radiation 
levels scale with luminosity; assuming 50 fb-1/y for 
ATLAS and CMS and 2 fb-1/y for LHCb, the radiation 
levels for nominal LHC (post-LS1) will increase by a 
factor 15 compared to 2011 operation (including the 
energy scaling) for ATLAS/CMS and by a factor 3 for 
LHCb. For LHC “ultimate” performance, the assumed 
integrated luminosity is 200 fb-1/y for ATLAS/CMS and 
20 fb-1/y for LHCb and the increase with respect to 2011 
will vary accordingly. The effect of luminosity-induced 
radiation levels in the IP2-neighboring alcoves (ALICE) – 
even in case of a luminosity upgrade – is negligible with 
respect to the beam-gas source. 

As for the radiation levels in the momentum and 
betatron collimation zones, these depend both on the 
absolute number of protons lost as well as their 
distribution among the collimators (which depends on the 
operational configuration). For 2011 operation we have 
estimated, using independent monitoring systems (beam 
current transformers (BCT) and beam loss monitors 
(BLM)), that the amount of total protons lost per beam all 
along the collimators at IR7 is approximately 1015. The 
radiation level estimation for post-LS1 years was carried 
out using a value of lost protons which is 10 times larger, 
i.e. 1016 protons per beam in IR7 (and 4×1016 protons per 
beam in IR7 for ultimate performances). Dedicated 
machine development (MD) beam time should be 
reserved during 2012 LHC operation to improve the 
understanding of the effects of collimator settings (“tight 
settings”) on the resulting radiation levels. 

A significant amount of electronic equipment is 
installed in the DS and arc region of the LHC tunnel 
(QPS, LHC60A power converters, etc.) and therefore the 
knowledge of the evolution of the radiation levels in that 
zone is of particular importance. The levels depend on the 
beam-gas interaction rate, which is a function of beam 
intensity, bunch spacing, and of the conditioning of the 
vacuum, i.e. the residual gas pressure. The scaling factor 
for this last variable is currently affected by very large 
uncertainties, as it is related to operation at 25 ns bunch 
spacing (for which no operational experience, other than 
MDs, exists at the moment). Based on the results of the 
25ns MD performed during 2011, we have assumed it 
would increase by at least a factor 10 for both nominal 

and ultimate operation. Due to the large number of 
exposed equipment, an unexpected increase of radiation 
levels in the arc might potentially lead to a significant 
increase of failures. Therefore, the HEH radiation levels 
should be carefully followed-up on during 2012, 
especially during the 25ns scrubbing run. 

 
Taking as reference the above-listed considerations on 

the different LHC areas, the expected high-energy hadron 
fluences for post-LS1 years and for ultimate performances 
can be extrapolated from the radiation levels measured 
during 2011 (which agrees well with FLUKA simulations 
[2]). Table 1 reports the values of “critical” shielded areas 
known to house equipment prone to SEEs and for which 
mitigation actions have been already foreseen (among 
which the UJs and RRs of Points 1, 5 and 7). Similarly, 
Table 2 reports the HEH estimation for tunnel areas and 
especially for the DS and arc. Please note the different 
levels reached in the DS of Points 1 and 5, where the 
radiation levels are dominated by leakage from the high 
luminosity IPs, with respect to those of other points. 
Lastly, Table 3 shows the expectations for other, less 
critical areas, but which contain electronics prone to 
possible failures.  

 

Table 1: HEH fluence (per cm2/y) expected in LHC 
critical areas during nominal and ultimate LHC conditions 
compared to 2011 operation. These are areas for which 
mitigation actions have been already foreseen. The levels 
in the RR of Points 1 and 5 do not yet take into account 
the shielding improvement (from concrete to iron) to be 
installed during LS1. 

 
 

2011
>LS1 

(nominal)
Ultimate

UJ14/16 2.10E+08 6.30E+08 2.50E+09

RR13/17 7.00E+06 2.10E+08 8.40E+08

UJ56 3.50E+07 5.30E+08 2.10E+09

RR53/57 1.10E+07 3.30E+08 1.30E+09

UJ76 5.40E+06 8.10E+07 3.20E+08

RR73/77 8.10E+06 2.40E+08 9.70E+08

UX85b 1.70E+08 4.30E+08 4.30E+09

US85 3.50E+07 8.80E+07 8.80E+08

High-Energy Hadron Fluence 

Areas

C
r
it
ic
a
l
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Table 2: HEH fluence (per cm2/y) and integrated dose (in Gy/y) expected in LHC tunnel areas during nominal and 
ultimate LHC conditions compared to 2011 operation with the conditions explained in the text (in particular, a very 
conservative increase of beam-gas levels by a factor 10). Please note that above a few Gy/y cumulative damage effects 
(total ionizing doses and displacement damages) on equipment will also become relevant. 

 
 
 

Table 3: HEH fluence (per cm2/y) expected in other less 
critical LHC areas during nominal and ultimate LHC 
conditions compared to 2011 operation. In some cases 
(e.g. UX45 and UX65) radiation-induced failures have 
already been observed during 2011. 

 
 

LS1 ACTIVITES AND IMPACT ON 
CRITICAL AREAS 

In order to reduce the extent of the effects of SEE-
induced failures on the operation of the LHC, a 
significant amount of relocation and shielding activities 
will take place during LS1. An overview of the activities 
and more detailed explanations can be found in Ref. [3]. 
Almost all LHC IPs will be concerned, with the most 
significant activities addressing Points 1, 5, 7, and 8 (see 
Figure 1). 

 

Figure 1: Overview of areas where mitigation actions will 
take place during LS1 [4]. 

Despite the huge efforts that will be concentrated 
during LS1, there are several systems around the LHC for 
which neither relocation nor shielding are possible to 
mitigate the effect of SEEs and, in general, cumulative 
radiation damage. In these cases, only radiation tolerant 
(“rad-tol”) hardware modifications or new developments 
are required. In particular, this affects systems located in 
the tunnel (below the MBs and MQs, see for example Fig. 
3) and in the RRs (Fig. 4). 

 
Tunnel equipment: 
- QPS (nQPS splice), most exposed especially in the 

DS around P1/5/8. More details in Figure 2; 
- LHC60A power converters (located below the 

MBs in the DS/ARC – see Figure 3 for an 
example);  

- Cryogenic control equipment (below the MBs 
starting from cell 8); 

- Beam instrumentation (below the MQs, starting 
from cell 12); 

 
RRs (see Figure 4): 
- QPS DQQDI/DG (global quench detector for 

insertion region magnets and for the 600A circuits, 
respectively), located in RRs and UJs (the latter to 
be relocated during LS1).; 

- LHC120A, 600A, 4-6-8kA power converters; 

2011
>LS1 

(nominal)
Ultimate

>LS1 

(nominal)
Ultimate

DS (P1/5) 1.00E+10 1.50E+11 6.00E+11 150.0 600.0

DS (3/7) 1.00E+09 1.50E+10 6.00E+10 15.0 60.0

DS (other) 3.00E+08 1.40E+10 1.80E+10 13.5 18.0

ARC 2.00E+08 9.00E+09 1.20E+10 9.0 12.0

Dose (Gy/y)

Areas

High-Energy Hadron Fluence 

T
u
n
n
e
l

2011
>LS1 

(nominal)
Ultimate

UA23 (maze) 3.40E+06 2.00E+07 2.90E+07

UA87 (maze) 1.00E+06 6.00E+06 8.40E+06

UJ23 2.00E+05 9.00E+05 1.20E+06

UJ87 5.00E+05 2.30E+06 3.00E+06

UX45 2.50E+06 1.50E+07 2.10E+07

UX65 1.00E+06 6.00E+06 8.40E+06

REs (entry!) 5.00E+05 2.30E+07 3.00E+07

I
n

v
e
s
t
ig
a
t
e
d

Areas

High-Energy Hadron Fluence 
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Figure 2: List of tunnels and shielded areas in which QPS 
equipment has shown failures during 2011 operation [5]. 

Different strategies are being used for the different 
equipment under consideration (power converters, QPS, 
etc.). The next section gives an overview of the activities 
currently being pursued, estimating, whenever possible, 
their impact on the LHC operation. 
 

EQUIPMENT REMAINING IN THE 
TUNNEL AND SENSITIVE AREAS 

Power converters 
There are almost ~1700 systems of this type located in 

the LHC underground areas. They are used to power 
closed orbit dipoles (COD), main dipoles, quadrupoles 
and inner triplet magnets.  

Power converters are located in the UJ14/16, RRs of 
P1/5/7, UJ/UAs of P2/4/6/8 as well as in the tunnel below 
the MB. During 2011, several failure types were observed 
in PC equipment, thoroughly described in [2]; these 
mainly affect the auxiliary power supplies, the voltage 
source and some filter corruptions on the FGC ADCs. 
Certain mitigation actions will be already in place for 
2012 LHC operation and extensive relocation activities 
will take place during LS1 [3]. In the medium/long-term 
the R2E-EPC Project [6] aims to redesign rad-tol power 
converters and related equipment. Due to the sensitive 
location of some of the PCs, an aggressive hardware rad-
tol R&D is needed to guarantee minimum impact in terms 
of SEEs in post-LS1 years. 

 

 

Figure 3: Photo of a 60A LHC power converter located 
below an MB. 

 
 

 

Figure 4: Photo of the RR57 taken from the tunnel zone 
looking towards the IP5. Power converter racks are 
evident as well as the presently installed concrete 
shielding separating the tunnel from the alcove. 

 
The functional gate controllers (FGC) present in all PCs 
are known to be prone to radiation-induced failures (their 
main weakness is due to latch-ups in the Xilinx CPLDs); 
a new rad-tol system called FGClite is currently in the 
R&D phase. The total numbers of devices which will be 
required for the new system is roughly 1050 and the 
current baseline is to install them in the power converters 
towards the end of the LS1. 

The project will also address the needs of developing 
patch solutions for the power supply unit of the 600A 
power converters, which suffered eight destructive events 
during 2011 operation. 

The core of the R2E-EPC activities will be, however, 
devoted to the redesign and upgrade of the power 
converters installed in the RRs, namely the LHC600A and 
the LHC4-6-8kA – which will require a complete 
redesign as they have been originally engineered by 
external companies – as well as the LHC120A, for which 
only a partial redesign would be required (having 
internally developed at CERN). These new converters 
could be realistically available for installation during LS2 
[7] or during intermediate stops between LS1 and LS2.  
 

Table 4 shows the evaluation of the expected number of 
failures on the different types of power converters 
assuming the previously mentioned LHC radiation levels 
and based on the failure cross-section extrapolated from 
2011 LHC operation and from H4IRRAD tests [8]. The 
extrapolations for 2012 (based on Table 1, Table 2 and 
Table 3) already take into account the improvement of the 
shielding in the UJ14 and UJ16 (~30 converters) as well 
as the digital filter improvements on the FGCs. For post-
LS1 years, the estimate takes the presently operating 
power converters (not the rad-tol ones – available only 
towards LS2) into consideration and assumes that the 
EPC Group will have solved the known issues on the 
auxiliary power supply unit.  

Recent vacuum studies, results obtained from first 
scrubbing runs in 2011 and respective MDs indicate 
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however that these levels will not be reached and that 
maximum levels will be reduced by at least one order of 
magnitude. 

It is worth reminding that failures on the 60A power 
converters do not necessarily lead to an LHC beam dump 
and that the FGClite upgrades are not included in the 
failure estimates in Table 4. The uncertainties in the 
analysis are strongly affected by both the: 

- Radiation-induced failure cross-section: not known 
with enough accuracy, due to the limited (but still 
highly important) statistics acquired during LHC 
operation and H4IRRAD tests; 

- The present uncertainties related to the radiation 
levels in the arc during 25 ns bunch spacing 
operation. 

Table 4: shows a tentative estimate of the number of 
failures in the various types of power converters installed 
in the LHC machine, based on the current knowledge of 
the equipment sensitivities and according to the assumed 
evolution of the LHC operational parameters. 

 
 
 

Given the numbers in Table 4 and the fact that a single 
failure on a 120A, 600A, or 4-6-8kA will lead to an LHC 
beam dump, it is really important to stress the importance 
of the FGClite upgrade and, in general, of the R2E-EPC 
programme in order not to limit the availability of the 
LHC beam on the long-term.  

It is also important to draw attention to the fact that 
radiation testing in mixed field facilities with particle 
spectra similar to those in the LHC remains mandatory 
before installation of the new equipment in the LHC 
underground areas, as it will avoid bad surprises during 
operation. At present there are two installations where this 
could take place, CNRAD and H4IRRAD [9]. The first 
one is linked to the operation of CNGS (currently 
foreseen to be discontinue after 2012) and the second one 
– while, in principle, available after LS1 – lacks running 
flexibility and cannot be considered a testing “facility”. 
The future PSIRRAD facility in the East Area [10] might 
be the answer to these needs. 
 
Super-conducting links 

As discussed during the R2E Review in November 
2011, the super-conducting links (SCL) technology 
(developed to fully enhance the capacity of the HL-LHC 
Project) will realistically be fully available by LS2 
[11,12]. This technology could also be used in synergy 
with the R2E-EPC Project. One could imagine, in fact, 
the installation of horizontal SCLs during LS2 to move 
the power converters located in the RR73/77 to the TZ76 

and, for example, the installation of radiation tolerant 
power converters in the other RRs.  

For the longer term (LS2/3) the installation of vertical 
SC links could be considered with the objective of 
completely removing the power converters from the 
UL14/16 (and possibly the RRs) where they will be 
relocated during LS1 (and where the radiation levels will 
again become critical during HL-LHC). It is important to 
underline that significant civil engineering issues will 
have to be solved to proceed towards this solution. 

A joint R2E-SCL review will be organized in 2013 to 
clarify these points and define a strategy. 
 
QPS upgrades 

SEEs are responsible for most of the QPS beam dumps 
in stable beams during 2011. Failures on the QPS systems 
happened both in the tunnel and in shielded areas. Patch 
solutions were applied wherever possible on different 
equipment to reduce the likelihood of beam dumps. 
Various additional counter-measures have been 
implemented during the 2011/2012 winter stop and 
programmed throughout 2012 to reduce SEE-induced 
failures [13]. 

During LS1, additional mitigation measures will be 
taken, including the relocation of equipment (IPQ/ IPT/IT 
and 600A protection) from the UJ14/16/56 towards 
protected areas (UL14/16 and UL557) as well as a 
significant amount of patches and rad-tol hardware 
upgrades, i.e. new boards. More details are given in [14]. 
It is, therefore, impossible to provide, for the moment, 
reliable failure estimates for post-LS1 years. However, 
given the expertise presently acquired by TE/MPE, the 
goal is to no longer have any additional radiation-induced 
failures.  

Also, in this case we would like to stress the need to 
perform radiation and functional tests in a mixed field 
spectra before installation in the LHC tunnel. 

 
Other equipment in critical areas 

The remaining Uninterruptible Power Supply (UPS) in 
known critical areas (US85) will be displaced in protected 
areas during LS1 and some control parts will be rad-tested 
during 2012 in the H4IRRAD area. Additional UPS will 
continue to stay in all the RE areas even after LS1. As 
these zones are directly affected by the beam-gas-induced 
radiation, it is important, in the long-term, to maintain a 
close look at the arc vacuum levels. However, given the 
presently observed levels, this should not be a source of 
problems in the long-term. More details on the radiation 
sensitivity of EN/EL equipment are given in [2].  

Also, cryogenics equipment has suffered various types 
of radiation-induced failures during 2011. However, all 
known issues will be mitigated, thanks to rad-tol 
hardware development or relocation to protected areas, 
during the 2011/2012 winter stop and LS1 [15]. The 
Siemens PLCs on the compressors – presently not in the 
baseline of R2E activities – will be rad-tested at 
H4IRRAD during 2012 to avoid the observation of effects 
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similar to those seen on the Schneider PLC in UX45 and 
65.  

In conclusion, neither EN/EL nor cryogenics equipment 
SEE-induced LHC beam dumps are expected after LS1, if 
all mitigation actions proceed as planned. 

CONCLUSIONS AND 
RECOMMENDATIONS 

In this paper we have presented preliminary 
perspectives concerning the appearance and possible 
effects of radiation-induced failures in the operation of 
the LHC machine after LS1, highlighting the most critical 
components in terms of potential weaknesses as well as 
the projects and activities already planned to address 
these issues. 

We cannot be more precise on the number of expected 
failures in post-LS1 years, basically due to: 

1) The large uncertainties on the radiation-induced 
failure cross-section for both existing equipment as 
well as for new hardware development; and  

2) Uncertainties on the radiation levels in the 
DS/ARC (due to vacuum pressure during 25ns 
operation) and at the betatron and momentum 
collimation points.  

In addition, equipment groups might be required to apply 
on-fly patches, which mask the failure observation 
(similarly to the ISO150 isolator issue on the QPS 
system) from the beam operation teams. 

SEEs are still expected to be present after LS1 but 
mitigation actions – hardware development, relocation 
and shielding – will enable their impact on the beam 
availability to be decreased despite a higher LHC 
performance. In this context, it is therefore important to 
pursue the R2E-EPC power converter R&D programme, 
the FGClite development, as well as the QPS hardware 
modifications, not forgetting the importance of 
performing radiation tests on prototypes in mixed fields 
facilities and test areas.  

As radiation level monitoring is a primary aspect of the 
R2E Project, we would like to stress the importance 
pursuing radiation levels monitoring during 2012 as well 
as supporting the 2nd generation RadMon monitoring 
system and the BLM system, used to provide timely and 
accurate estimates of cumulated HEH and absorbed doses 
in tunnels and shielded areas. 

In conclusion, the R2E Project believes that with the 
current plans and with continued efforts (especially in 

view of the challenging operational scenarios foreseen for 
the HL-LHC), we could achieve an MTBF, due to SEEs, 
greater than or equal to one week in the years following 
LS1. 
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Abstract

UFOs (“Unidentified Falling Objects”) are potentially a
major luminosity limitation for nominal LHC operation.
With large-scale increases of the BLM thresholds, their
impact on LHC availability was mitigated in the second
half of 2011. For higher beam energy and lower magnet
quench limits, the problem is expected to be considerably
worse, though. Therefore, in 2011, the diagnostics for UFO
events were significantly improved, dedicated experiments
and measurements in the LHC and in the laboratory were
made and complemented by FLUKA simulations and the-
oretical studies.

In this paper, the state of knowledge is summarized and
extrapolations for LHC operation after LS1 are presented.
Mitigation strategies are proposed and related tests and
measures for 2012 are specified.

OBSERVATIONS AND CORRELATIONS

Between July 7th 2010 and end of 2011, so called UFOs
led to in total 35 premature protection beam dumps of
LHC fills. UFOs are presumably micrometer sized dust
particles that lead to fast, localized beam losses when they
interact with the beam. The duration of the beam losses is
of the order of 10 turns. Such events were observed in the
whole machine and for both beams. With large-scale in-
creases of the BLM thresholds, their impact on LHC avail-
ability was mitigated in the second half of 2011. An intro-
duction to the topic is given in [1, 2].

Most of the UFO events lead to beam losses far below the
BLM dump thresholds. These events are detected in real
time by the UFO Buster application from the 1 Hz BLM
concentrator data, which contains the maximum beam loss,
integrated over 12 different time intervals between 40 µs
and 83.8 s [1, 3]. In 2011, more than 16’000 candidate
UFO events with a BLM signal below the dump thresh-
olds have been detected. Figure 1a shows the distribution
of the integrated beam loss signal (dose) of the UFO events
observed in the LHC arcs. The number of events is almost
inversely proportional to the dose. A similar dependency
was measured for the distribution of the dust particle vol-
ume in the magnet test halls (Fig. 1b). Since there is an
almost proportional dependency between dust particle vol-
ume and resulting beam losses according to the theoretical

∗ contact: Tobias.Baer@cern.ch

(a) Distribution of integrated beam loss signal of UFO events.

(b) Distribution of dust particle size (courtesy of J.M. Jimenez).

Figure 1: The histogram of the integrated beam loss signal
for 4513 arc UFOs (≥ cell 12) at 3.5 TeV. All proton fills
in 2011 since 14th April are taken into account. Only UFO
events with a dose > 5 · 10−7 Gy are considered (a). The
distribution is well explained by the distribution of the dust
particle volume measured in the magnet test halls (b).

model [4], the observed UFO event distribution is well
explained by the observed dust particle distribution.

Figure 2 shows the evolution of the arc UFO rate in
2011: While the beam intensity was increased from 228 to
1380 bunches, the arc UFO rate decreased from about
10 UFO events per hour to about 2 events per hour.
Throughout stable beams, the UFO rate is constant [5].

The spatial distribution of the UFO events (Fig. 3),
shows that the UFOs occur all around the LHC. Many
events occur especially around the injection kicker magnets
(MKI). Similarly, there is a significantly increased UFO
activity in certain arc cells (144 UFO events in cell 25R3
beam 2, 126 UFO events in cell 19R3 beam 1 and 118 UFO
events in cell 28R7 beam 2).
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Figure 2: The rate of candidate arc UFO events (≥ cell 12) during stable beams for 5242 candidate UFO events with a
BLM signal > 2 · 10−4 Gy/s for the 640 µs integration time. All proton fills in 2011 since 14 th April 2011 with at least
one hour of stable beams are taken into account. The average rate decreased from about 10 UFO events per hour to about
2 UFO events per hour throughout 2011. The rate is reduced during the low intensity fills after the technical stops (TS).

Figure 3: The spatial distribution of 7784 candidate UFO
events at 3.5 TeV with a BLM signal > 2 · 10−4 Gy/s
for the 640 µs integration time (green) and with an addi-
tional cut which discards events with a BLM signal below
10−2 Gy/s for the 40 µs integration time (red). The vertical
dashed blue lines indicate the locations of the interaction
regions. The gray areas are excluded from UFO detection.

MKI UFO STUDIES

Four injection kicker magnets (MKIs) are installed both
in Pt. 2 for the injection of beam 1 and in Pt. 8 for the
injection of beam 2. The MKIs in Pt. 2 and Pt. 8 are labeled
MKI.A - MKI.D with MKI.D being the magnet seen first by
the injected beam [6].

With 11 beam dumps in 2011, the UFOs at the MKIs had
the largest impact on LHC operation. Eight of these events
occurred at 3.5 TeV, but only 2 during stable beams. Ten
events occurred at the MKI.D in Pt. 2. In total, 847 UFO
events with a BLM signal below dump threshold were ob-

served around the MKIs in Pt. 2 and 1493 events around the
MKIs in Pt. 8. As presented in [1], most of the UFO events
around the MKIs occur within about 30 minutes after
the last injection. Additionally, as shown by two MDs
in 2011, many events occur within a few hundred mil-
liseconds after pulsing the MKIs [6, 7]. Assuming that
a dust particle is released from the aperture at the moment
of the kicker pulse and accelerated only by gravitational
force towards the beam, the expected delay until the par-
ticle reaches the beam center is 62.3 ms [6]. Many events
with a shorter delay have been observed (the shortest ob-
served delay is 3.3 ms [1]). A possible explanation for the
short delays could be initially charged dust particles which
are accelerated also by the electric fields of the MKIs and
the proton beam [8].

Dedicated vibration studies of the MKIs showed that
pulsing the MKIs leads to mechanical vibrations [9]. Al-
though the measured displacements are only about 10 nm,
such vibrations could also have a substantial influence on
the production and release of macro particles in the MKIs.

FLUKA Studies and Dust Particle Size

Dedicated FLUKA simulations of UFOs at the MKIs
in Pt. 2 were made [10]. These simulations reveal that
the UFO location must be in (or nearby upstream) of
the MKIs in order to explain the observed loss patterns
(Fig. 4).

Furthermore, based on the FLUKA simulations, it is es-
timated that a minimal radius of ≈ 40µm for spherical
macro particles is needed in order to explain the loss signal
in the BLMs of large UFO events [5] (assuming an Al2O3

particle).
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(a) Layout for FLUKA simulations.

(b) Simulated beam losses.

Figure 4: The interaction of macro particles with the pro-
ton beam was simulated for different locations (Pos #1 -
Pos #3) around the MKI.D in Pt. 2 using FLUKA (a). The
comparison of the expected loss patterns and some typical
measured UFO loss patterns shows discrepancies for UFOs
occurring too much upstream of the MKI (b) (courtesy of
A. Lechner and the FLUKA team [10]).

MKI Inspection for Macro Particles

In the winter technical stop 2010/11 the MKI.B was re-
moved from Pt. 2 and replaced. This tank was opened in
October 2011 and inspected for macro particles. In a stan-
dardized procedure, the tank was flushed with N2 through a
filter to sample macro particles [11]. In reference measure-
ments with clean room air and a new ceramic tube, 100
and 10’000 macro particles, respectively, were found on
the filter. In the inspection of the MKI tank 5’000’000
particles were found on the filter (Fig. 5a). Most of the
macro particles are of micrometer size, but a few range up
to about 100 µm. An energy-dispersive X-ray spectroscopy
of the particles showed that they mainly consist of Al and
O, leading to the conclusion that the macro particles orig-
inate from the Al2O3 ceramic tube.

THEORETICAL MODEL

Dedicated simulations of the dynamics and interactions
of macro particles falling from the top into the circulat-
ing proton beam were made [4]. A general conclusion is
that macro particles are charged up positively by the pro-
ton beam and are deflected or even repelled by the beam.
Many predictions are described in [4], among which are
(in agreement with the observations [1, 12]) that the typi-
cal loss duration is of the order of 1 ms and that the loss
duration becomes shorter for larger beam intensities. Fig-
ure 6 shows the predicted normalized beam loss rates for
different macro particle masses. In 2012, the diagnostics
are improved [6], which will allow to observe the predicted
asymmetry in the loss profile.

(a) Macro particles on filter.

(b) Zoom of a macro particle.

(c) Energy-dispersive X-ray spectrum of particle in b.

Figure 5: The MKI tank which was removed from the LHC
was flushed in a standardized procedure with N2 through
a filter. By this, about 5’000’000 particles were sampled
on the filter (a). An energy-dispersive X-ray spectroscopy
(EDS) of the samples reveals that most particles consist of
Al and O (c). Traces of gold in the EDS spectra are because
gold is sputtered on the filters after sampling the dust par-
ticles in order to ensure electrical conductivity (courtesy of
A. Gérardin et al. [11]).
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Figure 6: Normalized beam loss rate for macro particles
with different masses (in atomic mass units) and a beam
intensity of 1.6·1014 protons as predicted by the theoretical
model (courtesy of N. Fuster Martinez et al. [4]).

MID-TERM EXTRAPOLATION

As implicated by Fig. 2 there is no increase of UFO ac-
tivity with the beam intensity observed for intensities above
several hundred bunches. This is in accordance with the ex-
pectation from the theoretical model [4].

25 ns Operation

During the MD with a bunch spacing of 25 ns on
24th/25th October at 450 GeV, a rather high UFO activity
was observed. In 9.1 hours (beam 1) and 13.3 hours (beam
2), with a beam intensity of more than 1013 protons, in to-
tal 159 MKI UFOs and 22 arc UFOs were observed. The
normal arc UFO rate at injection energy is below 0.5 UFOs
per hour [12].

Also the 25 ns fill 2186 with only 60 bunches had about
2 arc UFO events per hour during stable beams - a rate
comparable to the 1380 bunch fills at the same time (Fig. 2).
Normally, the UFO rate is significantly decreased for the
fills with reduced beam intensities after technical stops.

Energy Dependence

As shown in [12], the beam loss due to UFOs is ex-
pected to increase with beam energy. Based on wire scan-
ner measurements at different energies, it is expected that
the BLM signal of an UFO at 7 TeV is about three times
higher than at 3.5 TeV. The same scaling was found for the
peak energy deposition in the D2 separation dipole magnet
from the MKI FLUKA simulations [10]. Moreover, due to
higher currents, the magnet quench limit is lower for higher
beam energy (about a factor 5 for operation at 7 TeV com-
pared to 3.5 TeV). Figure 7 shows the expected scaling
of BLM signal/BLM threshold with energy normalized to
3.5 TeV. When applying the expected scaling to the BLM
signals and thresholds of all arc UFOs that were recorded in
2011, they would have caused 81 beam dumps, if the LHC
would have been operated at 7 TeV instead of 3.5 TeV
(Fig. 7). An additional 27 beam dumps would have been
caused by MKI UFOs. These numbers have to be com-
pared to two actual dumps by arc UFOs and 11 dumps by

MKI UFOs in 2011. Concerning the MKI UFOs, 4 out of
the 11 dumps would have been avoided with the increased
BLM thresholds that were in use during the second half of
the year. It has to be noted that this extrapolation assumes
(apart from the beam energy) identical running conditions
as in 2011. Excluded are potential increases of the BLM
thresholds, the conditioning effect (Fig. 2), a possibly in-
creased UFO rate at 25 ns operation and changes in beam
intensity and beam size. Concerning the MKI UFOs, only
the BLM thresholds at the superconducting elements are
assumed to be limiting.

Figure 7: The expected number of beam dumps by arc
UFOs and MKI UFOs and the expected scaling of BLM
signal/BLM threshold for different energies. All 2011 UFO
events since 14th April are considered (based on [10, 12]).

OUTLOOK

For 2012, an additional focus is put on the study of arc
UFOs. For this purpose, the arc cell 19R3, in which excep-
tionally many UFOs were observed in 2011, was equipped
with additional BLMs to allow a better spatial localization
of the UFO events. Corresponding FLUKA simulations are
ongoing, which will also improve the accuracy of the en-
ergy extrapolation. First results are presented in [13].

Complementary to the FLUKA simulations (which are
based on inelastic proton-UFO interactions), MAD-X sim-
ulations are launched to address beam losses due to elastic
proton-UFO interactions.

An additional improvement of diagnostics concerns the
BLM study buffer, which will provide data from all BLMs
with 80 µs temporal resolution also for UFO events below
the BLM dump threshold.

Further tests focusing on 25 ns operation and on the in-
fluence of electron-cloud on the UFO activity are fore-
seen. In particular, a 25 ns fill with at least several hun-
dred bunches which is kept for a few hours at top energy
is needed to be able to make educated predictions. More-
over, a MKI UFO MD is planned, in which, apart from the
influence of 25 ns operation, the production mechanism of
UFOs and potential mitigation strategies are studied.

As long as the production mechanism of the arc UFOs is
not understood, the main mitigation strategy is to increase
the BLM thresholds towards the quench limit of the super-

Proceedings of Chamonix 2012 workshop on LHC Performance

297



conducting magnets. Thus, a better understanding of the
quench limit for UFO type beam losses is crucial for the
extrapolations and mitigations for the time after LS1. Two
complementary quench tests are proposed:

• Wire-scanner quench test: The wire-scanner can
produce a loss pattern with a temporal and spatial dis-
tribution which is very similar to an UFO event. Sim-
ulations can account for the specific characteristics of
the geometry and the magnets studied (cf. [14]).

• ADT quench test: The transverse damper (ADT) can
produce fast losses with a duration which is similar
to UFO events. In combination with an orbit bump,
localized losses at a dedicated arc dipole magnet can
be generated. Particularities of the spatial beam loss
patterns can be generalized based on simulations.

Furthermore, it is proposed to increase the arc BLM
thresholds of selected sectors, in which the dipole busbar
splices were measured to be of good quality, which would
allow for operation at even higher energies1, by a factor
3.3. Apart from a possible gain in availability by avoiding
beam dumps due to large UFOs, such events would care-
fully probe the magnet quench limit at controlled locations.

Another possible mitigation is based on a different dis-
tribution of the BLMs within an LHC arc cell, which could
also allow for increased BLM thresholds. The arc FLUKA
simulations and the additional instrumentation in cell 19R3
will provide the necessary input.

For the MKIs, the main mitigation is an improved clean-
ing. In addition, two internal modifications, presently be-
ing actively considered for other reasons, should be benifi-
cal for reducing UFO’s in the MKIs: namely, the use of 24
screen conductors instead of the usual 15 screen conduc-
tors and closed slots for the screen conductors. For 2012, it
is planned to replace during the August technical stop the
MKI.D in Pt. 8 by a MKI tank with 24 screen conductors.
This will substantially reduce the electric field in the ce-
ramic chamber during the flattop of the field pulse [15]. In
the long term, closed slots would prevent Al2O3 particles
falling from the screen conductor slots into the beam.

CONCLUSION

In 2010 and 2011, in total 35 LHC fills were dumped due
to UFOs. In the second half of 2011, the impact of UFOs
was mitigated by large-scale increases and optimizations
of the BLM thresholds and a conditioning effect for arc
UFOs. Nevertheless, 16’000 candidate UFO events below
the BLM dump thresholds were recorded and analyzed.

Throughout 2011, intensive studies especially concern-
ing the MKI UFOs were made, which include improve-
ments of the diagnostics [1, 6], dedicated experiments in
the LHC [6, 7] and in the laboratory [11, 9], FLUKA simu-
lations [10] and theoretical studies [4]. As a result, the MKI

1This would apply to the sectors 12, 34, 56 and 67.

UFOs have been identified as being most likely macro par-
ticles originating from the ceramic tube. Their production
mechanism, dynamics, the response of the BLM system
and fundamental correlations are characterized, which al-
lows for mid-term extrapolations and mitigation strategies.

The energy dependence underlines that UFOs could be a
major performance limitation for LHC operation after LS1.
With the present operational scenarios, the situation is not
expected to be worse for 2012 compared to 2011, though.

For 2012, the specific instrumentation will be further im-
proved. Complementary FLUKA and MAD-X simulations
are ongoing. Additional experimental studies, including
MDs and quench tests are foreseen and will be essential for
the development and testing of adequate mitigation strate-
gies for the time after LS1.
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QUENCHES AFTER LS1 

A.P. Verweij, CERN, Geneva, Switzerland

Abstract 
In this paper I will give an overview of the different 

types of quenches that occur in the LHC, followed by an 
estimate of the number of quenches that we can expect 
after LS1. 

 

INTRODUCTION 
 
A quench is an irreversible transition from the 

superconducting (SC) to the normal state. It usually 
results from a (local) temperature increase from the 
operating temperature THe to above the critical 
temperature of the superconductor TCS(B,I). 

Quenches are part of normal operation of SC magnets, 
and each magnet circuit (incl. power converter, busbar, 
current leads, protection system) is designed to withstand 
quenches. 

Of course, quenches should be reduced to a minimum, 
in order to: 
- Optimize beam time.  
- Reduce the risk of magnet failure (including quench 

heaters, by-pass diodes, parallel resistances, 
extraction systems, instrumentation, …). Quenches 
often cause high pressures, large internal voltages, 
and high temperature gradients. Each quench 
therefore always represents a small possibility (of the 
order of 10-4) that the magnet will not work properly 
afterwards. 

 
During operation in 2010 and 2011 with a beam energy of 
3.5 TeV the magnets were operated at less than 20% of 
their critical current, resulting in a relatively large 
temperature margin (defined as TCS-THe) of about 5 K (see 
Table 1). The data in this table are given for the main 
dipole, but the I/IC ratio and the temperature margins are 
quite similar for all the other magnets in the machine. 
 
After LS1 the magnets will run at about 50% of their 
critical current, and the temperature margin will reduce to 
below 2 K. The amount of heat dissipation that causes a 
temperature rise ΔT=Tmargin strongly depends on the 
duration of the heat pulse. For very short duration, the 
cooling of the conductor can be disregarded, and the 
quench threshold approaches the so-called enthalpy limit 
of the conductor, which is about 16 mJ/cm3 at 3.5 TeV 
and 2 mJ/cm3 at 7 TeV. The conductor therefore becomes 
about 8 times more sensitive to fast losses, such as 
occurring during a beam dump, see also Figure 1. For 
steady-state losses, the quench threshold is usually 
expressed in mW/cm3, and equals about 50 mW/cm3 at 
7 TeV, while it is 150-200 mW/cm3 at 3.5 TeV. 
 
 

 
Table 1: Overview of differences in 3.5 TeV and 6.5-7 
TeV operation (example for the main dipole). 
 

Example: main 

dipole 
3.5 TeV 6.5 TeV 7 TeV 

I 5900 A 11000 A 11850 A 
I/IC at Bpeak 13% 44 % 55% 

Bcentral 4.2 T 7.7 T 8.3 T 
Stored energy 1.7 MJ 6 MJ 7 MJ 
Splice heating 

for R=0.6 nΩ  20 mW 73 mW 85 mW 

Joule heating at 

10 K at Bpeak 
44 W/cm

3 230 W/cm
3 280 W/cm

3 

dI/dt at FPA 
-120 A/s 

(τ=50 s) 
-110 A/s 

(τ=100 s) 
-120 A/s 

(τ=100 s) 
TCS 6.8 K 4.1 K 3.5 K 

Tmargin 4.9 K 2.2 K 1.6 K 
Enthalpy (1.9 K 

to TCS) at Bpeak 
16 mJ/cm

3 3.1 mJ/cm
3 1.9 mJ/cm

3 

 
 
The quench threshold for pulse durations of about 0.1 ms 
to 10 s is much more difficult to determine since it 
depends strongly on transient cooling to superfluid 
helium, both inside and outside the conductor. There is 
hardly any experimental data of this cooling for coils 
consisting of stacks of Rutherford cables, and the cooling 
of a single turn might be quite different as compared to 
average values. Recent calculations using the code QP3 
[1] predict a behaviour as shown in Fig. 1. 
 

 

 
 
Figure 1: Calculated quench threshold for the main 
dipole, assuming maximum heat dissipation in the 
midplane of the magnet. 
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TYPE OF QUENCHES 
 
It is convenient to distinguish 4 types of quenches, as 

shown in Figure 2. Quenches triggering a FPA (so 
numbers 1 and 3) have of course a larger impact on 
operation, since they also cause a beam dump. Quenches 
happening after a FPA have less impact but should be 
avoided as much as possible, especially in large-size 
magnets, to reduce the cryogenic recuperation time and to 
minimize the stress variations inside the magnets. These 4 
types of quenches will be discussed in the following sub-
sections. 

 

 
 

Figure 2: Overview of the 4 types of quenches. 
 
 
 

1. Quenches triggering a FPA & beam dump 
 

These quenches are caused by: 

• Local resistive heating, especially in a splice internal to 
the magnet coil, or in the SC if there are local defects. 
Such quenches are very reproducible, and (if present) 
already observed during the magnet reception tests, and 
are therefore not expected after LS1. However, parts of 
the coil exhibiting local heating, operate at THe<T<TCS, 
and are hence more ‘sensitive’ to beam losses. 

• Non-uniform transport current, caused by a non-
uniform joint resistance, and by ramping the magnet. 
Such quenches can only occur in magnets wound from 
multi-strand cables, i.e. MB, MQ, IPQ, IPD, IT. The 
non-uniformity diffuses slowly through the cable (order 
of 1-10 m/hr), and are therefore not observed at magnet 
reception tests. Quenches are not expected at low dI/dt 
(1-10 A/s) or high negative dI/dt. However, strands 
carrying more than the average transport current will 
become more ‘sensitive’ to beam losses, since their 
temperature margin is smaller. 

• Conductor movement. Quenches of this type are often 
referred to as training quenches (or natural quenches). 
The training will be dominated by the main dipoles. 
The (surprising) statistics from the HWC in May/June 
2008 in S56 can be used to estimate the number of 
training quenches after LS1 (see [2],[3],[4]). Training 

quenches can be done just after LS1 during a HWC 
campaign with 2-3 quenches per day and per sector, 
and several sectors in parallel. I would personally limit 
the number of RB quenches (just after LS1) to about 
50-100, so as to operate at about 6.5 TeV beam energy, 
and possibly push further towards 7 TeV a few years 
later. It cannot be excluded that 4 years of additional 
powering, relaxation, and thermal cycling have another 
non-expected effect on the training. All other circuits 
will be trained to nominal before LS1 (see [5]), and 
training after LS1 (i.e. after a long thermal cycle) will 
probably be rather quick. Large de-training is not 
frequently observed, and training quenches during 
beam operation will therefore be rare (but requires that 
the operating current is several % below the training 
current). 

• Beam loss. Beam induced quenches can be avoided by 
setting the BLM thresholds below the calculated 
quench threshold (of course after scaling and 
conversion from mJ/cm3 to Gy/s), except for some 
losses with a duration less than about 0.3 ms (i.e. the 
time needed for detection+dump). Unfortunately, due 
to unknown loss type, loss origin, and inaccuracies in 
the calculation of  the energy deposition (using Fluka), 
and the quench threshold (using QP3), the BLM 
threshold has to be set at a very conservative value if 
one wants to be sure to avoid all beam induced 
quenches. Until LS1 (knowing that we have defective 
13 kA joints) conservative setting is recommendable in 
order to minimize the probability of main dipole 
quenches, eventually propagating towards a defective 
joint. After LS1, the BLM thresholds should be set so 
as to optimize the stable beams time, of course without 
putting in danger the safety of the magnets. There is no 
need to avoid all quenches. Avoiding 80-90% seems a 
good target. However, 100% should be targeted for 
magnets for which there are no spares.  
 
 

2. Quenches that are caused by a FPA 
Two sequences can be distinguished: 

• AC losses resulting from the high dI/dt (and dB/dt). In 
many corrector magnets these AC losses cause a 
temperature rise above TCS and quench the magnet, see 
for example Figure 3. This should however not happen 
in the main dipoles at 12 kA, τRB=100 s, and main 
quads at 12 kA, τRQ=30 s. 

• Heat propagation from an adjacently quenched magnet. 
This propagation almost always occurs from a 
quenched dipole to several other dipoles, but is very 
unlikely from dipole to quadrupole or from quadrupole 
to dipole, and never occurs for all other magnets. 
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Figure 3: Current in the corrector circuit RQTL9. The 

MQTL magnet quenches 0.2 s after the FPA. 
 
 
3. Quenches that result from false triggering of the QPS, 
and that subsequently trigger a FPA and dump the beam 
Noise, caused by thunderstorms, radiation, glitches, etc. 
can cause false triggering of the QPS, which in turn fires 
the quench heaters, hence quenching the magnet. Of 
course, this can only occur in magnets equipped with 
quench heaters. Alternatively, it is also possible that such 
noise causes a false triggering of a quench heater power 
supply, hence quenching the magnet. The sensitivity of 
the QPS system increases for smaller thresholds, shorter 
discrimination times, and longer distance between the 
voltage taps. Sensitive circuits should be improved during 
LS1, basically by segmenting the protection.  
 
 
4. Quenches that are caused by false triggering of the 
QPS, resulting from a FPA.  
False triggering can be due to: 

• Inductive voltages caused by the FPA in a mutually-
coupled circuit.  Especially nested magnets are very 
susceptible. This should be observed during HWC, and 
can be reduced (if needed) by increasing QPS 
thresholds, or by increasing decay time constants.  

• An imbalance in the QPS detection bridge. Also in this 
case, the triggering can be avoided by fine-tuning the 
bridge, or by increasing QPS thresholds or decay time 
constants. 
 
 

QUENCHES DURING HWC AFTER LS1 
 

1. Quenches triggering a FPA & beam dump.  
Except for the 13 kA circuits, all magnets will be trained 
at the start of LS1. An estimation of the expected number 
of quenches is given in [4]. Retraining of these magnets 
after LS1 will be rather fast. The training of the 13 kA 
circuits can only be done after LS1, once the 
interconnects are consolidated. The number of training 

quenches will mainly depend on the energy level at which 
one would like to operate after LS1. Roughly 100 
quenches can be expected for the MB’s and a few for the 
MQ’s for operation at 6.5 TeV per beam. For 6 TeV these 
numbers will be roughly 10x smaller, while for 7 TeV 
they will be 10x larger (with a large uncertainty), see also 
[2],[4]. 

2. Quenches that are caused by a FPA 
Each training quench in the MB’s will propagate to 
several adjacent MB’s. So 100 training quenches will 
cause heater firing in about 400-500 MB’s. 
Furthermore, during heat run tests, there will be a quench-
back of many corrector magnets. 

3. Quenches that result from false triggering of the QPS, 
and that subsequently trigger a FPA and dump the beam 
None or very few. 

4. Quenches that are caused by false triggering of the 
QPS, resulting from a FPA. 
There will initially be some, but these will be solved by 
fine-tuning the QPS.  
 
 

QUENCHES AFTER LS1 
 

1. Quenches triggering a FPA & beam dump.  
There will be some de-training quenches. The number 
depends strongly on the operating current as compared to 
the maximum obtained current during HWC. There will 
furthermore be several beam-induced quenches, possibly 
dominated by UFO’s (see [6]).  These cannot be avoided 
because the BLM setting should be less conservative than 
present values, in order to reduce the number of beam 
dumps that were not needed. 

2. Quenches that are caused by a FPA 
There will be some quenches in MB’s due to heat 
propagation from adjacently quenching MB’s, and regular 
quench back in many corrector magnets. 

3. Quenches that result from false triggering of the QPS, 
and that subsequently trigger a FPA and dump the beam 
There will be a few per year, rarely in the 13 kA circuits. 
Most of them will be due to radiation-induced false 
triggering. Solutions to reduce false triggering are 
discussed in [7]. 

4. Quenches that are caused by false triggering of the 
QPS, resulting from a FPA. 
There will probably be only a few, and mainly in the 
corrector circuits.  
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CONCLUSION 
 
Beam-induced quenches and false triggering of the 

QPS will be the main cause of those quenches that cause a 
beam dump. Possibly in total up to 10-20 per year. 

After consolidation of the 13 kA joints, the approach 
for the BLM settings can be less conservative than in 
2010-2012 in order to maximize beam time. This will 
cause some quenches but, anyhow, a beam–induced 
quench is not more risky than a quench provoked by false 
triggering. 

It is not easy to predict the number of BLM triggered 
beam dumps, needed to avoid magnet quenches, because 
it is not sure how to scale beam losses and UFO’s from 
3.5 TeV to 6.5 TeV, and it is not sure if the thresholds at 
3.5 TeV are correct.   

Quench events will be much more massive (ex: RB 
quench at 6 kA ⇒2 MJ, RB quench at 11 kA ⇒ 6-20 
MJ), and as a result cryo recuperation much longer. There 
will also be more ramp induced quenches after a FPA in 
other circuits due to higher ramp rates and smaller 
temperature margins (mutual coupling). 
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REFLECTIONS ON THE NATURE OF GENIUS: ON THE 300TH 
ANNIVERSARY OF MIKHAIL LOMONOSOV (1711-1765)* 

V.Shiltsev#, FNAL, Batavia, IL 60510, U.S.A.

Abstract 
This presentation goes beyond celebratory narration of 

the life and scientific achievements of Russia’s first 
modern scientist Mikhail Vasilievich Lomonosov (1711-
1765) [1,2,3]. Coming from the notion of complexity of 
sciences [4], we introduce “a genius formula” G=TBD for 
semi-qualitative evaluation of a person’s impact on the 
society, distinguish two type of geniuses, give several 
examples and draw general conclusions. The work largely  
follows presentation at the Fermilab Colloquium in 
November of 2011 [5].  

MIKHAIL LOMONOSOV 

Mikhail Lomonosov was born November 19, 1711 into 
the family of a relatively free “state peasant”-turned-
fisherman in a Northern Russian village near Archangel. 
In pursuit of opportunity he escaped from home at the age 
of 19 to reach Moscow by feet over 800 miles of winter 
roads and enter Zaikono-Spassky academy.   

  

Figure 1: Portrait of Mikhail Lomonosov (1711-1765) 

Half-starving on a stipend of 3 kopeks a day, in just 4 
years he finished an 8 year course in Latin, Greek, Church 
Slavonic, geography, history, philosophy and the 
Catechism. From there he was sent to Sankt Petersburg 
Academy of Sciences (“the Academy”) to continue his 
education among the 12 best students in 1736. The same 
year he was sent by the Academy to University of 
Marburg to Germany to further study mathematics, 

chemistry, mining, natural history, physics, mechanics, 
hydraulics, and humanities with Christian Wolff (1679-
1754)-a renowned encyclopedic scientist and philosopher, 
and a key follower of Leibniz–who came to highly regard 
Lomonosov’s abilities. He returned to Russia in 1741 
where on the merits of his numerous excellent scientific 
reports regularly sent from abroad and a glorious poetic 
ode to Empress Anna, he received an appointment as an 
Adjunct of Physics in the St. Petersburg Academy (at that 
time totally dominated by foreign scholars). He was the 
first native-born Russian Academician elected in 1745 
and served as a member of Academy’s Chancellery, in 
charge of all scientific and educational activities and 
departments, from 1757 till his death on April 15, 1765. 
Over years Lomonosov fiercely fought the Academy’s 
decline, trying to get it back on the track set by Peter the 
Great. He succeeded in this challenge by increasing the 
number of scientific publications in Russian (in addition 
to Latin and German), and by insisting the Academicians 
deliver regular lectures in Russian. The result was a 
significantly increased number of Russian academicians 
as well as interns and students in the Academy’s 
Gymnasium. In 1755 he founded Russia’s first University 
in Moscow, now named after him. Lomonosov was 
elected an honorary member of the Swedish Academy of 
Sciences (1760), the St. Petersburg Academy of Arts 
(1763), and a member of the Bologna Academy of 
Sciences(1764).  

The polymathic nature of this titan of the Russian 
Enlightenment can be gleaned from the content of his 
Complete Works [6]: vols. 1-4–works on physics, 
chemistry, astronomy; vol. 5–mineralogy, metallurgy and 
geology, vol. 6–Russian history, economics and 
geography, vols. 7-8–philology, poetry, prose, vols. 9-11–
correspondence, letters and translations. The depth of his 
insights is even more remarkable. Just in natural sciences 
alone, Lomonosov performed by himself more than 4000 
chemical tests in Russia’s first national laboratory and 
championed explanations of all physical and chemical 
phenomena on the basis of corpuscular mechanics in a 
continuous ether; he coined the term “physical chemistry” 
in 1752 and thought of absolute cold as a condition where 
the corpuscles ceased their linear and rotational motions. 

17 years prior to analogous results by A.Lavoisier, 
Lomonosov experimentally proved the law of 
conservation of matter by showing that lead plates in a 
sealed vessel without access to air do not change their 
weight after heating (1756); based on the results of the 
first quantitative experimental studies of electricity in 
1744-1756 –which were quite dangerous as his colleague 
Georg Richmann was killed by ball lightning and 

 ________________________________________  
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Lomonosov himself “miraculously survived”– he 
proposed an original theory of atmospheric electricity that 
went beyond B.Franklin’s, and explained with it lightning 
and the polar lights. Looking for a way to send 
meteorological instruments and electrometers aloft, he 
designed and built the first working helicopter model 
(1754). This used two propellers rotating in opposite 
directions for torque compensation and, powered by a 
clock spring, managed to provide some 10 grams of lift. 

During the transit of Venus on May 26, 1761 Lomonosov 
discovered the atmosphere of Venus by observing a bright 
aureole around the planet at the ingress and egress, and 
gave a detailed optical explanation of the effect by 
refraction. Thirty years before Herschel, in 1762, he 
invented and built a practical reflector telescope of a new 
type with the primary mirror tilted by 4 degrees so one 
could view the formed image directly in a side eyepiece; 
later that same year he invented a siderostat mechanism 
which allowed tracking of the stars by tilting a flat mirror 
in front rather than the entire telescope. See recent 
publications [1,2,3]    for more detail and examples. 

 

Figure 2: Lomonosov’s place in modern Russian history.  

Lomonosov is widely recognized as the foremost name in 
Russian culture and history – see Fig.2 which 
cartoonishly illustrates the passionate power of Russian 
ethos over the past three centuries. Pushkin concluded on 
him “…between Peter I and Catherine II, he 
(Lomonosov) was the original champion of the 
Enlightenment. He founded the first University: better to 
say, he himself was our first University…” [7]. His 
tercentennial is being celebrated statewide in Russia in 
2011. Lomonosov was, however, not well known in the 
Western scientific circles because among his 
contemporaries, the enormous breadth of his 
achievements, e.g., his works in grammar, mosaic art and 
especially poetry, outshone his work in Natural 
Philosophy. The lack of awareness was also due to the 
weak national scientific community till the late 1800’s, to 
the lack of personal contacts with the West (except 
Euler), and, partly, to his relatively short life.  

GENIUS FORMULA 
 
 It was recently shown that many complex 
scientific and technical systems demonstrate exponential 
performance progress with time :  
 Performance∝ exp(T/C)    (1) 

(see, e.g. [4]). The characteristic progress time C - a 
measure of empirical difficulty and complexity – is 
analyzed for particle colliders, astrophysical searches for 
galaxies and exoplanets, protein structure determination 
and compared with computers and thermonuclear fusion 
reactors – see Figs.3 and 4 below.   

 
Figure 3: Progress of the fastest computers (triangles), 
light output per LED (squares) and number of transistors 
per chip (“Moores’ law”, circles) (from [4]).  

 
The underlying explanation for the exponential 

performance progress is the fact that the complex systems  
have many intervened parameters and problems which 
can not be solved all at once, hence, addressed step by 
step.  The the goal and outcome for each improvements 
step is certain percentage (m-percent) increase or x-fold 
increase with respect to what is already achieved, so after 
n steps, the performance is either (1+m/100)n≈enm/100 or 
xn=en ln(x). Regular implementation of the fractional steps 
leads to the exponential growth.  

 
Figure 4: Another illustration of the exponential 
performance progress in complex systems – maximum 
achieved beam energy in particle accelerators  
(“Livingston plot”, from [4]).  
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Coefficients C (complexities) of several systems are 
calculated and given below [4]:  

 C (years) Interval 

Supercomputers 1.6 ± 0.1  1993-2010  

Fusion reactors 2.4 ± 0.2  1969-1999 

Transistors/IC 2.7 ± 0.05  1971-2009 

Galaxies surv’d 3.0 ± 0.1 1985-1990  

Light per LED 3.3 ± 0.1  1969-2000 

Laser power 3.3 ± 0.5 1975-2000 

Protein structures  4.2 ± 0.2 1976-2010 

Exoplanets search 4.2 ± 0.3  1991-2010 

Energy accelerators 5.2 ± 0.3  1930-1990 

 
A natural question is “why and how do these extended 

periods of the fast (exponential) growth begin?” We 
introduce the concept of “genius” to answer that question, 
namely, the “genius effect” which drastically changes the 
pace of a system’s evolution over relatively short period 
of time – usually, associated with discovery, invention or 
a deep insight  (see Fig.5).  

 
Figure 5: Schematic representation of the “genius effect” 
which leads to step-like change in the progress due to 
profound innovation or discovery.  

 
The scale of the initial impact is given by 

D=ln(After/Before). If the impact of the scientist lasted 
over period of time T, one can introduce the genius 
coefficient G:  

G = ln(T) × B × D  (2) 
 

where additional factor B takes into account breadth of 
the scientist (sum up over the number of areas where 
he/she contributed to). Scientists with B>1 are rare and 
called “polymaths”, famous examples are Leonardo, 
Newton and Poincare. Mikhail Lomonosov was such a 
polymath with G=7 ± 1.5 – see below the table of his 
contributions to varios field of science and art  (rough 
estimates):  

 

 ln(T) × D G 

Chemistry ln(20) × 0.1  0.3 ± 0.1 

Russian poetry ln(60) × 1/3  1.3 ± 0.5 

Venus atmosphere ln(60) × 1/5  0.8 ± 0.3 

Optics ln(100) × 1/20  0.2 ± 0.1 

Russian history  ln(250) × 1/10  0.5 ± 0.2 

Geography ln(60) × 1/4  0.9 ± 0.3 

Russian grammar ln(100yrs)× ln(2)  3 ± 1 

TOTAL  7.0 ± 1.5 

 
For comparison, one can estimate genius coefficients  of:  
• Good, solid scientists  G=0.01-0.03 
• Great inventors  G=0.1-2 
• Nobel laureates  G=0.3-4 
• Aristotle, Galileo, Newton, Lomonosov  G=4-9 
• Shakespeare, Pushkin  G=7-12 

It’s interesting to note that, some 200 modern day 
sciences altogether generate some G≈4-10 units a year - 
such estimate of the Global Genius Product (GGP) comes 
from average complexity coefficient C≈20-50 -see Eq.(1). 
In principle, the “genius coefficient” formula Eq.(2) can 
be applied to other entities (beyond humans) – e.g. the 
God of Bible, who created the world in 6 days some 7519 
years ago would have G≈120, while the Big Bang act of 
the Universe start up 14 billion year ago is equivalent to 
G≈300-600.  

DISCUSSION 
The “genius formula” proposed above Eq.(2) should be 

used with caution, as for comparative studies the base of 
estimates Before and After must be properly chosen (e.g. 
it is easy to get high values of G in local reference 
systems). Also, it is not applicable in the not-well-
quantifiable  systems like art, beauty or music.  

On the other hand, Eq.(2) reflects many features a 
scientist would agree with. For example, our perception 
of times is undoubtedly logarithmic: for us “now” means 
less than 1-3 years old, “recently” is for things from 3-10 
years ago, “modern” attributes to events 10-30 years 
back, “golden age” points to 30-100 year ago, “classic 
science” refers to 100-300 years old, and “ancient” is all 
that older than 300-1000 years. 

Logarithmic scale of the impact D=ln(After/Before) is 
not novelty at all. Half a century ago Russian Nobel Prize 
laureate Lev Landau classified theoretical physicists 
according to their achievement using a logarithmic scale 
[8]. According to his ranking system, a member of the 
lower class achieved 10 times less than a member of the 
preceding class. He placed Einstein in ½ class. In the 1st  
class he placed Bohr, Dirac, Heisenberg, Schrödinger, and 
Fermi. Thus, he thought that Einstein contributed to 
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physics 101/2≈3 times more than Dirac or Schrödinger. 
Landau originally ranked himself as a 2.5 but later 
promoted to a 2 [9].  

One could also add, that large impact imposed by great 
geniuses on the society has been always accompanied by 
remarkable stories – sometimes not even true - which 
deeply resonate in us and leave long lasting memories. 
Examples are many, the most widespread are Archimedes 
Eureka moment, Kepler’s Eppur si muove (Still it 
moves!), Newton’s apple, Ben Franklin’s kite experiment, 
Lomonosov’s trail to Moscow with frozen fish sleigh 
convoy, Mendeleev’s discovery of the Periodic Table 
while sleeping. Among modern ones – Richard 
Feynman’s O-ring moment, the story of Stephen Hawking 
and the story of Russian mathematician Grigori Perelman 
who proved Poincare’s Conjecture in 2002 and since then  
declined all the honors, prizes and awards. “Creative 
disobedience of genius” often adds to the fame as noted 
by Petr Kapitsa [10].   

 

CONCLUSIONS 
     We can clearly see that the system of the humankind is 
very complex - both in terms of hierarchy of connections 
and C-coefficients Eq.(1). Obviously, it is progressing 
and moving somewhere as it generates new knowledge, 
ideas, arts, inventions, etc. It’s not fully clear yet how the 
world’s GGP - global genius product in the sense of the 
“genius coefficient” Equation (2) – is being created, but 
reflecting back it is well realized how hard is to get to 
new heights and how easy we could lose positions. To 

avoid the loss, an advanced (scientific) society is needed 
as it leads to appearance of genius(es). We also know 
examples of enormous transformative power geniuses 
exert on the society.  
 
    To understand who we are and where are going, we 
must comprehend our geniuses of a type of Galileo, 
Newton, Einstein, Leibniz, Franklin, and Lomonosov. 
With that, I congratulate all of us with 300th anniversary 
of Mikhail Lomonosov! 
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Will ALICE run in the HL-LHC era?

Johannes P. Wessels for the ALICE Collaboration, CERN, Geneva, Switzerland,
and University of Münster, Germany ∗

Abstract

We will present the perspectives for ion running in the
HL-LHC era. In particular, ALICE is preparing a signifi-
cant upgrade of its rate capabilities and is further extending
its particle identification potential. This paves the way for
heavy ion physics at unprecedented luminosities, which are
expected in the HL-LHC era with the heaviest ions. Here,
we outline a scenario, in which ALICE will be taking data
at a luminosity of L > 6 × 1027 cm−2s−1 for Pb–Pb with
the aim to collect of the order of at least 10 nb−1. The po-
tential interest of data-taking during high luminosity proton
runs for ATLAS and CMS will also be commented.

CONSIDERATIONS FOR A HIGH RATE
UPGRADE OF ALICE

The ALICE Experiment has been specifically conceived
to study the properties of the Quark-Gluon-Plasma (QGP),
the state of deconfined matter which prevailed in the uni-
verse following the electroweak phase transition until mi-
croseconds after the Big Bang. A precise determination
of its properties like the critical temperature, the relevant
degrees of freedom, the speed of sound, and, in general,
transport coefficients of the various partons would be a ma-
jor achievement towards a better understanding of QCD as
a genuine multi-particle theory. With the established long
lifetime and large system size in heavy ion collisions at the
LHC [2] precision measurements linked to such complex
issues as deconfinement and chiral symmetry restoration
become feasible. The guiding principles for the upgrade
plans have been spelled out in [1] and will in part be re-
peated here.

Future detailed studies of the QGP comprise:

- thermalization of partons in the QGP, with a focus on
the massive charm and beauty quarks. Heavy-quark
elliptic flow is especially sensitive to the partonic
equation of state. Ultimately, heavy quarks might
fully equilibrate and become part of the strongly-
coupled medium.

- low-momentum quarkonium dissociation and, possi-
bly, regeneration pattern, as a probe of deconfinement
and of the medium temperature.

- production of thermal photons and low-mass dileptons
emitted by the QGP to assess the initial temperature
and degrees of freedom of the system, as well as to
shed light on the chiral nature of the phase transition.

∗ johannes.wessels@cern.ch

- in-medium parton energy loss mechanism, that pro-
vides both a testing ground for the multi-particle
aspects of QCD and a probe of the QGP density.
The relevant observables are: jet structure, jet–jet
and photon–jet correlations, jets and correlations with
high-momentum identified hadrons and heavy-flavor
particle production. In particular, it is crucial to char-
acterize the dependence of energy loss on the parton
species, mass, and energy.

- systematic studies of very rare particle production
such as anti-nuclei, the lightest multi-Λ hyper-nuclei
such as 5

ΛΛH [3] and objects like the bound states of
(ΛΛ) or the predicted H di-baryon, a possible (Λn)
bound state as well as bound states involving multi-
strange baryons.

Figure 1: Particle identification for negatively charged par-
ticles. Shown in red are, in particular, Anti-4He candidates
identified via TPC dE/dx measurements in the full 2010
Pb–Pb statistics. The mass distribution of the candidates
shown in the insert has been independently determined us-
ing the Time-of-Flight system.

For many of the above topics very high statistics is
needed to achieve any level of precision. This is driven
by the fact that progress is made, when the observables
can be studied in an as differential as possible manner.
This entails the selection of parameters such as collision
centrality, transverse momentum pT, event-plane orienta-
tion, flavor dependence, or local particle density. When
it comes to low-mass di-lepton pairs or low pT phenom-
ena in the charm and beauty sector, unfortunately triggers
are of limited use and one is thus left with the necessity
to inspect every single collision.This implies shipping all
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data to the online systems either continuously or upon a
minimum-bias trigger. Full online calibration, event recon-
struction and event data reduction will allow writing to tape
a large fraction of the events, which will be selected on
the basis of topological and PID criteria, one of the unique
strengths of ALICE. The upgrade will allow operating the
central barrel and the muon arm at 50 kHz in Pb-Pb colli-
sions. It has been assumed that, with the HL-LHC upgrade
it will be possible to achieve luminosities of the order of
at least L = 6 × 1027 cm−2s−1 with Pb–beams. Under
those conditions the target will be to collect of the order of
10 nb−1. Along with the upgrade for higher rate capabil-
ity also the particle identification capabilities, exemplarily
shown in Figure 1, shall be further extended, both in the
central barrel and for selected physics topics at large rapid-
ity.

CURRENT LIMITATIONS OF THE ALICE
EXPERIMENT

ALICE data taking is currently limited by the fixed dead-
time of 1 ms of the Si-Drift detectors. The readout band-
width of the front-end electronics is limited to 520 Hz in
minimum bias collisions. Furthermore, the gating grid
of the TPC cannot be opened at rates exceeding 3.5 kHz,
while the detector itself can cope with the expected inter-
action rate of 10 kHz in Pb-Pb collisions at full LHC en-
ergy. This is in line with the ALICE program, which is
detailed below. For the coming five years it is based on
the expectation that, after the first two Pb–Pb runs of 2010
and 2011, with integrated luminosities of ≈ 10 μb−1 and
≈ 100 μb−1, respectively. Following LS 1 there will be
several Pb–Pb runs at full energy, where a few hundred
μb−1 each will be collected.

This will ensure that, by 2017 ALICE will have data at a
level of ≈ 1 nb−1, which is the target integrated luminosity
for which ALICE has been approved.

UPGRADE CONCEPT FOR ALICE AT
HIGH RATE

In order to enhance the particle identification techniques
and to render ALICE fit for the anticipated interaction rates
the collaboration has endorsed the plan to replace a) the
beam pipe by one with a smaller radius (r=19.8 mm), b)
to rebuild the Inner Tracking System both to enhance the
scope for particle identification and cope with the much
higher rates, c) to upgrade the central barrel and muon arm
detector electronics to cope with the rate and to look into
operating the TPC in a continuous readout mode. This goes
in hand with a major overhaul of the DAQ and Trigger Sys-
tem. Furthermore, three new detectors are under considera-
tion to address specific physics issues: a) a Very High Mo-
mentum Particle Identification RICH detector (VHMPID)
providing Kaon-proton separation out to 20 GeV/c, a Muon
Forward Tracker (MFT) to facilitate b-tagging and low-
mass di-muon measurements, and a Forward Calorimeter

(FoCal) for small-x physics with identified γ and π0.

HEAVY QUARK MEASUREMENTS

For the sake of this paper, we limit ourselves to the antic-
ipated improvement for one of the many observables listed
above: heavy quark production.

Given the smaller color coupling of quarks with respect
to gluons, their energy loss is expected to be smaller than
that of gluons. In addition, the dead-cone effect should
reduce small-angle gluon radiation for heavy quarks with
moderate energy-over-mass values. Given the properties
of parton-energy loss, in the range p t < 10 GeV/c where
heavy-quark masses are not negligible with respect to their
momenta, an increase of the RAA value (i.e. a smaller sup-
pression) is expected when going from the mostly gluon-
originated light-flavor hadrons (e.g. pions) to D and B
mesons. Precision measurements and comparison of these
different medium probes would provide a unique test of the
color-charge and mass dependence of parton energy loss.

Using the vertexing of the current ALICE ITS system
as well as the measurements from TPC and TOF, we have
reconstructed for the first time D-mesons in central Pb–
Pb collisions down to transverse momentum as low as 2
GeV/c. The corresponding nuclear modification factor is
shown in Fig. 2. The results are remarkable: the nuclear
modification factor for D-mesons is close to that measured
for unidentified hadrons. This clearly implies significant
energy loss of charm quarks in the dense medium of the
fireball. Note also the low-pt coverage of ALICE com-
pared to what is measured by CMS. For a quantitative un-
derstanding shadowing effects need also to be taken into
account. First results on this front are expected from a p–
Pb run in 2012 at the LHC.
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Figure 2: Comparison of the suppression of high transverse
momentum D mesons and pions in central Pb–Pb collisions
at

√
sNN = 2.76TeV

Since charm quarks do not disappear from the fireball
(annihilation is expected to be very small [4]), this implies
that the majority of charm quarks will be shifted to very
low transverse momenta, where the corresponding RAA (in
the absence of strong shadowing) should reach or exceed
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unity. Those charm quarks will then carry momenta in the
thermal region and will provide stringent tests of models
of the bulk medium, as their large mass and small cross
sections make them more sensitive to details of equilibra-
tion. Much better low-transverse-momentum coverage and
much improved statistics is evidently needed to make these
measurements precise enough for quantitative comparisons
to predictions from theoretical models, in particular for the
rarely produced charmed baryons. A detailed discussion
of the integrated luminosity needed can be found in the fol-
lowing paragraph. Effects of the QGP on charm and beauty
quarks will manifest themselves if one can simultaneously
cover both low and intermediate transverse momenta in the
charm and beauty sector.
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Figure 4: Λc → pK−π+ in central Pb–Pb collisions at√
sNN = 5.5 TeV: significance per event for the current and

upgraded ITS. For the upgrade, three different scenarios are
considered: the baseline configuration is labeled “0.3%”;
the cases labeled “0.1%” and “0.5%” represent variations
of the layer thickness only (with respect to the baseline
configuration), for the innermost two layers to 0.1% of ra-
diation length and for all layers to 0.5% of radiation length,
respectively.

It is still an open question to what extent heavy quarks
participate in the collective expansion of the medium.
Heavy-quark elliptic flow (v2) is especially sensitive to
the partonic equation of state, since the experimentally ob-
served hadron mass dependence of elliptic flow parameters
gets more pronounced with increasing mass. In particu-
lar, the measurement of charm-quark triangular flow (v 3)
is of utmost interest due to its sensitivity to the viscosity-
to-entropy-density ratio [5]. Ultimately, heavy quarks
might fully (kinetically) equilibrate and become part of
the strongly coupled medium. Precision measurements of
flow parameters for mesons and baryons containing heavy
quarks will need much improved tracking efficiency at low
transverse momenta and a Pb–Pb integrated luminosity of
several nb−1. As an example we expect, for 1 nb−1 in-
tegrated luminosity to measure Λc baryons with a signif-
icance of about 3 in the pt range 2 < pt < 4 GeV/c as

shown in Figure 4. These estimates are based on the anal-
ysis performed in [6]. For a detailed flow analysis this has
to be divided into typically six bins in azimuth, implying
that 1 nb−1 as might be available after three Pb–Pb runs at
full energy in 2015–2017 is statistically insufficient and an
order of magnitude more data, as planned with the upgrade,
are needed.

Performance of the upgraded Inner Tracking Sys-
tem

To facilitate a measurement like the production of Λ c

as outlined above the current Inner Tracking System (ITS)
will be replaced. The overriding design criteria for the new
ITS have been detailed in [6]. For the purpose of this ar-
ticle, again exemplarily, we show in Figure 3 the crucial
performance improvement with respect to the pointing res-
olution in r·ϕ- and z-direction, which is key to the separa-
tion of displaced vertices as well as the improvement in the
stand-alone momentum resolution, which is key to deriving
kinematic triggers at Level 2. In both plots two different
upgrade scenarios, which are described in detail in [6], are
compared to the current ITS: black lines denote the current
ITS performance, green lines refer to an ITS consisting of
pixel and strip layers, and red lines refer to an all pixel solu-
tion. As a result of, a) the addition of another layer closer to
the beampipe at a radius of 22 mm, b) smaller pixels and c)
a much reduced material budget per layer (X/X0 ≈ 1.14%
for the current ITS and X/X0 ≈ 0.3-0.5% for the upgraded
ITS), the improvement for both, the pointing resolution and
the stand-alone momentum resolution are of the order of a
factor of three. At the same time the tracking efficiency is
improved to momenta significantly below 100 MeV/c.

FUTURE HEAVY ION PROGRAM

In Table 1 we summarize the anticipated program for
heavy ion operation, which would allow to collect the ap-
proved integrated luminosity of 1 nb−1 in Pb-Pb collisions,
possibly extend the p-nucleus collisions to the highest pos-
sible energy and collect some data with lighter ions. For
the HL-LHC era, we anticipate to collect at least 10 nb−1

as outlined above. It needs to be noted that, since no p-
nucleus data has been collected thus far, details of the run-
ning schedule may be subject to change depending on the
success and physics outcome of these runs.

While, ATLAS and CMS have clearly stated that the pp
program at high luminosity remains their highest priority,
both have also stated their interest to extend the heavy ion
program into the HL-LHC era. This statement has been
made under the provision that ion operation does not im-
pede the HL-LHC pp upgrade and that the overall running
with ions remains limited to about 10% of the time.

Ion species

Initially it was thought that deuteron beams would be
useful in order to mitigate the rapidity shift incurred, when
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Table 1: Anticipated future ion schedule. (Adapted from
J.M. Jowett, these proceedings.)

Year Beams Program

2013 none Long Shutdown 1
2014

2015 Pb-Pb Design luminosity (≈250 μb−1)
2016 Pb-Pb Design luminosity (≈250 μb−1)

2017 Pb-Pb If int. lumi. still insufficient, else
p-Pb at highest possible energy

2018 none Long Shutdown 2,
ALICE upgrade installation,
DS collimators to protect magnets

2019 Pb-Pb Operation beyond design luminosity

2020-21 p-Pb If still priority, else
Ar-Ar intensity to be seen from injector

commissioning for SPS fixed target

2022 none Long Shutdown 3, stochastic cooling?

>2022 ions Lumi. production, other ions (U?)

colliding protons with nuclei. Given the possibility to re-
verse the circulating beams within one run, this is no longer
a strong argument. Also, possible isospin dependences are
considered to be negligible at these energies.

Owing to the large shape deformation of Uranium nuclei
(aspect ratio of the ellipsoid ≈1.5), there is the potential
to further increase the maximum energy density reached
in ion collisions at the LHC by another 50%, albeit with
small cross sections. Experiments at RHIC are scheduled
to explore this option this year. Pending the findings, there
may be interest to study U-U collisions inthe far future.

SUMMARY

ALICE has conceived an upgrade program, which would
well exploit the physics potential provided by 10 nb −1 Pb-
Pb collisions, which come into reach, when the machine
can be operated at L > 6×1027 cm−2s−1 for Pb–Pb in the
HL-LHC era. Installation of the upgrade is currently fore-
seen for LS2. The physics program addresses fundamental
questions of QCD as a true multi-particle theory.
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WILL LHCb RUN IN THE HL-LHC ERA? 

Burkhard Schmidt*, CERN, Geneva, Switzerland 
for the LHCb collaboration 

Abstract 
   The LHCb collaboration presented a Letter of Intent 
(LOI) to the LHCC in March 2011 for upgrading the 
detector during LS2 (2018) and intends to collect a data 
sample of 50 fb-1 in the LHC and HL-LHC eras. The 
physics case and the strategy for the upgrade have been 
endorsed by the LHCC.  
   This paper presents briefly the physics motivations for 
the LHCb upgrade and the proposed changes to the 
detector and trigger. In the following part machine related 
issues for the LHCb upgrade are discussed, in particular 
issues in relation to the Target Absorber for Secondaries 
(TAS), Radiation to Electronics (R2E), β* and  crossing 
angle in IP8.  

INTRODUCTION 
   The LHCb experiment has been designed to study rare 
decays and to perform precision measurements of the 
violation of the combined charge-conjugation and parity 
symmetries (CP). Its aim is to investigate potential effects 
of physics beyond the Standard Model (SM). Results 
obtained from data collected in 2010 and 2011 show that 
the detector is robust and functioning well. While LHCb 
will be able to measure a host of interesting channels in 
heavy flavour decays in the coming years, a limit of about 
1-2 fb−1 of data per year can only be overcome by 
upgrading   the  detector.  With   a   detector   read  out  at 
40 MHz, a much more flexible software-based triggering 
strategy will allow a large increase not only in the data 
rate, as the detector will collect at least 5 fb−1 per year, but 
also in the ability to increase trigger efficiencies 
especially in decays to hadronic final states. In addition, it 
will be possible to modify trigger algorithms in order to 
explore different physics as LHC discoveries point to the 
most interesting channels.  

PHYSICS MOTIVATION 
   The evidence for CP violation in the charm sector [1] is 
one of the most important and unexpected results to have 
come from the LHC so far, and illustrates the potential of 
probing for new physics in the flavour sector. This is a 
powerful approach because decays of beauty and charm 
quarks can probe large mass scales, beyond that reachable 
by direct new particle searches, via virtual production in 
loop diagrams. The indirect searches for physics beyond 
the SM are therefore a complementary approach to the 
direct searches of ATLAS and CMS. Therefore, LHCb 
contributes to the diversity of the CERN physics program. 
   The LHCb searches for new physics are also 
complementary to those of the Super-B factories 
operating at e+e- colliders. At such machines the Bs 

system, about which very little is known and where new 
physics effects may be apparent, cannot be explored in 
depth. Therefore, LHCb and its upgrade offer unique 
possibilities to enhance our knowledge of flavour physics 
and to measure CP-violating asymmetries to unprece-
dented levels.  

Two phases of the LHCb physics program 
   The LHCb physics program will be executed in two 
phases. In the first phase of the experiment, i.e. with data 
collected up to 2017 with the current detector, LHCb will 
obtain results that will severely test the SM. It will be 
possible to extend significantly the precision of many key 
parameters in beauty and charm meson systems beyond 
what was possible at the B-factories, and make the first 
exploration of the Bs system. The hope is to observe clear 
signs of  non SM effects. Whatever the outcome of this 
initial exploration, however, precision measurements of 
key parameters will be required. They will be carried out 
in the second phase of the experiment with the upgraded 
detector. An improved knowledge of the key parameters 
and observables will be essential to understand the 
physics beyond the SM, which hopefully will be 
uncovered at the LHC.  

The scope of the LHCb physics program 
   The scientific goals of LHCb extend also beyond quark-
flavour physics. Important studies are possible in the 
lepton sector, including the search for lepton-flavour 
violating tau decays and for low mass Majorana 
neutrinos. Furthermore, LHC has unique and exciting 
possibilities in the areas as diverse as electroweak 
physics, the search for long-lived new particles, and 
QCD. In all cases great benefit will come both from the 
increased sample sizes that will be made available with 
the upgrade, and the flexible software trigger. Therefore, 
the upgraded LHCb experiment can be regarded as a 
general-purpose detector in the forward direction. 

 THE LHCb SPECTROMETER 
  Since pairs of beauty quarks are predominantly produced 
in the forward or backward direction, the LHCb detector 
[2] was designed as a forward spectrometer, covering the 
angular range between 10 and 300 mrad. The detector 
elements are placed along the beamline of the LHC, as 
shown in Figure 1. The Vertex Locator (VELO), a silicon 
strip device, surrounds the proton-proton interaction 
region and provides excellent impact parameter and 
proper time resolutions. In conjunction with the VELO, 
the main devices used to measure track momenta 
comprise a large area silicon strip detector (TT) located in 
front of a 4 Tm dipole magnet, and a combination of 
silicon strip detectors and straw drift chambers (T1-T3)
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 Figure 1: Layout of the present LHCb detector 
 
placed behind.  
    Two ring-imaging Cherenkov (RICH) detectors are 
used to identify charged hadrons. These detectors have 
been of particular importance for the first observation of 
CP-violation in the charm sector [1], and provide kaon-
pion discrimination for the full range of track momenta. 
Figure 2 shows the invariant mass distributions of the 
1.4×106 K-K+ and 0.4×106 π-

π
+ pairs used in this analysis. 

The distributions are centered at the D meson mass of 
1865 MeV/c2.  
     Further downstream an Electromagnetic Calorimeter 
(ECAL) is used for photon detection and electron 
identification, followed by a Hadron Calorimeter 
(HCAL), and a Muon system consisting of five stations 
interleaved with iron shields to distinguish muons from 
hadrons. The ECAL, HCAL and Muon System provide 
the capability of first-level hardware triggering. 
 

 
Figure 2: Fits to the (a) m(K-K+) and (b) m(π-

π
+) spectra 

of D*+ candidates passing the selection. The dashed line 
corresponds to the background component in the fit, and 
the vertical lines indicate the signal window of 1844–
1884 MeV/c2. 

THE LHCb UPGRADE  

Trigger and readout architecture  
   In the present LHCb experiment trigger selections with 
the first level trigger (L0) are made at the 40 MHz beam 
crossing rate, using either the Calorimeters or the Muon 
System. The  detector  is read out  at  a  maximum  rate of  
1 MHz. To trigger at an increased event rate requires a 
substantial change in the LHCb read-out architecture. 
   The criteria for the present L0-triggers are based on the 
deposit of several GeV of transverse energy, ET. While 
this provides high efficiencies on dimuon events, fully 
hadronic signal decays typically have an efficiency less 
than 50%. In these hadronic decays the ET threshold 
required to reduce the rate of triggered events to an 
acceptable level is already a substantial fraction of the B-
meson mass. Any further increase in the rate requires an 
increase of this threshold, which then removes a sub-
stantial fraction of signal decays. The trigger yield 
therefore saturates for hadronic channels with increasing 
luminosity. 
    To overcome this situation it is essential to remove the 
1 MHz L0 limitation and to introduce information in the 
trigger that is more discriminating than ET, e.g. displaced 
vertex information. The most effective way of achieving 
this is to supply the full event information at the 40 MHz 
beam crossing frequency and to analyze each event in a 
trigger system implemented in software. A detector 
upgraded in this way would allow the yield of hadronic B 
decays to be increased by a factor 10 for the same LHC 
machine run-time.  
    The above shows that the physics program of LHCb is 
limited by the detector, not by the LHC. As a 
consequence, the detector upgrade allows LHCb to better 
utilise the LHC capabilities. 

Detector upgrade 
  Many of the challenges of the 40 MHz readout scheme 
can be met using modern technologies adapted for high 
energy physics. In order to minimise cost, development 
time and installation effort, parts the existing electronics 
that satisfies the upgrade requirements will be re-used and 
common devices and modules will be developed. A 
detailed overview of the upgraded detector is given in 
reference [3]. 
   The physics program for the LHCb upgrade requires an 
extremely performant vertex detector with fast pattern 
recognition capabilities, very good vertex resolution and 
two track separation. Sufficient radiation hardness is 
important to guarantee excellent performance throughout 
the upgrade data-taking period. Moreover, because the 
trigger performance of the upgrade relies heavily on 
vertex detector data, its use in the trigger must be fast and 
flexible enough to adapt to the evolving physics needs of 
the experiment. 
  Another main challenge of the LHCb upgrade lies in the 
redesign of the tracking system, which should be able to 
sustain luminosities of 2×1033cm−2s−1. The new tracking 
systems which will replace the TT and parts of tracking
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stations T1-T3, are based on two possible options: one 
relies on fibers readout by silicon photo-multipliers, and 
the other on silicon strips. As for the VELO, the tracking 
detectors must ensure radiation resistance, good granula-
rity, low material budget and fast response to minimize  
spillover events. In order to avoid occupancy problems at 
luminosities of 2×1033 cm−2s−1, 25 ns bunch spacing  is an 
important requirement for the LHCb upgrade.  
   The particle identification (PID) system is also a vital 
component of the upgraded detector. As mentioned 
earlier, several key physics channels which involve kaons 
rely on the RICH PID to reject copious backgrounds from 
multiple track combinatorics and events with similar 
decay topologies. The current RICH system employs 
custom-built Hybrid Photon Detectors (HPD), the Pixel 
HPDs, which operate very successfully. However these 
cannot be reused in the upgraded RICH detector since the 
HPD readout electronics are limited to a 1 MHz event 
readout rate, incompatible with the upgrade rate of 40 
MHz. It is therefore proposed to replace the HPDs with 
Multi-anode   Photomultipliers  (MaPMTs)  with  external  
40 MHz readout electronics. A further particle ID device 
based on time of flight that uses Cherenkov light in 
quartz, called the TORCH, is foreseen, complementing 
the RICH detectors in the low momentum particle ID. 
The TORCH is a challenging project, and its installation 
could come later, without compromising the initial 
operation of the upgraded detector.  
   Coping with luminosities of 1033 cm−2s−1 does not 
require substantial rebuilds of the Calorimeter and Muon 
systems. Only small modifications are needed to have the 
system fully integrated with the rest of the upgraded 
DAQ. 
   A bigger CPU farm, more disk storage and more 
computing power will be needed to cope with a factor 10 
more events at the output of the HLT. The upgraded 
detector will be able to collect at least 5 fb−1 per year, 
running at a luminosity of 1-2×1033 cm−2s−1. If one 
considers the increase in trigger efficiency for the 
hadronic channels, this will result in a yield of events at 
least ten times greater than the present experiment. 

MACHINE RELATED ISSUES 

Target Absorber for Secondaries (TAS) 
    The high luminosity insertions at IP1 and IP5 are 
equipped with a TAS and a TAN to protect the triplet 
quadrupole magnets and other machine elements from 
charged and neutral particles leaving the IP. This raises 
the question whether    the envisaged luminosity increase 
to 2×1033 cm-2s-1 would require a TAS and a TAN also in 
IP8. In order to answer this question a good knowledge of 
beam loss monitor (BLM) thresholds around IP8 is 
important and detailed FLUKA simulations are needed. 
   To get a first estimation for the expected background at 
higher luminosities, the beam losses up- and down-stream 
of IP8 have been monitored for fill 2242, taken on 
October 23 and 24, 2011, with beams colliding at center-
of-mass energy of 7 TeV. For several hours during this fill  

 
Figure 3: Average loss rate during 5 hours of fill 2242. 
Shown are the BLM signals for beam 1 (blue) and beam 2 
(red) over 150m left of IP8, together with the dump 
threshold (green). 
 
the luminosity in LHCb was 4×1032 cm-2s-1. The losses 
measured with the BLMs follow precisely the delivered 
luminosity, as expected. Figure 3 shows the average 
Running Sum 12 (RS12, taken over 84s) for 15 BLMs left 
of IR8. The signal has been averaged over the 5 hours 
when the luminosity in LHCb has been 4×1032 cm-2s-1. 
The figure shows that the measured BLM signals are in 
general about 100 times below the dump threshold*, 
which is at present at about 30% of the quench limit [4]. 
In order to compare this with the situation expected at the 
time of the LHCb upgrade, the following factors have to 
be taken into account:  

• The beam energy has been a factor 2 less than the 
LHC design energy of 7 TeV. A first (conservative) 
approximation sows that the deposited energy per 
proton scales with the beam energy [5]; 

• Going from 3.5 to 7 TeV beam energy, the quench 
limit will decrease by a factor of 4.5 due to the 
larger current in the magnets [6];  

• The luminosity has been a factor 5 below the 
maximum luminosity for the LHCb upgrade;   

• A factor 4 is needed to take into account the 
difference between Lpeak and LLevel [7]. This is 
mainly for machine protection.     

    The product of these correction factors (180) is nearly 
two times higher than above the ratio of 100 between the 
measured losses and the dump threshold. This is a first 
indication that some additional protection for the triplets 
and the superconducting magnet D1 in IP8 would be 
needed. A careful study of BLM thresholds and the 
quench limit, which is strongly dependent on the duration 
of the beam loss process, is important to arrive at a firm 
conclusion on this issue.  

Radiation to Electronics (R2E) 
    Higher luminosity implies higher radiation levels. The 
relocation of some equipment has therefore been foreseen 
already in LS1 [8]. More simulations are ongoing to 
                                                        
*
 The BLM at 23200m is installed very close to the beam-line to protect 

the TCTH from beam 1 losses and gives a signal less than 10 below the 
dump threshold. 

Q4  D2                D1   Q3  Q2  Q1 
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determine whether other equipment needs to be mitigated 
for the proposed upgrade scenario. Should this become 
necessary, the cable length needs to be checked and, if 
needed, corrective measures have to be taken. In this 
context the safe room for electronics needs also to be 
reviewed as the presently installed shielding might 
become insufficient. The latter is especially important 
once the EN/EL equipment inside the safe room is going 
to be changed for a more recent technology (thus likely to 
be more radiation sensitive). 

β* in IP8 for the upgrade 
The beam parameters foreseen for the HL-LHC with 

25ns bunch spacing operation are as follows [7]: 
• bunch intensity: Nb,max = 2.2 × 1011;  
• transverse beam emittance: εn,col ≥ 2.4 μm ; 
• fill length: about 8 hours.  

In order to maintain luminosities of 2×1033 cm-2s-1 at 
IP8 throughout the fill, the virtual luminosity at the 
beginning of the fill has to be 4 times larger. Such 
luminosities can only be obtained if the β* in IP8 would 
be about 3.5m. In the context of the ATS (Achromatic-
Telescopic Squeezing) optics [9], the matching 
quadrupoles of IR8 are strongly sollicitated to get to β* 
values as low as 0.1m at IP1. Studies are ongoing to find 
ATS optics compatible with the LHCb upgrade 
requirement.   

Crossing angle in IP8 
   The measurement of CP asymmetries done with LHCb 
requires a very good control of systematic uncertainties. It 
is therefore of particular importance that equal amounts of 
data are taken with the two spectrometer polarities. In 
case of 25 ns bunch spacing, as required for the upgrade, 
this is only possible if the external crossing angle is in the 
vertical plane [10]. Moreover, since the internal crossing 
angle due to the LHCb spectrometer magnet is in the 
horizontal plane, a configuration with the external 
crossing angle in the vertical plane has the advantage that 
the external crossing angle would be decoupled from the 
dipole polarity. As a consequence the effective crossing 
angle for both magnet polarities would have the same 
absolute value and would be in a tilted plane.  
   With an external crossing angle in the horizontal plane 
and a beam energy of 3.5 TeV, as was the case during 
2011, the effective crossing angle for one polarity (down, 
+) has been 1040 μrad, while it was only 40 μrad for the 
other polarity (up, -). The very small crossing angle leads 
sometimes to parasitic encounters, which should be 
avoided. 
   The implementation of the external vertical crossing has 
therefore been suggested already for this year. However, 
due to the orientation of the beam screen in the inner 
triplet, an external vertical crossing angle already at 
injection has very little aperture. It has therefore been 
suggested to change the crossing plane only at the end of 
squeeze. In order to simplify this for the long term future 
it would be important that the beam screen in the inner 
triplet is rotated.  

SUMMARY 
   LHCb submitted a Letter of Intent to the LHCC in 
March 2011 and has a firm plan to upgrade the detector 
by 2018. The LHCC considers the physics case  
compelling and the 40 MHz readout as the right upgrade 
strategy. Therefore the LHCC encouraged LHCb to 
prepare a TDR as soon as possible.  
   Given its forward geometry, its excellent tracking and 
PID capabilities and the foreseen flexible software 
trigger, the upgraded LHCb detector is an ideal detector 
for the next generation of flavour physics experiments 
and provides unique and complementary possibilities for 
New Physics studies.     LHCb intends to run for about 10 
years after the upgrade and relies on 25 ns LHC 
operation, luminosity levelling and equal amounts of data 
for the two spectrometer magnet polarities.  
   First discussions with the machine in relation to the 
upgrade have taken place and we intend to continue them 
in view of the TDRs under preparation. 
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HL-LHC Parameter Space and Scenarios

O.S. Brüning, CERN, Geneva, Switzerland

Abstract
This paper looks at potential beam parameters that are

compatible with the HL-LHC performance goals and dis-
cusses briefly potential variation in the parameter space.

LHC PERFORMANCE
The LHC performance can be characterized by three

main parameters:

• The center of mass collision energy ECM (in the fol-
lowing we will assume two beams with equal beam
energies → ECM = 2 · Ebeam);

• The instantaneous luminosity L, specifying the rate at
which certain events are generated in the beam colli-
sions (number of events per second = L(t) · σevent

with σevent being the cross section of the event of in-
terest);

• The integrated luminosity L̂, specifying the total num-
ber of events that are produced over a time interval
t− t0.

The HL-LHC project aims at a total integrated luminos-
ity of approximately 3000 fb−1 over the lifetime of the
HL-LHC. Assuming an exploitation period of ca. 10 years
this goal implies an annual integrated luminosity of approx-
imately 200 fb−1to 300 fb−1per year. In the following we
assume an annual target luminosity of

L̂year = 250 fb−1. (1)

The experiments will be upgraded to be compatible with a
peak event pile up of approximately 100 events per bunch
crossing. The limit on the event pile up corresponds to a
bunch luminosity of (scaled from the nominal LHC param-
eters with a quoted 19 events per bunch crossing)

Lbunch = 1.8 1031 cm−2sec−1. (2)

For an operation with 25 ns bunch spacing (ca. 2808
bunches per beam), the limit on event pile-up per bunch
crossing corresponds therefore to a maximum peak instan-
taneous luminosity of

Lpeak(25 ns) = 5 1034 cm−2sec−1. (3)

For an operation with 50 ns bunch spacing (ca. 1404
bunches per beam), the limit on event pile-up per bunch
crossing corresponds to a maximum peak instantaneous lu-
minosity of

Lpeak(50 ns) = 2.5 1034 cm−2sec−1. (4)

The instantaneous luminosity is given by

L =
frev · nb ·N1 ·N2

2π
√
(σ2

x,1 + σ2
x,2) ·

√
(σ2

y,1 + σ2
y,2)

· F ·H, (5)

where frev is the revolution frequency, nb the number of
bunches colliding at the Interaction Point (IP), N1,2 are the
particles per bunch and σx,1,2 and σy,1,2 the horizontal and
vertical beam sizes of the two colliding beams. F is the ge-
ometric luminosity reduction factor due to collisions with
a transverse offset or crossing angle at the IP and H is the
reduction factor for the Hour glass effect that becomes rel-
evant when the bunch length is comparable or larger than
the beta functions at the IP (→ the transverse beta function
varies over the luminous region where the two beams inter-
act with each other). We neglect the hour glass effect in the
following assuming that H is close to one for all parameter
sets under consideration (e.g. we limit our discussion to
β∗ ≥ 15 cm for an RMS bunch length of 7.5 cm; Werner
Herr discusses the Hourglass effect for very short bunch
length in his presentation [1]).

The geometric reduction factor due to a crossing angle is
given by

F = 1/

√
1 +

(
σs

σt

φ

2

)2

, (6)

where σs is the longitudinal bunch length, σt the transverse
bunch size in the plane of the crossing angle and φ the total
crossing angle.

In the following we assume that all bunches of both
beams have equal intensities (N1 = N2 = Nb) and the
same size at the IP. The transverse beam sizes at the IP are
given by

σx,y =
√

(β∗
x,y · εx,y) +D2

x,y · δ2p, (7)

where δp is the relative RMS momentum spread (δp = Δp
p0

)
of the particles within a bunch, β∗

x,y and Dx,y are the hor-
izontal and vertical beta and dispersion functions at the IP
and εx,y the horizontal and vertical emittances of the two
beams. In the following we assume vanishing dispersion
functions at the IPs.

Fig. 1 shows the geometric luminosity reduction factor
and the expected increase in luminosity as a function of
β∗ for a 10 σ beam separation 1 at the long-range beam-
beam encounters and neglecting the effect of dispersion at

1The IR layout of the HL-LHC will feature significantly more long
range interaction as for the nominal LHC configuration [up to factor
2 more long range interactions]. This increased number of long-range
beam-beam interaction, together with larger bunch intensities for the HL-
LHC parameters might require an even larger beam separation for the HL-
LHC operation [2].
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Figure 1: The geometric luminosity reduction factor (top)
and the expected luminosity (bottom) as a function of β∗

for a 10 σ beam separation at the long-range beam-beam
encounters.

the IP and the Hour Glass effect. One clearly recognizes
that the geometric luminosity reduction factor decreases
sharply for small β∗ values and that the expected luminos-
ity gain becomes negligible for β∗ < 0.2m. (If the Hour
Glass effect is included, the luminosity even reduces when
β∗ becomes comparable to the RMS bunch length [approx-
imately 10 cm for the case of the HL-LHC] [1]. Planing for
β∗ < 0.2m therefore implies an operation with shorter than
nominal bunch length.)

Because the bunch intensities and beam sizes of a col-
lider vary over time, the instantaneous luminosity is im-
plicitly a function of time.

The integrated luminosity is defined by

L̂(t− t0) =

∫ t

t0

L(τ)dτ, (8)

where t0 is an arbitrary starting point, L(τ) the instanta-
neous luminosity at a given time and t− t0 the time period
of interest.

The HL-LHC upgrade project aims at achieving a virtual
luminosity that is higher than the values (3) and (4), which
are imposed by the limit on the maximum event pile-up
per crossing, and deploy a controlled reduction of the peak

luminosity during operation (called ’luminosity leveling’
in the following) so that the operational luminosity can be
sustained over a significant fraction of the run time.

Maximizing the instantaneous luminosity implies (in or-
der of priority):

• Maximize the number of particles per bunch (enters
quadratically into the luminosity).

• Minimize the beam size at the interaction points
(does not imply a ’cost’ in terms of total beam
power but might require special large aperture focus-
ing quadrupoles near the experiments and tighter set-
tings for the collimation system).

• Maximize the number of bunches in the collider.

• Optimize the overlap of the two beams at the IP (for
example, this could be achieved with the use of CRAB
cavities for aligning the bunches of the two beams for
an optimum overlap).

The single bunch intensity is limited by collective effects
and by the strength of the non-linear beam-beam interac-
tion that the particles experience when the bunches of both
beams collide with each other at the IP. The total beam cur-
rent is eventually limited by hardware limitations and col-
lective effects (e.g. multi bunch instabilities). The maxi-
mum instantaneous luminosity might be limited by the ex-
isting hardware in the machine (e.g. the cooling capacity
for the superconducting magnets of the triplet assembly)
and by the detector performance (e.g. maximum permissi-
ble event pileup per bunch crossing).

MAXIMIZING THE SINGLE BUNCH
INTENSITY

The single bunch limitation for the Transverse Mode
Coupling (TMCI) instability is estimated to be of the order
of 3.5 · 1011 particles per bunch [3]. The head-on beam-
beam tune shift limit is estimated to be

ΔQ = 0.02− 0.03. (9)

Head-on beam-beam tune shifts of ΔQ > 0.023 have al-
ready been achieved in the LHC operation (three experi-
ments with head-on collisions but not yet with the nominal
number of long-range beam-beam encounters). The corre-
sponding beam-beam parameter (head-on beam-beam tune
shift per IP) of

ξbeam−beam = 7.7 10−3 (10)

corresponds to a maximum bunch intensity of Nb = 2 1011

to Nb = 3.3 1011 depending on the assumed bunch length
and beam emittance. For operation with crossing angle,
the head-on beam-beam tune shift is reduced by the geo-
metric reduction factor in a similar fashion as the luminos-
ity, resulting in even higher single bunch limits due to the
head-on beam-beam interaction. It is therefore justified to
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Figure 2: The heat load on the LHC beam screen due to
electron cloud activity in W/m for different bunch spacings
(25ns top and 50ns bottom) and various secondary emis-
sion yields (separate curves for different δmax values) as a
function of the bunch intensity [5]. Two lines in the ver-
tical direction indicate the maximum acceptable heat load
for the existing LHC cryogenic system and for the LHC
Cryo upgrade in the IRs.

assume in the following that the beam-beam single bunch
intensity limit for the HL-LHC is larger than the assumed
single bunch intensity limit coming from the TMCI [4].

The electron cloud effect in the LHC imposes another
limitation for the single bunch intensity that depends on
the surface properties of the LHC beam screen (reflectiv-
ity and secondary emission yield) and the bunch spacing
and total number of bunches. Figure 2 shows the heat load
on the LHC beam screen due to electron cloud activity in
W/m for different bunch spacings (25ns with 2808 bunches
on the top and 50ns with 1404 bunches on the bottom) and
various secondary emission yields (separate curves for dif-
ferent δmax values) as a function of the bunch intensity [5].
Two lines in the vertical direction indicate for both bunch
spacings the maximum acceptable heat load for the exist-
ing LHC cryogenic system and for the LHC Cryo upgrade
in the IRs.

The heat load for 50ns bunch spacing is below the max-
imum acceptable value on the beam screen for all consid-
ered secondary emission yields (→ δmax ≤ 1.7) and bunch
intensities up to the TMCI single bunch limit. The electron
cloud effect imposes therefore no lower limitation to the
single bunch intensity as the TMCI. The heat load for an
operation with 25ns bunch spacing can, on the other hand,
exceed the cooling capacity of the LHC beam screens. As-
suming that a secondary emission yield of δmax = 1.3 is
the lower limit for the attainable emission yield in the LHC
after conditioning the beam screens in the LHC during op-
eration via beam scrubbing, one obtains for the operation
with 25ns bunch spacing a maximum bunch intensity of
Nbunch ≈ 2.2 1011 ppb even with an upgrade of the LHC
IR cryogenic systems. Without upgrade of the LHC cryo-
genic system the electron cloud effect limits the maximum
bunch intensity to less than 1.6 1011 ppb for a secondary
emission yield of δmax = 1.3. The use of special filling
schemes or the implementation of micro satellite bunches
might elevate some of the electron-cloud limitations for op-
eration with 25ns bunch spacing. However, until such mea-
sures have been experimentally demonstrated we assume
for the HL-LHC operation a maximum bunch intensity of
Nbunch = 2.2 1011 ppb.

MINIMIZING β∗ VALUES

Large β-function values in the triplet magnets generate
chromatic aberrations that might limit the overall machine
performance and impose rather challenging matching con-
straints to the transition points between the experimental
insertions and the regular optics in the LHC arcs. Depend-
ing on the actual layout of the triplet magnets and LHC
matching sections these constraints might limit the min-
imum β∗ values to in the LHC to 0.3 meter. Reducing
β∗ below 0.3 meter (or rather accommodating for the as-
sociated peak β-functions in the triplet magnets) implies
either the use of new magnet technologies that are compat-
ible with high gradient and large aperture triplet magnets
(e.g. Nb3Sn technology) or special optics configurations.
The ATS optics scheme [6] is such a special optics config-
uration that brings β∗ values of 0.15 m (for round beam)
and 0.3 m/0.075 m (for flat beam operation) within reach
for the HL-LHC project even for NbTi technology provided
new matching section elements can be built for the corre-
sponding larger aperture specifications.

For the estimation of the beam-beam limit in the LHC
we ignored so far the effect of long-range beam-beam in-
teractions, assuming that the added tune spread due to the
long-range collisions is small compared to the tune spread
of the head-on collisions and that the non-linear forces gen-
erated by the long-range interactions are small. These as-
sumptions on the long-range beam-beam interactions can
be satisfied provided that the beam separation is sufficiently
large [7]. A large long-range beam-beam separation can ei-
ther be achieved by increasing the crossing angle (requiring
additional aperture and reducing the luminosity via the ge-
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ometric reduction factor) or by increasing slightly the β∗

values for a constant crossing angle (reducing slightly the
luminosity via β∗ and increasing the geometric reduction
factor). In the following discussion we assume that mini-
mum β∗ values of 0.1 meter are within reach for the HL-
LHC and introduce additional operation margins for coping
with the long-rage beam-beam effects and justifying their
omission for our estimate of the LHC beam-beam limit by
assuming an operational β∗ value of

β∗ = 0.15 m (11)

for the round beam operation which corresponds approxi-
mately to twice the RMS longitudinal bunch length in the
LHC. The luminosity gain due to a further reduction in β∗

becomes negligible below this value due to the Hourglass
effect [1][8]. Furthermore, the β∗ value in (11) corresponds
also to the β∗ value below which the potential luminosity
gain without Crab cavities becomes rather small (only ca.
10% increase in luminosity for a reduction of β∗ from 0.2
meter to 0.1 meter even when neglecting the additional lu-
minosity reduction due to the Hourglass effect [see Fig. 1]).

MAXIMIZING THE TOTAL BEAM
INTENSITY

The above discussions have identified maximum bunch
intensities of

Nb,max(25ns) = 2.2 1011 (12)
Nb,max(50ns) = 3.5 1011 (13)

resulting in maximum beam currents of

Itot,max(25ns) = 1.12A (14)
Itot,max(50ns) = 0.84A, (15)

which are approximately twice the nominal LHC beam cur-
rent. A first evaluation of the overall intensity limitations
in the nominal LHC due to existing hardware was given in
[9]. This first study showed that the above beam intensities
appear to be compatible with the existing LHC hardware
even though the maximum permissible intensity for 25 ns
bunch spacing lies above the ultimate LHC beam current
(Iultimate = 0.86 A). A more detailed analysis of the
intensity limitations due to the existing LHC hardware is
being conducted as a dedicated task within the framework
of the HL-LHC project. But for the moment we assume
that the beam intensities (14)(15) are compatible with the
HL-LHC operation.

The beam lifetime in a collider with luminosity leveling
is directly proportional to the total beam current [10]. The
rate of proton burn off is given by:

dNtot

dt
= −Ntot

τeff
= nIPσtotLlev, (16)

where Ntot is the total number of particles per beam, τeff
the effective beam lifetime, nIP the number of IPs with

high luminosity (we assume nIP = 2 in the following),
σtot the total hadronic cross section (ca. 100 mbarn) and
Llev the leveled luminosity value during the run. The solu-
tion to Equation (16) is given by

N(t) = Ntot ·
(
1− t

τeff

)
(17)

with
τeff =

Ntot

nIPσtotLlev
. (18)

The beam lifetime τeff with luminosity leveling is there-
fore linearly proportional to the total beam current in the
machine. Maximizing the overall collider performance in
terms of integrated luminosity therefore implies directly
maximizing the total beam current in the machine. As-
suming two high luminosity experiments one obtains from
Equations (14), (15) and (18) for leveled luminosity values
of L = 5 · 1034cm−2s−1 and L = 2.5 · 1034cm−2s−1

for the cases of 25 ns and 50 ns bunch spacing operation
respectively expected beam lifetimes of

τeff (25ns) = 17.2 hours (19)
τeff (50ns) = 27.2 hours. (20)

MINIMUM ACCEPTABLE BEAM
EMITTANCE

The beam emittance is now the only remaining quan-
tity for determining the virtual peak performance reach for
the HL-LHC. The bunch length enters only indirectly into
the performance evaluation via the geometric luminosity
reduction factor, the Hourglass effect in combination with
the minimum β∗ value and the Intra Beam Scattering emit-
tance growth rates. For the geometric luminosity reduc-
tion factor we assume that Crab cavities can recover the
associated performance loss. For the Hourglass effect we
assume that the bunch length is sufficiently smaller than
β∗ (→ σs ≤ 0.1 m for β∗ = 0.15 m which implies
an RMS bunch length close to the nominal LHC value of
σs = 7.5 cm). This leaves essentially the IBS growth rate
as the criterion for limiting the smallest accessible beam
emittance.

A systematic analysis of the LHC operation in 2010
showed that the beam emittances in the LHC grow by ap-
proximately [11]:

• 10% to 20% over 20 minutes during the injection pro-
cess (e.g. Fill 2028 with a bunch intensity of 1.26 1011

ppb; a bunch length of approximately 1.1 ns [→ σs ≈
8.3 cm] and a normalized emittance of εn = 1.4 μm).

• 20% during the acceleration process (ramp) and prob-
ably due to the reduced transverse damper gain during
the ramp (required by the tune feedback system during
the 2011 operation).

• Up to 10% during the transition to small β∗ values
(squeezing process), but not in all planes and varying
from fill to fill.
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The second and third points can hopefully be eliminated in
time for the HL-LHC project by operational and diagnostic
improvements. The third point should be further supressed
in the HL-LHC by the stronger radiation damping at 7 TeV
as compared to the operation at 3.5 TeV. We therefore as-
sume in the following that the second and third contribu-
tions are not present for the HL-LHC operation.

The first point is consistent with the expected transverse
emittance growth due to IBS. We assume that a similar
emittance growth during injection is still acceptable for the
HL-LHC operation. In order to assure that the emittance
growth at injection is not larger than 10% to 20% we re-
quire in the following that the transverse IBS growth time
at injection is of the order of 10 hours for the HL-LHC
beam parameters. This requirement can then be used for
calculating lower bounds for the transverse emittances for
the HL-LHC parameters. Using the following longitudinal
parameters [12]:

VRF = 6 MV; τs = 1.15 ns, εs = 0.38−0.53 eVs, (21)

τs being the 4σ bunch length, the above parameters corre-
spond to an energy spread of

σδE/E0
= 2.86 10−4 to 3.25 10−4. (22)

We use MADX [13] with the V6.503 LHC injection optics
[14] for the calculation of the IBS growth rates. The IBS
module of MADX uses the Bjorken-Mtingwa approach
[15] which assumes Gaussian bunch distributions. The
bunch distribution after RF capture in the LHC is certainly
not Gaussian [16] and we can therefore not expect that the
MADX results reproduce exactly the observed growth rates
during the LHC operation. Rather, we use the MADX re-
sults obtained for the LHC 2011 operation parameters as
a reference for the HL-LHC estimates and determine the
minimum HL-LHC emittances at injection (exit SPS) by
requiring that the MADX IBS growth rates for the HL-LHC
parameters are smaller than those for the LHC 2011 opera-
tion parameters [17]. The MADX calculations yield for the
LHC 2011 parameters (21) IBS growth rates of

τx,IBS(Fill 2028) ≈ 3 hours. (23)

In order to assure that the IBS emittance blowup for the
HL-LHC parameters is well within the margin of 10% to
20% we require in the following for the HL-LHC param-
eters a minimum growth time of more than 5 hours in all
planes.

Using the maximum bunch intensities from (12) and (13)
one gets comparable IBS growth rates (τx,IBS ≈ 9 hours)
for the following transverse beam emittances (assuming
round beams):

εn,inj(25ns) ≥ 2.0μm (24)
εn,inj(50ns) ≥ 2.5μm. (25)

We use the above values as target values for the SPS perfor-
mance at extraction and injection into the LHC. Assuming

an emittance increase by 10 % to 20 % between the beam
delivered by the LHC injector complex and the beam pa-
rameters for LHC luminosity production at top energy. We
thus obtain for the minimum transverse emittances (round
beams) at collision for the HL-LHC:

εn,col(25ns) ≥ 2.4μm (26)
εn,col(50ns) ≥ 3.0μm. (27)

For the calculation of the IBS growth rates at top energy
we assume a longitudinal bunch blow-up during the ramp
(increase in energy spread while keeping the longitudinal
RMS bunch length smaller than β∗). Using for the IBS
calculations at 7 TeV [18]:

VRF = 16 MV; τs = 0.6 ns, εs = 2.5 eVs. (28)

one obtains IBS growth rates of the order of 10 to 20 hours
which is comparable to the radiation damping times at
7 TeV. It appears therefore reasonable to assume that the
HL-LHC operation should be able to preserve the emit-
tance values (26) and (27) throughout the whole luminos-
ity run (no emittance growth due to RF noise has been ob-
served during the 2011 operation).

The IBS estimates for the HL-LHC at injection can be
improved by taking advantage of the fact that the longitu-
dinal emittance could even be slightly larger then compared
to the 2011 operational values [19]. For the HL-LHC oper-
ation we therefore assume:

VRF = 6 MV; τs = 1.5 ns, εs = 0.83 eVs. (29)

Using the above parameters for the HL-LHC IBS calcula-
tions one obtains with MADX IBS growth rates of approx-
imately 10 hours.

As a final check of the acceptable minimum transverse
emittance, we estimate the head-on beam-beam parameter.
For the estimated maximum bunch intensities (12) (12) and
minimum beam emittances (26)(27) one obtains

ξmax(25ns) = 0.011 (30)
ξmax(50ns) = 0.014. (31)

Assuming two IPs with head-on collisions, the total head-
on beam-beam tune shift is slightly larger than the maxi-
mum values obtained during the LHC operational experi-
ence in 2011 (9). However, the values in (10) are certainly
smaller than the actual LHC beam-beam limit at 7 TeV
when radiation damping and the geometric luminosity re-
duction factor (which reduces the beam-beam tune shift in
a similar fashion as the luminosity) are taken into account.
For round beams and two IPs with alternating crossing an-
gle planes, the reduction of the beam-beam tune shift is in
fact exactly the same as for the luminosity [20]. With lu-
minosity leveling via an adjustment of the crossing angle at
the IP (e.g. with the help of CRAB cavities), the geomet-
ric reduction factor reduces therefore the head-on beam-
beam parameter per IP to ξlevel(50ns) = 3.1 10−3 which is

Proceedings of Chamonix 2012 workshop on LHC Performance

319



Figure 3: The accessible beam parameter space for the HL-
LHC operation for the 25ns (top) and 50ns (bottom) bunch
spacing options.

clearly smaller than the maximum attained head-on beam-
beam tune shift during the LHC operation in 2011. The
total beam-beam induced tune spread in the HL-LHC oper-
ation is then even for 4 IPs still smaller then the maximum
attained beam-beam tune spread during the 2011 LHC op-
eration period. We therefore conclude, that the IBS esti-
mates for the minimum acceptable transverse emittances
are compatible with the head-on beam-beam limit.

Inserting the above values for the maximum bunch in-
tensities, minimum transverse beam emittances and mini-
mum β∗ values into Equation (5) and using the longitudinal
parameters in (29) one obtains for both bunch spacings of
25 ns and 50 ns peak luminosities of

Lpeak = 9 1034 cm−2sec−1. (32)

Assuming the viability of CRAB cavities for compensat-
ing the geometric luminosity reduction factor R, the virtual
performance reach can be further boosted by a factor 1/R,
yielding a virtual peak luminosity reach of

Lvirtual,peak = 25 1034 cm−2sec−1. (33)

Table 1 summaries the main HL-LHC parameters and
Figure 3 illustrates the accessible beam parameter space

(bunch intensity versus emittance). The quoted values
for peak luminosity, event pile-up and beam-beam pa-
rameter refer to a scenario without luminosity leveling.
With luminosity leveling the luminosity is, off curse, L =
5 1034cm−2s−1 and L = 2.5 1034cm−2s−1 for the 25 ns
and 50 ns bunch spacing cases respectively, and the beam-
beam tune shift and event pileup are reduced accordingly.
The event pile-up with luminosity leveling becomes 94.

Table 1: Summary of the derived HL-LHC beam param-
eters and the corresponding maximum HL-LHC perfor-
mance reach for the configurations with 25 ns and 50 ns
bunch spacing together with the nominal LHC parameters.
The quoted IBS growth rate refer to the MADX calcu-
lations for the injection optics at 7 TeV assuming Gaus-
sian distributions and using a longitudinal emittance that
requires a dedicated beam bow-up during the ramp.

Parameter nominal 25 ns 50 ns

Nb[10
11] 1.15 2.2 3.5

nb 2808 2808 1404
I [A] 0.58 1.12 0.89
Ntot[10

14] 3.2 6.2 4.9
full x-ing 300 480 550
[μrad]
b-b sep. [σ] 10 10 10
β∗ [m] 0.55 0.15 0.15
εn[μm] 3.75 2.5 3.0
εs [eVs] 2.5 2.5 2.5
E spread 1.2 10−4 1.2 10−4 1.2 10−4

σs [cm] 7.5 7.5 7.5
IBS h [h] @ col 106 20.0 20.7
IBS l [h] @ col 60 15.8 13.2
Piwinski 0.68 2.54 2.66
R 0.83 0.37 0.35
b-b [10−3] 3.1 3.9 5.0
b-b head-on / IP 3.75 0.011 0.014
Lpeak 1 1034 9 1034 9 1034

[cm−2s−1]
event pileup 19 169 344
without leveling
Lvirtual,peak 1 1034 25 1034 25 1034

[cm−2s−1]

LUMINOSITY LEVELING
The above performance estimates clearly exceed the

peak performance levels (3) and (4), which are imposed by
the limit on the maximum event pile-up per crossing. The
operation of the HL-LHC therefore requires a controlled
reduction of the peak luminosity during operation (called
’luminosity leveling’ in the following). Options for lumi-
nosity leveling include:

• The use of CRAB cavities. This new technology of-
fers the widest leveling range and the possibility of
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compensating for the geometric luminosity reduction
factor. But while the technology has been successfully
been used in KEKB, it has not yet been demonstrated
to be a viable option for operation in hadron storage
rings.

• Luminosity leveling via transverse offsets of the
beams at the IPs. First operation experience in the
LHC has shown that the operation with beam offsets
at the IP is in principle possible and offers a huge lev-
eling range. However, contrary to the CRAB cavity
option, this leveling method can only reduce the lumi-
nosity and the feasibility of the procedure has not yet
been demonstrated during operation with many long
range beam-beam interactions. An experimental eval-
uation of this option would be very interesting for the
planning of the HL-LHC upgrade.

• Dynamic squeeze of the optic functions at the IP dur-
ing luminosity operation. Feasibility of such a pro-
cedure has never been demonstrated during operation
in an existing machine, not to mention for a machine
like the LHC with unprecedented stored beam ener-
gies and small margins for losses during operation. An
experimental validation of this option would be very
interesting for the planning of the HL-LHC upgrade.
However, this leveling method will not allow to re-
cuperate the loss in luminosity due to the geometric
reduction factor and, therefore, offers a much smaller
leveling range as compared to the CRAB cavities.

• The use of wire compensators for compensating the
long-range beam-beam interaction. Compensating
part of the long-range beam-beam interaction could
open the door for operating the HL-LHC with less
than 10 σ beam separation and thus with a larger ge-
ometric reduction factor. However, while it has been
experimentally demonstrated that wires have a mea-
surable effect on the stability of halo particles, it has
not yet been demonstrated that wires can compensate
beam-beam induced long-range collisions in opera-
tion and thus allow crossing angles with less than 10 σ
beam separation. In any case, this leveling method can
not reduce the luminosity during a run and will never
allow an operation with zero crossing angle (head-on
collisions at the parasitic beam-beam encounters). It
therefore offers a much smaller leveling range as com-
pared to the CRAB cavities.

INTEGRATED LUMINOSITY

The run length at constant luminosity with leveling de-
pends on the maximum virtual luminosity reach. Assuming
a virtual peak luminosity of

Lvirtual−peak = k · Llevel (34)

one obtains for the maximum operation time at constant
leveled luminosity:

Tlevel =
(
1− 1/

√
k
)
· τeff , (35)

where τeff is the beam lifetime with luminosity leveling
(18).

Inserting the expected beam lifetimes [(19) and (20)],
peak (32) and leveled luminosity values [(3) and (4)] one
gets for the cases of 25 ns bunch spacing:

k(25 ns) = 1.8;TLevel−nom(25 ns) = 4.3 h; (36)

and for the case of 50 ns bunch spacing

k(50 ns) = 3.6;TLevel−nom(50 ns) = 12.9 h. (37)

Inserting for the virtual peak performance (33) one gets for
the cases of 25 ns bunch spacing:

k(25 ns) = 5;TLevel−max(25 ns) = 9.4 h; (38)

and for the case of 50 ns bunch spacing

k(50 ns) = 10;TLevel−max(50 ns) = 18.8 h. (39)

The integrated luminosity of a fill is then simply given
by the product of the leveled luminosity and the maximum
leveling time. Letting the luminosity decay at the end of a
fill below the target leveling value one can accumulate an
additional

ΔL̂end(25ns) = 0.4 fb−1 (40)
ΔL̂end(50ns) = 0.2 fb−1 (41)

over approximately 3 hours [21] for the cases of 25 ns an
50 ns bunch spacing respectively. After that point the lumi-
nosity has decayed to half of its leveling target value. How-
ever, the optimum machine performance will be reached if
a new fill is prepared as soon as the machine reached the
maximum leveling time. The maximum integrated lumi-
nosity per fill can thus be estimated as:

L̂ =
(
1− 1/

√
k
)
· Llev · τeff . (42)

Inserting the parameters for the 25 ns operation, one
gets:

k = 1.8 → L̂ = 0.78 fb−1 over 4.3 h. (43)
k = 5 → L̂ = 1.69 fb−1 over 9.4 h. (44)

For the case of 50 ns operation one gets:

k = 3.6 → L̂ = 1.17 fb−1 over 12.9 h. (45)
k = 10 → L̂ = 1.69 fb−1 over 18.8 h. (46)
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REQUIRED MACHINE EFFICIENCY
In order to reach the target luminosity of L̂ = 250 fb−1

per year one requires the following number of physics fills
per year:

25 ns; no CRAB: ≈ 321 fills per year; (47)
25 ns; with CRAB: ≈ 148 fills per year; (48)

50 ns; no CRAB: ≈ 214 fills per year; (49)
50 ns; with CRAB: ≈ 148 fills per year. (50)

Assuming a similar time allocation for physics fills as dur-
ing the 2011 run period of the LHC one can expect to have
approximately 150 days per year for physics runs [22].
Combining this estimate with the above required fills per
year, one obtains for the average number of fills per day:

25 ns; no CRAB: ≈ 2.14 fills; Tfill = 4.3 h; (51)
25 ns; with CRAB: ≈ 0.99 fills; Tfill = 9.4 h; (52)

50 ns; no CRAB: ≈ 1.4 fills; Tfill = 12.9 h; (53)
50 ns; with CRAB: ≈ 0.99 fills; Tfill = 18.8 h.(54)

The cases with CRAB cavity leveling imply approximately
one physics fill per day which seems to be reasonable. But
the optimum fill length for the 50 ns cas is quite long. The
cases without CRAB cavity compensation of the geomet-
ric luminosity reduction factor imply between 1.4 and 2.1
fills per day with significantly reduced fill length as com-
pared to the cases with CRAB cavity compensation. If one
defines the machine efficiency as time spend in physics di-
vided by the total number of time planned for physics, one
obtains:

25 ns; no CRAB: ≈ 38 % (55)
25 ns; with CRAB: ≈ 39 % (56)

50 ns; no CRAB: ≈ 75 % (57)
50 ns; with CRAB: ≈ 78 %. (58)

which do not yet include the impact of involuntary beam
dumps and the average machine Turnaround time. The
above efficiency values can be compared to the LHC op-
erational experience which achieved an average efficiency
of 23 % to 33 % (using the above definition for the ma-
chine efficiency). The HL-LHC efficiencies are therefore
challenging, but within reach for the 25 ns bunch spacing
case. But they seem to be virtually impossible for the 50 ns
bunch spacing case.

Past machine operation experience in LEP has shown
that the integrated annual luminosity can be reasonably
well estimated by

L̂year ≈ h · Lpeak · number of days of operation, (59)

where h is referred to as the Hübner factor. The Hübner
factor includes effects from the overall machine availabil-
ity and efficiency and the luminosity decay over a given
fill. The LEP performance well could be estimated with a

Hübner factor of h ≈ 0.2. Attempting to write the luminos-
ity performance for the HL-LHC in a similar fashion using
the leveled peak luminosity value, one obtains ’Hübner fac-
tors of

h(25 ns) = 0.38 (60)
h(50 ns) = 0.76. (61)

Again, the performance requirements for the 25 ns bunch
spacing configuration seem to be challenging, but not nec-
essarily out of reach (thanks to luminosity leveling the HL-
LHC has no luminosity decay over a given fill). However,
the performance requirements for the 50 ns bunch spac-
ing configuration seem to be out of reach. If one uses
the virtual peak luminosity value rather then the leveled
luminosity, one obtains for the required ’Hübner factor
h(25 ns) = 0.076, which is clearly smaller than the LEP
value.

PARAMETER VARIATION FOR 25 NS
OPERATION

In the following we want to estimate the loss in perfor-
mance in case the beam parameters in Table (1) can not
be reached. To this end we assume for the 25 ns bunch
spacing parameters a transverse normalized emittance of
εn = 3 μm instead of the target value of εn = 2.5 μm.
In this case one needs to increase the crossing angle from
480 μrad to 550 μrad and obtains for the maximum lumi-
nosity reach

Lnom = 7.1 1034 cm−2sec−1 (62)
Lvirt = 20.4 1034 cm−2sec−1 (63)

and for the maximum fill length

TFill(noCRAB) = 2.8 h (64)
TFill(withCRAB) = 8.6 h. (65)

For the integrated luminosity per fill one obtains

k = 1.4 → L̂ = 0.51 fb−1 over 2.8 h (66)
k = 4.1 → L̂ = 1.56 fb−1 over 8.6 h. (67)

In order to reach the target luminosity of L̂ = 250 fb−1

per year one requires now the following number of physics
fills per year:

25 ns; no CRAB: ≈ 490 fills per year; (68)
25 ns; with CRAB: ≈ 160 fills per year. (69)

Compared to the optimum parameters given in Table (1)
one thus observes an overall performance reduction be-
tween 10 % and 35 % in terms of maximum integrated lu-
minosity per fill and a reduction of the maximum fill length
between 10 % and 20 %. In order to reach the HL-LHC
goal of 250 fb−1 per year this implies only a slightly bet-
ter average machine efficiency: 39 % instead of 38 % for
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the parameter of Table (1) but with a significantly larger
number of fills per year (between 15 % and 50 % more
fills). The above machine efficiency estimate does not in-
clude any contributions due to equipment failures during
machine cycles and the average Fill-to-Fill length. The im-
pact of these factors on the overall machine performance is
difficult to estimate at this stage (no experience on the av-
erage Fill-to-Fill length with high beam intensity and high
luminosity operation at 7 TeV). But there is clearly a pref-
erence for a scenario that minimizes the number of required
physics fills per year.

SUMMARY
The above performance evaluations show that the design

goal of the HL-LHC project can only be achieved with
a full upgrade of the injector complex and the operation
with β∗ values close to 0.15 m. Significant margins for
leveling can be achieved for β∗ values close to 0.15 m.
However, these margins can only be harvested during the
HL-LHC operation if the required leveling techniques have
been demonstrated in operation. In addition to the vali-
dation of the indicated leveling options, the final param-
eters of the HL-LHC upgrade depend also on the replies
to the following points that, where applicable, should be
addressed with high priority during the Machine Develop-
ment periods of the LHC and the injector complex:

• Need to verify the LHC beam-beam limit as function
of beam separation and number of long-range colli-
sions.

• Need for identifying the maximum achievable bunch
intensities for operation with 25 ns and 50 ns in the
LHC injector complex.

• Need for identifying the smallest achievable trans-
verse emittance for nominal and ultimate bunch cur-
rents for operation with 25 ns and 50 ns in the LHC
injector complex.

• Need for identifying the maximum acceptable total
beam current in the LHC.

• Need for identifying the maximum acceptable event
pileup per bunch crossing for the HL-LHC operation.

• Validation of operating the LHC with a large Piwinski
parameter.

• Interest in testing the ATS scheme in the existing LHC
during MD studies.

• What is the maximum attainable cooling power in the
LHC arcs with a potential upgrade of the cryogenic
system (higher bunch intensities for the 25 ns sce-
nario)?

• Are there other limitations then the LHC arc cryogenic
system for the maximum bunch intensity for the 25 ns

bunch spacing scenario (e.g. e-cloud related instabili-
ties, RF heating etc.)

Assuming a maximum limit for the total beam current
in the LHC, the performance can clearly be maximized by
putting the beam current in the smallest number of bunches.
This gives a preference for operation with 50 ns bunch
spacing. However, as long as the maximum bunch lumi-
nosity is limited by the maximum acceptable event pile-up
per bunch crossing, the 50 ns bunch spacing scenario can
offer only half of the leveled luminosity. This translates
into longer fill length with respect to the 25 ns scenarios
and implies rather high machine efficiencies for attaining
the desired annual integrated luminosity of 250 fb−1. The
later illustrates that the 50 ns bunch spacing scenario is only
interesting as a backup scenario in case of serious perfor-
mance limitations for the 25 ns bunch spacing (e.g. due to
electron cloud effects).
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CAN THE PROTON INJECTORS MEET THE HL-LHC REQUIREMENTS 
AFTER LS2? 

B. Goddard, H. Bartosik, C. Bracco, O. Brüning, C. Carli, K. Cornelis, H. Damerau, R. Garoby, 
S. Gilardoni, S. Hancock, K. Hanke, V. Kain, M. Meddahi, B. Mikulec, Y. Papaphilippou, 
G. Rumolo, E. Shaposhnikova, R. Steerenberg, M. Vretenar CERN, Geneva, Switzerland 

 

Abstract 
The LIU project has as mandate the upgrade of the 

LHC injector chain to match the requirements of HL-
LHC. The present planning assumes that the upgrade 
work will be completed in LS2, for commissioning in the 
following operational year. The known limitations in the 
different injectors are described, together with the various 
upgrades planned to improve the performance. The 
expected performance reach after the upgrade with 25 and 
50 ns beams is examined. The project planning is 
discussed in view of the present LS1 and LS2 planning. 
The main unresolved questions and associated decision 
points are presented, and the key issues to be addressed 
by the end of 2012 are detailed in the context of the 
machine development programs and hardware 
construction activities.  

HL-LHC REQUIREMENTS AFTER LS2 
The stated performance objective of HL-LHC is to 

accumulate 3000 fb-1 of integrated p-p luminosity at 
14 TeV centre of mass collision energy [1].  In order to 
achieve this, an annual figure of 250-300 fb-1 has been 
posited, requiring instantaneous luminosity capability of 
around 7–8×1034 cm-2s-1, levelling to 5×1034 cm-2s-1 and 
high machine efficiency [2].  The present paper covers the 
first of these challenging requirements: how to deliver the 
beam from the injector complex for these luminosities 
almost an order of magnitude above LHC design.  

The HL-LHC project has previously outlined possible 
parameter sets† for 25 and 50 ns spacing which give the 
required luminosity, summarised in Tab. 1, adapted from 
[2]. Strictly speaking the HL-LHC needs the specified 
beams from the SPS after LS3, when the major work for 
the HL-LHC project is planned. The LIU work will take 
place largely in LS2, so that the period LS2 to LS3 will be 
an important one in terms of achieving the maximum 
performance from the injector chain. 

The figures quoted are for beams at the start of the 
collision process at 7 TeV – any beam loss or emittance 
dilution after extraction from the SPS is not included. The 
assumptions on the beam loss and emittance dilution for 
all machines are given in Tab. 2, where it can be seen that 
the total assumed beamloss -ΔI/I0 is 27%, and the 
emittance growth Δε/ε0 is 33%, corresponding to a 
brightness which is reduced to  55% of the original value. 

 

Table 1: Parameters and requirements from HL-LHC 

Parameter Nom.  HL 25 ns HL 50 ns 

N [e11 p+] 1.15 2.0 3.3 

nb 2808 2808 1404 

Beam current [A] 0.58 1.02 0.84 

X-ing angle [μrad] 300 475 520 

Beam sep. [σ] 10 10 10 

β* [m] 0.55 0.15 0.15 

εn [μm] 3.75 2.5 3.0 

εL [eVs] 2.5 2.5 2.5 

Δp/p 1×10-4 1×10-4 1×10-4 

Bunch length [mm] 75 75 75 

IBS horiz. [h] 80-106 25 17 

IBS long. [h] 61-60 21 16 

Piwinski param. 0.68 2.5 2.5 

Geom. reduct. 0.83 0.37 0.37 

Beam-beam / IP 3×10-3 4×10-3 5×10-3 

Peak lumi. [cm-2s-1] 1.0×1034 7.4×1034 8.4×1034 

Events/crossing 19 141 257 

 

Table 2: Assumed beam loss and emittance growth 
through the LHC proton chain 

Machine −ΔI/I0 % Δε/ε0 % 

PSB flat-bottom to extraction 5 5 

PS injection to extraction 5 5 

SPS injection to extraction 10 10 

LHC injection to flat-top 10 10 

Total 27 33 

 
It is also of note that the parameter space for LHC is 

rather limited – the parameters cannot deviate far from the 
specified targets, due to various limitations in the LHC 
machine [3], even for equivalent peak luminosity.  

Tables 3 and 4 summarise the parameters in the 
different machines for the standard bunch splitting 
scheme.  

 _____________________________________________________________________________________________  

†
The parameters and performance described in the paper represent the 

snapshot of the situation at the time of the Chamonix workshop, early 
February 2012. Changes since this time are not described. 

Proceedings of Chamonix 2012 workshop on LHC Performance

325



Table 3: Required 25 ns beam parameters through the LHC proton chain, including losses and emittance growth 

25 ns PSB inj PSB extr/PS inj PS extr/SPS inj SPS extr/LHC inj LHC top 

Energy [GeV] 0.16 2 26 450 7000 
nb 1 6 72 288 2808 
N [e11 p+] 32.0 30.5 2.4 2.2 2.0 
N in LHC [e11 p+] 2.7 2.5 2.4 2.2 2.0 
εxyn [μm] 1.9 2.0 2.1 2.3 2.5 

 
 

Table 4: Required 50 ns beam parameters through the LHC proton chain, including losses and emittance growth 

50 ns PSB inj PSB extr/PS inj PS extr/SPS inj SPS extr/LHC inj LHC top 

Energy [GeV] 0.16 2 26 450 7000 
nb 1 6 36 144 1404 
N [e11 p+] 26.4 25.2 4.0 3.6 3.3 
N in LHC [e11 p+] 4.4 4.2 4.0 3.6 3.3 
εxyn [μm] 2.2 2.4 2.5 2.7 3.0 

 

 
 

PRESENT INJECTOR CHAIN 
PERFORMANCE 

The present (2011) performance of the proton injector 
chain has been detailed in [4]. Concerning losses and 
blow up, 2011 operation saw 13% beamloss from PS 
injection to LHC flat-top, with emittance growth of 
around 0.4-0.5 μm to SPS extraction, and a further 0.5-0.6 
μm in the LHC, from an initial value of about 1.6 μm at 
PS injection, or a total of about 66%. 

For 50 ns, around 1.6×1011 p+ per bunch with 
emittances of 2.0 μm were extracted from SPS, while for 
25 ns the figures were 1.1×1011 p+ and 2.8 μm. These 
references are plotted in Fig. 1, where the present 
limitations in the injector complex are also indicated, 
together with the target value required for HL-LHC. 
(These plots will be widely used – the lines and regions 
are indicative, rather than exact mathematical functions: 
many limits are of course not hard-edged or known with 
exact precision.) 

INJECTOR CHAIN LIMITATIONS AND 
MITIGATIONS 

Space charge and brightness limits 
In the PSB, a direct space charge tune spread of -0.3 is 

considered as comfortably feasible, with higher values not 
excluded [5]. At the new injection energy of 160 MeV 
this translates to a transverse emittance of about 0.42 μm 
per 1012 p+.  The resulting brightness is 2.4×1012 p+/μm. 

In the PS, with 2 GeV injection, h=7 with no 
compression, bunch length 160 ns, and δp/p = 0.0013, the 
presently assumed space charge limit is -0.26, which 
gives approximately 0.8 μm per 1012 p+, or a brightness 
of about 1.2×1012 p+/μm. It is apparent that the PS cannot 
digest fully the beam that the PSB can provide. 

 

 

Figure 1: 2011 injector complex performance at SPS 
extraction, indicating main limitations and HL-LHC 
requirements, for 25 ns (top) and 50 ns (bottom) spacing. 
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In the SPS, there is hope to run with a space charge 
tune shift of -0.15, using the Q20 optics. This gives a 
brightness of 1.2×1011 p+/μm, which is a limitation for 
50 ns, but not 25 ns, given the respective splitting factors 
in the PS of 6 and 12. It must be noted that, unlike the 
other machines, this tune shift has not yet been confirmed 
operationally on a regular basis with multi-bunch beams. 

The different space charge tune-shift or brightness 
limits for the three machines are shown in Fig. 2, with for 
the PSB and PS the present limits also indicated 
corresponding to 50 MeV and 1.4 GeV injection energies. 

Longitudinal limitations 
In the PSB no limitations are expected in the 

longitudinal plane [6]. 
In the PS, the PS longitudinal coupled bunch instability 

presently limits the bunch intensity to about 1.7×1011 p+, 
for both 25 and 50 ns beams [7]. The addition of a new 
coupled-bunch feedback system with a dedicated kicker 
cavity should increase this limit to about 3×1011 p+ per 
bunch. This is clearly much more of an issue for 
performance reach with 50 ns, since the 25 ns 
requirements are well within reach after the upgrade.  

Also in the PS, transient beam loading in the 10, 20 and 
40 MHz RF systems is an issue through their relative 
phases along the batch during the splittings. This is not a 
hard limit but will adversely affect bunch-to-bunch 
quality via the splitting, and is more critical for 50 ns. The 
limit with upgraded longitudinal feedbacks is expected to 
be around 3×1011 p+ for both 25 and 50 ns, depending on 
the acceptable bunch-to-bunch intensity fluctuations. 

The longitudinal beam parameters for the PS to SPS 
transfer are being studied with a view to improving the 
stability margin in the PS, while not increasing capture 
losses in the SPS with larger emittances [8]. 

In the SPS, a major upgrade of the 200 MHz system is 
planned, to double the RF power in order to cope with the 
very high beam loading with the target beam parameters. 
The upgrade requires complete reorganisation of the 
existing cavities into 6 assemblies, and the addition of 
two new 1.6 MW RF power plants. This will allow 
10 MV at extraction for an RF current of 3 A, twice the 
present limit. For this the existing power plants will need 
to operate in pulsed mode at 1.05 MW peak power. 

 Regarding longitudinal beam stability in the SPS, the 
25 ns beam is already unstable for a bunch intensity of 
around 3×1010 p+ [9]. This is presently mitigated with a 
longitudinal emittance blow up to 0.6 eVs, and use of the 
800 MHz system in bunch-shortening mode. To reach the 
target of 2.3×1011 p+ per bunch at 25 ns will need 
longitudinal emittances of about 0.9 eVs, for the Q26 
optics. There might also be some slight gain from the 
expected lower impedances of the 200 MHz RF system 
and MKE kickers, and the planned doubling of the 
available 800 MHz voltage. For the Q20 optics the 
instability thresholds are higher, scaling with the slippage 
factor η, but essentially in terms of RF voltage VRF this is 
balanced by the fact that a smaller longitudinal emittance 
is needed to obtain the same bunch length for a given VRF. 

 

 

 

 
 
Figure 2. Expected space charge/brightness limits for the 
LHC injector chain (at injection), after the LIU upgrades. 
HL-LHC target parameters are shown as red dots. 
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After the planned upgrades of the 200 and 800 MHz 
SPS RF systems, it is expected that a factor two in 
intensity reach will be possible with respect to 2011, 
meaning 2.3×1011 p+ per bunch at 25 ns and ≥3.5×1011 p+ 
per bunch at 50 ns. The main unknown is the beam 
stability with high intensity, with the combination of 
single- and coupled-bunch effects. It would certainly be 
very beneficial to transfer longer (1.6 – 1.8 ns) bunches to 
the LHC, but studies are needed on mitigation of capture 
losses in LHC and injection related beam loss [10]. 

Transverse Mode Coupling Instability 
The single bunch TMC instability is an issue for the 

SPS with the Q26 optics, where the predicted and 
measured thresholds (for ~zero chromaticity) are around 
1.6×1011 p+ [11]. This can be increased with higher 
chromaticity, at the cost of increased losses and 
significant transverse emittance blow up. For the Q20 
optics this threshold is much higher due to the increased 
slippage factor η – in measurement no TMCI has been 
observed for bunch intensities of up to 3.5×1011 p+ [12]. 

Operational limitations 
Other limitations also exist, to date mainly in SPS. 

These are basically limitations on total beam power, either 
in a single cycle or over several hours. 

The heating of the SPS extraction kickers should be 
solved with the installation of the final shielded kickers 
during LS1. No beam heating issues have been seen with 
the other kickers equipped with serigraphed ferrites, and 
the observed power deposition is about a factor 5 less 
than in the unshielded kickers.  

Sparking in the electrostatic ZS septa has been an issue 
with very high intensity 50 ns beam in 2011, and has 
interfered with slow extracted beams. Mitigations such as 
fast modulation of the main and auxiliary voltages are 
being studied. In the last resort, the ZS could be switched 
off and retracted during LHC beam operation, but this 
would strongly impact the way in which the SPS is run, 
and reduce the number of protons sent to the North Area. 

Also in the SPS, outgassing of the beam dump degrades 
the vacuum of the injection kickers. Differential pumping 
and sectorisation has been studied, and more drastic 
options like moving the dump to another SPS insertion, or 
designing a new external dump. The effect is, however, 
mainly a limitation for high duty factor scrubbing and 
setting up after any local vacuum interventions, rather 
than directly affecting performance for LHC filling. 

Beam instrumentation 
Wide-ranging upgrades of the different instrumentation 

systems across the complex are planned in order to be 
able to commission, set-up, characterise and monitor the 
new beams. The higher beam brightness means extending 
the dynamic range of many systems, and the new H- 
injection system in the PSB requires new loss monitors, 
H-/H0 current monitoring, new BTV screens. The very 
ambitious targets for beam loss and blow up control also 
require an improvement in the resolution and performance 

of many distributed and specific systems, such as beam 
orbit, beam loss, matching monitors and tune meters. 
Following the increasingly demanding tolerances of LHC 
operation the beam size measurement systems are also 
being upgraded to improve the measurement accuracy and 
reliability, with the development of new wire scanners for 
PS and SPS, and an ionisation rest gas monitor for the 
SPS. 

Machine protection and beam loss control 
The beam extracted from the SPS is well above the 

damage limit for normal accelerator components, and 
already passive beam intercepting protection devices are 
installed in critical locations to avoid damage in case of 
mis-steered beam during the transfer from SPS to LHC. 
The increased beam intensity and reduced beam size 
mean that several of these devices will need upgrading. 
The collimators at the ends of the TI2 and TI8 transfer 
lines will need replacing by more robust, more absorbing 
units, and will also be moved to avoid the issues seen at 
present with cross-talk with the LHC beam loss system. 

Electron cloud limitations 
In the PS, electron cloud is observed for a few 

milliseconds just before extraction [13]. Presently this has 
only perturbed acquisitions from some pickups, and is not 
a limitation in terms of beam related performance. A 
simulation effort is planned to investigate the expected 
effects with the upgraded beam parameters, to evaluate 
whether instabilities, losses or emittance growth may 
occur. Possible mitigation measures include double bunch 
rotation shortly before ejection and vacuum chamber 
coating. 

In the SPS electron cloud has been a major concern for 
25 ns beams, and is also present with 50 ns [14]. Effects 
observed have included vacuum pressure rise, beam 
losses, instabilities and incoherent emittance growth. A 
major effort on mitigation methods has been made, with 
scrubbing runs, clearing electrodes and the development 
and testing of surface treatments to reduce the secondary 
electron yield coefficient. Scrubbing is still being 
evaluated as an alternative, but it appears that the stainless 
steel surfaces cannot reach the required SEY yields. The 
baseline for LIU is the coating of the main magnet 
vacuum chambers with an amorphous carbon layer [15], 
which will need to be done without removing the 
chambers from the magnets. The coating has been found 
to suppress electron cloud, and to date shows good aging 
behaviour. The assumption for the SPS is that electron 
cloud limitations will be completely removed after the 
LIU upgrades. In case this strategy would not work, or to 
supplement scrubbing should the baseline change, a high 
bandwidth transverse feedback system is also being 
developed [16], which will be able to damp the single 
bunch vertical electron cloud instability. 
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EXPECTED PERFORMANCE AFTER LS2 

Baseline performance expectations 
The performance after LS2 will be dictated by the 

success of the mitigation measures listed above. Under 
the assumption that the limits and improvement factors 
are as expected, the performance reach in terms of beam 
characteristics at extraction from the SPS are shown in 
Fig.3, for 25 and 50 ns bunch spacing. The achievable 
characteristics are expected to be 2.3×1011 p+ in 3.5 μm 
transverse emittance for 25 ns, and 2.7×1011 p+ in 2.7 μm 
for 50 ns, as delivered from the SPS at extraction. It can 
be seen that for 25 ns the emittance is about 50% larger 
than the target, while for 50 ns the intensity is about 25% 
lower than the target. 

 

 
Figure 3. Expected performance reach at SPS extraction, 
after the baseline LIU upgrades.  

“Stretched” performance 
To approach the requirements set by HL-LHC, the 

assumed baseline LIU upgrades described above are not 
sufficient. There will need to be further improvements in 
the performance reach of the injector complex. An 
improvement target is in the control of beam loss and 

emittance dilution, both in the injectors and in the LHC 
ring. Table 3 shows “stretched” goals for beam loss and 
emittance growth. The values in red have changed. 

 

Table 3: “Stretched” beam loss and emittance growth 
goals through the LHC proton chain 

Machine −ΔI/I0 % Δε/ε0 % 

PSB flat-bottom to extraction 5 5 

PS injection to extraction 3 5 

SPS injection to extraction 8 5 

LHC injection to flat-top 3 10 

Total 18 27 

 
The overall brightness to LHC collision would then be 

reduced to about 65% of the maximum value, compared 
to 55% from the values listed in Table 2. The values given 
in Table 3 are not completely unreasonable. In the PS, the 
beam loss would need to be controlled to 3%, which 
seems feasible. In the SPS, 8% beam loss including 
scraping may also be possible once the transfer line 
collimators have been relocated to reduce the sensitivity 
of the LHC to beam losses from transverse tails. In the 
LHC, the beam loss observed in 2011 was already below 
the 3% level – the difficulty will be rather to keep the 
emittance growth at 10%. 

With the assumptions listed in Table 3, the achievable 
beam characteristics are improved slightly, with 2.3×1011 
p+ in 3.2 μm transverse emittance (previously 3.5μm) for 
25 ns, and 2.8×1011 p+ in 2.6 μm transverse emittance 
(previously 2.7×1011 p+ in 2.7 μm) for  50 ns. 

For 25 ns, with the dilution figures from Table 3, the 
remaining limitation is then the space charge tune shift in 
the PS. This would need to increase from -0.26 to -0.32, 
always assuming 160 ns bunch length, and would then 
give the potential for meeting the HL-LHC requirement 
of 2.1×1011 p+ in 2.3 μm extracted from the SPS, Fig. 4. 
For the PS there is reasonable optimism that this could be 
feasible, since a bunch length of 180 ns is possible, which 
would already bring a 12% increase in intensity, and the 
machine would then need to operate at a tune shift of -0.3. 

For 50 ns, the remaining limitations are different, 
associated with the high single bunch intensities in the PS 
and SPS. With the losses and blow up according to the 
stretched goals, the SPS tune shift would need to increase 
to about -0.17, which means multibunch running at the 
single bunch intensity limit. In addition, the limitation for 
stability in the PS in the longitudinal plane would need to 
be increased to about 3.7×1011 p+, which is another 20% 
beyond the assumed upgrade reach, and 150% higher than 
presently obtained. In the event that these very 
challenging obstacles could be overcome, while 
maintaining the very low beam loss and emittance growth 
targets, the injectors would then be able to deliver 
3.4×1011 p+ in 2.7 μm, Figure 5, which would correspond 
to the HL-LHC requirement. 
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Summary of performance reach evaluation 
The various performance reach figures are shown in 

Tables 4 and 5, including the present performance, LIU 
baseline, stretched beam loss and emittance growth, and 
the pushed space charge limits and PS longitudinal 
stability. As a figure of merit, the value of Ib

2/εxy at LHC 
collision is quoted, taking account of the brightness 
dilution, as a measure of the attainable peak luminosity 
and scaled to the Hl-LHC requirement. The present 
injector performance reaches about 20-25% of the HL-
LHC requirement, with the LIU baseline at about 70% for 
25 ns and 55% for 50 ns. The 25 ns beam appears to be 
less challenging, given the present state of knowledge of 
the machines and the planned improvements. 

 
Figure 4. “Stretched” performance at 25 ns at SPS 
extraction, requiring reduced beam loss and emittance 
growth (Tab. 3), and operating with a direct space charge 
tune shift of -0.32 in the PS, with 160 ns bunches.  
 

 
Figure 5. “Stretched” performance at 50 ns at SPS 
extraction, requiring reduced beam loss and emittance 
growth (Tab. 3), and operating with a direct space charge 
tune shift of -0.18 in the SPS, and requiring bunches to be 
longitudinally stable at 3.7×1011 p+ in the PS. 

Table 4: Comparison of performance reach for different 
injector upgrade hypotheses, for 25 ns bunch spacing. 

25 ns Ib [1011] εxy [μm] k [Ib
2/εxy] 

HL-LHC target  2.0 2.5 1.00 

2011 performance 1.1 2.8 0.20 

LIU baseline 2.3 3.5 0.70 

+ stretch loss/blowup 2.3 3.2 0.76 

+ PS ΔQ = -0.32 2.3 2.5 1.00 

 

Table 5: Comparison of performance reach for different 
injector upgrade hypotheses, for 50 ns bunch spacing. 

50 ns Ib [1011] εxy [μm] k [Ib
2/εxy] 

HL-LHC target  3.3 3.0 1.00 

2011 performance 1.6 2.0 0.26 

LIU baseline 2.7 2.7 0.55 

+ stretch loss/blowup 2.8 2.6 0.61 

+ SPS ΔQ = -0.18 2.8 2.1 0.76 

+ PS long. stable 3.7e11 3.4 2.6 1.05 

UNKNOWNS, RISKS AND ISSUES 
The discussion on the performance reach assumes that 

all of the planned upgrades will work as foreseen. To 
stretch the performance to approach the HL-LHC 
requirements, further improvements will be necessary, 
beyond the present project baseline. There are several risk 
areas and uncertainties. 

For the electron cloud, the mitigation baseline in the 
SPS is aC coating, but the option of scrubbing (plus high 
bandwidth damper) is still open. Information is needed in 
2012 on the measured and simulated performance reach 
with scrubbing, for the actual technical stainless steel 
surfaces in the machine. In addition, the aC coating also 
has a potential issue with the as-yet unexplained high 
vacuum pressures seen in the coated regions. In the PS, 
simulation and measurement are needed to decide 
whether mitigation is required against ecloud with the 
LIU beam parameters – mitigation would be complicated, 
if a solution like chamber coating were needed. 

For the SPS, the deployment of the Q20 optics will be 
required. Deployment of this optics for operation after 
LS1 would be preferable – there are still a number of 
issues to solve, including the non-closure of the injection 
chicane and the rematching of the extraction and transfer 
lines, as well as the performance with full intensity 
multibunch beams.  

The longitudinal stability in the PS will be the key issue 
for the injector complex performance with 50 ns. Here the 
effectiveness of the planned longitudinal feedback system 
in overcoming the longitudinal coupled bunch instability 
remains to be demonstrated – and the factor 2 
improvement required for the LIU baseline is already 
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very challenging. Pushing beyond this to the HL-LHC 
requirement will need another 50% compared to today’s 
performance, and this has to be considered as very 
speculative. The increase of the SPS space charge tune 
shift to -0.18 is also far from certain, since the baseline 
value of -0.15 is an assumption based on single bunch 
measurements rather than the operational experience used 
for the PSB and PS. 

The attainable space charge tune shift in the PS will be 
another key issue for the complex performance with 
25 ns. Here the outlook is rather optimistic, as the bunch 
length can certainly be increased to 180 ns, and 
measurements are ongoing to investigate whether ΔQy of 
-0.3 will be possible [17]. A programme of study for 2012 
will include probing the space charge limit, working point 
optimisation and resonance compensation studies. 

Another particular concern is the ZS septum in the SPS, 
which suffers greatly from the high intensity LHC beams. 
In case the performance in cohabitation cannot be 
improved, the drastic option of switching off the 
extraction to the North Area whenever LHC beam is in 
the SPS will need to be taken. 

The re-commissioning of the injector complex after 
LS2 will be particularly onerous. There will certainly be a 
large effort and significant time needed to recover the pre-
LS2 performance, as there will be essentially three ‘new’ 
injectors to start up, together. The PSB will have a new 
ramp to 2 GeV, probably together with a new H- injection 
at 160 MeV, with new RF systems, new instrumentation, 
and new beam transfer systems. The PS will have a new 
2 GeV injection, new longitudinal feedback systems and 
new instrumentation. The SPS will be newly rebuilt after 
complete ecloud coating, will have an essentially new 
main RF system, new high bandwidth feedback, new orbit 
and loss monitoring systems, and various other devices. 
The normal startup time of one or two weeks per machine 
will not be possible – months of beam commissioning 
must be counted for each machine to recover the pre-LS2 
performance. It is expected that it will certainly take the 
full operational period between LS2 and LS3 for the 
injectors to reach the baseline LIU goals. 

Finally, there will almost certainly arise as-yet 
unforeseen effects and limitations, either associated with, 
or independent from, the foreseen upgrades. Clearly there 
is a risk that these will delay or limit the level of the final 
performance of the complex. 

CONCLUSIONS 
For the HL-LHC era, the requirements placed on the 

LHC machine and the injector complex are very 
challenging. The LHC will need to make dramatic 
improvements in current, peak luminosity and efficiency. 
The injector complex will need to provide 25 ns beams 
with twice the present intensity in the present emittance, 
and 50 ns beams with a factor of 2.5 higher intensity and 
a brightness increase of 50%.  

The baseline LIU upgrades do not allow the complex to 
reach the HL-LHC requirements after LS2, which do not 

themselves have much margin for relaxation. For the 
complex to come close to the parameters requested by 
HL-LHC, all of the planned upgrades will need to be fully 
effective, and the machines will need to approach single 
bunch limits with multi-bunch operation. A better than 
originally assumed control of beam loss and emittance 
blow up will need to be maintained with these very high 
brightness beams. 

The limitations after the LIU upgrades are in place are 
expected to be different for the 25 and 50 ns beams. The 
PSB performance should be adequate for both bunch 
spacings, but for 25 ns the limitations will be the 
attainable space charge tune shift in the PS, while for 
50 ns space charge in the SPS together with longitudinal 
beam stability in the PS will be the major issues.  

Overall, the HL-LHC requirements are not totally out 
of reach, although there are many unknowns and many 
risks. In any event, it is clear that it will take several, if 
not many, years of operation to hope to exceed the LIU 
baseline performance and to dream of approaching the 
specified parameters. 
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NECESSARY LIU STUDIES IN THE INJECTORS DURING 2012

G. Rumolo∗, H. Bartosik, Y. Papaphilippou

Abstract

A significant fraction of the Machine Development
(MD) time in the LHC injectors in 2011 was devoted to
the study of the intensity limitations in the injectors (e.g.
space charge effects in PS and SPS, electron cloud effects
in the PS and SPS, single bunch and multi-bunch instabil-
ities in PS and SPS, emittance preservation across the in-
jector chain, etc.). The main results achieved in 2011 are
presented as well as the questions that still remain unre-
solved and are of relevance for the LHC Iinjector Upgrade
(LIU) project. 2012 MDs will also continue exploring the
potential of scenarios that might become operational in the
future, like the development of a low gamma transition op-
tics in the SPS or alternative production schemes for the
LHC beams in the PS. A tentative prioritized list of studies
is provided.

INTRODUCTION ON MD’S IN THE
INJECTOR COMPLEX

In 2011 there were 408 hours for dedicated machine
studies in the LHC injectors. These hours were distributed
in the following manner:

• Ten so-called floating MD blocks of 24 hours, which
took place with a biweekly frequency from May to
November. During these sessions MDs have prior-
ity over physics in all the machines of the injector
chain, except when the beam is requested by LHC.
Typically, fixed target physics in the SPS is stopped
during these days and a full SPS-MD supercycle is
played, while the beam is not being injected into LHC.
In the PSB/PS, the required beams are still provided to
the physics users, compatibly with the MD requests in
these machines. The overall efficiency of these MD
blocks is about 50%. They are called “floating”, be-
cause, although their starting time is usually fixed to
08:00 am, it may actually shift due to the LHC status
and requests.

• Four long fully dedicated sessions, which took place
in parallel with the LHC Technical Stops. In practice,
the time used for the LHC Technical Stops was al-
ways shared between injector MDs, injector Technical
Stops and dedicated sessions for UA9 physics runs.
The MD hours during these fully dedicated blocks are
in general very efficient due to the absence of concur-
rent physics requests (including those from LHC).

∗Giovanni.Rumolo@cern.ch

Besides the dedicated MDs, parallel MDs could also be
performed in all the machines throughout the year. The su-
percycle played usually guarantees the presence of at least
one parallel MD cycle during the week days and working
hours. In addition, PS-Booster and PS also have at least one
cycle per supercycle reserved for their MDs at all times.
The parallel MD cycles can be sometimes taken for beam
set up and MTE studies (PS).

MACHINE STUDIES IN THE LHC
INJECTOR CHAIN IN 2011

The program of the machine studies in 2011 was very
dense. The general planning and a list of requests were
presented at the Machine Studies Working Group meeting
in order to finalize logistics and organization [1]. A large
fraction of the studies performed in 2011 were related to the
LIU project, as is discussed in the following subsections.

Linac2 and PS-Booster
There were only two Linac2 MDs in 2011, and only the

second one with a potential impact on the performance of
the downstream machines in terms of LHC beam bright-
ness.

(a) 3 February, 2011: Correction of a new hot spot found
during the 2010 Linac2 radiation survey..

(b) 3 October, 2011: High current from Linac2 (180mA).
The decrease in transverse emittance at the Booster ex-
traction was measured for Linac2 high intensity set-
tings, after adjusting the number of injected turns such
as to have the same amount of beam at the entrance of
the PSB. It was found that an increase of the Linac2
current by 6.7% can only result into a decrease be-
tween 0.7% (FWS) or 3.2% (SEM) in the sum emit-
tance (horizontal plus vertical), averaged over 3 mea-
surements, for the same extracted current.

Frequently, MDs in the PSB had to be oriented to the pro-
duction of new beams requested by the downstream ma-
chines for either physics or their MDs, as well as to the
optimization and fine tuning of the existing operational
beams. Only few MD sessions took place for the im-
provement of the machine performance or for specific LIU
studies. In particular, it can be mentioned that significant
progress was achieved with the deployment of the digital
RF control system [2]. Besides, during the last week of
beam operation, several tune scans for different beam in-
tensities were run over the flat top at 160 MeV of a special
MD cycle, with the goal to identify the resonance lines at
this beam energy. Unlike few years ago, when this type
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of measurement was first attempted at the PSB, this time
the scans were automatized through a newly developed ap-
plication and dynamically executed. Probably due to the
small transverse emittances at low intensities and the speed
at which the scans were run, the results from this measure-
ment campaign cannot yet be considered conclusive and
the scans will have to be repeated during the 2012 opera-
tion run.

PS

Most of the MD activities in the PS in 2011 were either
LIU driven or with a strong impact on the LIU studies. A
non-exhaustive list of the main MDs is given in the follow-
ing, inlcuding some short descriptions of the main achieve-
ments.

• Space charge studies at 1.4 and 2 GeV. The tune
diagrams showing the excited resonance lines and
their stop-bands were obtained by measuring the beam
losses as a function of the measured working point for
beams with low intensity and large transverse emit-
tances. These diagrams were produced at both 1.4 and
2 GeV. This should in principle allow for identifica-
tion of the best resonance free spot in the tune plane
for the ideal placement of the working point at injec-
tion (also for the future injection energy). It should
also indicate which are the most dangerous resonance
lines, which might require the development of com-
pensation schemes. During a campaign for the op-
timization of the working point at 2 GeV, the three
working points illustrated in Fig. 1 were studied in
a strongly space-charge dominated regime [3]. The
calculated tune spreads (see Ref. [4] for the used for-
mula) are also shown in the same picture. It is ob-
vious that the tune spread neckties extend over inte-
ger tunes in all three cases. However, the experiment
showed that, while the two blue points in the picture
allowed keeping the beam on a long flat 2 GeV plateau
without significant losses nor emittance growth, the
red point was associated to strong losses and defor-
mation of the longitudinal profile. Simulations with
a detailed optics model of the PS are needed to ex-
plain this behaviour. From simulations we also ex-
pect to understand why neither emittance blow up of
the beam core nor beam losses are observed when the
calculated space charge necktie stretches over integer
tunes. In fact, this might suggest that either the ap-
plied formula is overestimating the tune spread (e.g.,
due to real distributions, which might actually differ
from the ideal Gaussian ones assumed in the theory)
or the effect of the periodic crossing of an integer res-
onance due to space charge is actually less detrimental
than it is believed to be.

• Adjustment of the working point at low energy with
quads and PFW

Figure 1: Measured tune diagram for the PS at 2 GeV (cour-
tesy E. Benedetto). The working points studied in MDs are also
shown, with the respective tune spread neckties.

• Fast instability at transition with TOF-like beams.
Lots of studies were conducted in 2011 to pin down
the thresholds of the fast instability at transition (both
in terms of bunch intensity and longitudinal emit-
tance) and find ways to extend the stability limits.
It was found that the best strategy to keep the beam
stable over transition up to high brilliance is to have
an accurate control of chromaticity during the gamma
jump, such as to keep it negative before transition and
make it switch to a slightly positive value after transi-
tion crossing [5, 6]

• Tune shift with intensity at injection and extraction en-
ergy.to quantify the imaginary part of the impedance.

• Electron cloud at flat top with 25 and 50ns beams.
Measurements of this type were already conducted in
earlier years, testing the efficiency of the clearing elec-
trode with and without external magnetic field [7]. Us-
ing the same set-up, several electron cloud build up
measurements were taken in 2011 at the PS for 25
and 50ns beams, different intensities and three differ-
ent values of bunch length. Two examples of these
measurements are displayed in Fig. 2. Simulations
are presently underway to benchmark these measure-
ments and qualify the seconday electron yield of the
PS beam chamber.

• Limitations from longitudinal coupled bunch instabil-
ities (CBI). In the PS, longitudinal CBI are observed
with 25 and 50ns beams (previously also with 75 and
150ns beams) during the ramp and flat top when ramp-
ing down the h=21 RF system during bunch splitting.
A few lessons have been learnt with the 2011 machine
studies. In particular, the instabilities during the ramp
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Figure 2: Electron cloud measurements with 50ns (left) and 25ns beams (right) and intensities per bunch higher than nominal (courtesy
G. Iadarola and C. Yin-Vallgren).

are probably caused by the wide band impedance of
the 10MHz cavities and the coupled bunch mode spec-
trum changes between ramp and flat top. The CBI
have been found to hardly depend on the number of
bunches in the batch, while the growth rates scale like
Nb/εz . In terms of curing this effect, a small improve-
ment was observed with 2 gap relays, as well as the
parking of the unused cavities has proved beneficial
[8]

• Batch compression scheme h=9→10→20→21. First
tests were made in 2011 to have bunch compression
plus splitting at flat bottom but, due to RF hardware
limitations, this beam could not be accelerated and ex-
tracted to the SPS. More details on this scheme and the
achievements in 2011 can be found in Ref. [4]

• Longitudinal feedback studies against CBI and tran-
sient beam loading.

SPS
In the SPS about 38% of the overall time for dedicated

machine studies (and an even larger fraction of the parallel
MD time) was spent on activities in the frame of the LIU
project. The principal studies were:

• Define the SPS limitations in different regimes by
pushing the performance. Studies were carried out
with the present 25 and 50ns beams, as well as with
single intense bunches (up to 4 × 1011 ppb injected
into the SPS) [9]

• Develop and optimize the low gamma transition op-
tics (Q20) [10]. The most outstanding results will be
recollected in detail in the following.

• Test the efficiency of electron cloud mitigation tech-
niques (a-C coating, scrubbing, clearing electrodes).
In particular, the efficiency of the clearing electrode
with magnetic fields up to the nominal injection value

was proven with a dedicated scan. The a-C coating
was again tested both in the old liner (sample installed
in the SPS in 2008, which still does not exhibit signs
of aging) and in a one-sided new installation. The lat-
ter was found not to be able to completely suppress
the electron cloud formation [12]

• Run beam tests for a high bandwidth feedback system
[11]. In 2011, several excitation tests in open loop
were run at the SPS during a few MD sessions that
took place in August and November. The beam re-
sponse was measured with an exponential strip-line
pick up. By sweeping the excitation frequency close
to the betatron tune, different coherent modes (az-
imuthal and radial) could be excited. Both cases with
excitation of the main dipole mode of the bunch and
differential head-tail modes could be distinctly ob-
served. Measurements were taken with different set-
tings of chromaticity and different intensities.

The single bunch performance of the SPS in 2011 with both
Q20 and nominal optics was one of the hot topics for MDs.
First of all, it could be clearly seen that, for very well cor-
rected chromaticity, the Transverse Mode Coupling Insta-
bility (TMCI) causes a steep loss right at injection for in-
tensities above 1.7 × 1011 ppb in nominal optics, while it
has not yet been encountered in the Q20 optics with the
presently injected intensities (i.e., up to 3.8 × 1011 ppb).
This is consistent with the anticipated increase of the TMCI
threshold by about a factor 2.2, due to the increase of the
slippage factor at injection (2.8) at the expense of a slightly
larger beta functions (1.3) with Q20 compared with the
nominal optics. Higher chromaticity settings can be used
to increase the TMCI threshold with the nominal optics and
reduce the losses at injection with higher intensities. Figure
3 shows the vertical emittance measured after acceleration
to 450 GeV/c as a function of the extracted intensity (chro-
maticity ξy = 0.25 over the cycle). The points are color
coded according to the amount of loss along the cycle. We

Proceedings of Chamonix 2012 workshop on LHC Performance

334



can see that intensities up to 2.5×1011 ppb can be extracted
from the SPS with about 10-15% losses. The transverse
emittance measurements at the PS extraction for the same
cycles, also plotted in the figure, show that for these inten-
sities there is little emittance growth in the SPS. However,
a hard limit (perhaps the TMCI threshold for the current
chromaticity value) seems to be hit at an extracted bunch
intensity of about 2.5 × 1011 ppb, because any additional
intensity injected into the SPS just results into a larger net
loss and significant emittance blow up.
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Figure 3: Vertical emittance versus intensity at the SPS extrac-
tion for a single bunch in nominal optics. The losses over the
cycle can also be read from the color coding.

The situation looks certainly much better with Q20,
even with a lower chromaticity setting (ξy = 0.1). Fig-
ure 4 shows that single bunches with intensities below
2.5 × 1011 ppb can be extracted with basically negligible
losses over the cycle. Losses still remain below 10% even
for larger injected intensities. The vertical emittance mea-
sured at top energy can be fitted as a linear function of the
extracted intensity, which raises the question whether the
observed linear behaviour is produced in the SPS or reflects
a trend from the injectors. During these measurements the
single bunch was taken on a magnetic cycle with 10.8 sec
flat bottom and ramp to 450 GeV/c. Therefore, a possible
emittance growth could occur along the long flat bottom or
during the ramp.

A hint for a possible answer to the above question is
given by the plots displayed in Fig. 5, although they re-
fer to measurements taken on different days. Here, in the
same running conditions as for the previous plot (i.e. sin-
gle bunch, same optics, same working point), vertical emit-
tance measurements were run at the end of a short 3 sec flat
bottom and the corresponding measurements at the PSB or
PS extraction are also included. It seems evident that for in-
tensities between 2 and 3× 1011 ppb losses start appearing
(but only up to 5%) and an emittance growth becomes no-
ticeable when we compare the SPS values with those mea-
sured in the injectors. The linear fit from the measurements
at flat top of Fig. 4 provides a guess of what emittance we

Figure 4: Vertical emittance versus intensity at the SPS extrac-
tion for a single bunch in low gamma transition (Q20) optics. The
losses over the cycle can also be read from the color coding.

would have measured at the flat top of a long cycle also for
these beams. Therefore, if we then include the fitting line
in the picture, we will notice that in the range of intensi-
ties above 1.8 × 1011 ppb, there is actually an emittance
blow up over the long cycle, and most of it must take place
during the additional 7 sec of flat bottom and ramp.

Machine studies with multi-bunch beams in Q20 optics
were also carried out, especially towards the end of the run.
In the last long dedicated MD session, up to four batches
of both 25ns and high intensity 50ns beams were injected
on the long Q20 cycle. It is worth mentioning that these
beams exhibit a much better longitudinal stability in Q20
optics than with the nominal SPS optics, even in absence
of controlled longitudinal emittance blow up [13]. Fur-
thermore, four batches with intensities even slightly above
1.7× 1011 ppb could be extracted from the SPS with 50ns
bunch spacing. This was possible thanks to the stable high
intensity coming from the PS — 1.9 × 1011 ppb — and a
transmission of 90% through the full SPS cycle. This is de-
picted in Fig. 6, in which also the excellent performance of
lower intensity 50ns beams with the Q20 optics is shown.
Injecting four batches of 1.6 × 1011 ppb from the PS, we
can attain a transmission efficiency of almost 94%, with
1.5× 1011 ppb stably extracted from the SPS.

PRORITIES IN 2012
Several studies have been already proposed for the 2012

run across all the machines of the injector chain, and prior-
ities have been identified.
High priority PSB LIU MDs in 2012 include:

• Continuing the deployment of the digital RF control

• Testing the newly installed Finemet prototype cavity
hardware

• Identifying the impedance source responsible for the
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Figure 5: Vertical emittance versus intensity at the end of a 3 sec SPS flat bottom for a single bunch in low gamma transition optics.
The losses over the cycle can also be read from the color coding. The emittances measured at the PSB (left) and at the PS extraction
(right) are also plotted on the same graphs.

known instabilities to specify transverse damper re-
quirements

• Determining resonance diagram with tune scans at
160 MeV to optimize placement of working point at
injection with Linac4

The above list does not exhaust the machine studies envis-
aged in the frame of LIU-PSB in 2012. In particular, MD
time should be also reserved for the optics model based
on turn-by-turn data from the available BPMs (when avail-
able), the study of the efficiency of the resonance com-
pensation schemes, and space charge induced emittance
blow up. The progress on the PSB MDs in 2012 will
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Figure 6: High intensity 50ns beam through the LHC cycle in
the SPS. Sample shots with one and four batches are shown for
intensities of 1.6×1011 ppb and 1.9×1011 ppb coming from the
PS.

also strongly depend on the availability of resources to
carry them out, as the lack of dedicated teams for the PSB
machine development, other than the machine supervisor
team, has been a limiting factor in previous years.
Top priority LIU-PS studies in 2012 will be

• Space charge limit at the PS injection. One of the key
questions that need to be answered by means of ma-
chine studies is where the space charge limit of the
PS lies. In other words, how large a tune spread can
be tolerated at the PS injection, such as not to cause
significant emittance blow up on the LIU-type LHC
beams.

• Strategies to increase the longitudinal CBI thresholds.
An additional feedback system will be studied and it
will be decided whether more hardware is needed, to
be installed during the 2013 long shutdown. Besides,
PS/SPS transfer studies will also be carried on, to see
whether some new settings can be found, which allow
larger longitudinal emittance (more stable) to be also
efficiently injected into the SPS

• Batch compression scheme h=9→10→20→21. This
scheme will be in condition to be tested in the second
part of 2012 with acceleration and transfer to SPS.

• Batch compression and bunch merging.

• One-turn feedback against transient beam-loading.

Though with lower priority than for the above list, many
more studies are planned at the PS during 2012. These
include: Electron cloud at flat top (in presence of mag-
netic field and with double step rotation); Commission-
ing of transverse feedback system; Head-tail instabilities
on the flat bottom with double batch injection from the
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PSB; Transverse instabilities of short intense bunches at
flat top (perhaps related to electron cloud); Impedance
identification for modeling; Miscellaneous injection stud-
ies (e.g. tests of low energy elements, acceleration-
deceleration scheme for double batch transfer).
Based on all the results of 2011 and a few still unresolved
questions, the SPS MDs in 2012 have been thus prioritized:

• Development of the Q20 optics. Several studies need
to be finalized, including: Evolution of the trans-
verse emittances along the long cycle for all types
of beams (to disentangle single bunch/space charge
from multi bunch effects); Optimization of the work-
ing point along the cycle to minimize transverse emit-
tance blow up for very intense single bunches and es-
tablish the single bunch SPS space charge limit; Lon-
gitudinal stability along the cycle with and without
controlled longitudinal emittance blow up for multi-
bunch beams; Transfer to the LHC. To have better
continuity, it would be advisable to use weekly blocks
of 12 hours during the day time (to have equipment
experts available) instead of biweekly blocks of 24
hours. A few more studies are also strongly en-
couraged, like the development of a nonlinear optics
model, the use of split tunes (20, 26), and the study of
the electron cloud instability threshold in this optics.

• Electron cloud experiments to answer some pending
key questions. One of those is how far we can go
with scrubbing and whether we will be able to rely
in the future on scrubbing alone to avoid coating of
the beam chambers. In 2012 a dedicated SPS scrub-
bing run will take place in Week 13, in which for the
first time a quantitative analysis of the scrubbing pro-
cess in the different SPS regions will be made by us-
ing data from the direct electron cloud strip monitors
and shielded pick-ups, as well as direct beam observ-
ables (i.e. instability and emittance growth). Since
it will not be possible to produce in the PS exotic
beams for efficient electron cloud enhancement in the
SPS (e.g. high intensity 5ns beams, beams with hy-
brid 10+15ns spacing), the only attempts to increase
the electron cloud dose, and therefore the scrubbing
efficiency, will be made with uncaptured beam and
shorter bunches [14]. Other electron cloud exper-
iments will also take place in order to understand
whether, despite the pressure rise measured in past
years, the electron cloud is suppressed in the dipoles
with a-C coated chambers. These include the use of
a-C coated chambers with solenoids and the coating
of a full half-cell with pressure gauges in several lo-
cations in order to reconstruct the full dynamic pres-
sure profile in the coated region. Another impor-
tant goal of these measurements should be also to
discover the driving mechanism for the pressure rise
in coated magnets, which was measured in previous
years (e.g. not sufficiently good quality of the coat-
ing, strong multipacting in neighbouring locations, or

desorption of the a-C coating)

• Tests with increased peak RF power by using a pulsed
mode of operation. This is specially relevant for Q20
optics, which may need higher RF voltage to deliver to
LHC beams with a sufficienty high longitudinal emit-
tance. These tests will be conducted, with or without
beam, close to the end of the 2012 run.

Other MDs planned in 2012 are: PS-SPS Transfer opti-
mization (together with the PS); Completion of phase (2)
for the high bandwidth feedback studies — which consists
of closing the feedback loop and proving the damping of
the head-tail modes; More impedance identification mea-
surements, based on tune shift and turn-by-turn data from
the BPMs in the two different optics.

CLOSING REMARKS
To conclude, a remarkable progress has been made in

the PS in 2011 concerning the studies on space charge, op-
tics at injection, longitudinal coupled bunch instabilities,
electron cloud and instabilities at transition crossing. Some
questions, however, need to be again addressed in 2012 to
improve our understanding and define possible hardware
needs before LS1, like space charge limit, cures against
coupled bunch instabilities, efficiency of the batch com-
pression schemes to deliver brighter LHC-type beams. In
the SPS, most studies in 2012 will still revolve around the
Q20 optics and its possible implementation for operation
with LHC beams. This will require a continuous develop-
ment effort, which could be eased by a different MD time
distribution based on weekly block of 12 hours instead of
biweekly blocks of 24 hours. A scrubbing run will also
take place at the beginning of the 2012 run with the goal to
quantify the scrubbing process using laboratory data and
simulations and to understand whether relying solely on
scrubbing can be a feasible alternative as a future electron
cloud mitigation strategy.
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SPS: SCRUBBING OR COATING? 

J.M. Jimenez (on behalf of the LIU-SPS Team), CERN, Geneva, Switzerland 
 

Abstract 
The operation of the SPS with high intensity bunched 

beams is limited by the electron cloud building-up in both 
the arcs and long straight sections. Two consolidation 
options have been considered: suppression of the electron 
cloud build-up using coatings or relying, as before, on the 
scrubbing mitigation. A status report on both options will 
be given with a particular emphasis on measurements 
plans for 2012 and pending issues. The testing needs, 
corresponding beam parameters and MD time in 2012 
will be addressed. The criteria for the decision making 
and the corresponding schedule will be discussed. 

INTRODUCTION 
In the frame of the LHC Injector Upgrade (LIU) 

Project, the SPS accelerator has to be prepared to digest 
high bunch intensity - up to 2.5 1011 ppb @ 25 ns and  
3.5 1011 ppb @ 50 ns - and small emittances as defined by 
the High Luminosity LHC (HL-LHC) Project. With the 
existing design, this cannot be guaranteed since electron 
cloud (EC) limitations have been identified: beam 
instabilities like transverse emittance blow-up and single 
bunch vertical instability, pressure rise inducing beam gas 
scattering, dose rates to tunnel and to the components. 

Therefore, three options were considered to mitigate or 
suppress the EC induced effects: 

• Suppression of the build-up: Clearing electrodes and 
coatings providing very-low secondary electron yield 
(SEY) i.e. lower than 1.1; 

• Mitigation of the build-up: Scrubbing Runs; 
• Cure of the induced effects (single bunch vertical 

instability): High bandwidth feedback systems.  
 

This paper reports on the status and future plans for all 
these options. 

CRITERIA FOR DECISION 
As the SPS is an operating accelerator, all following 

aspects have been defined as important for the decision 
making: 

• Safety: the solution shall be safe for the operation of 
all SPS beams and its implementation shall not 
induce major personnel safety issues e.g. radiation, 
handling. 

• Performance: the solution shall allow a routine 
operation with the bunch populations required by the 
HL-LHC Project. 

• Reliability: the solution shall not degrade with time 
and behaviour shall be predictable and reproducible. 

• Operation margin: the solution shall provide 
contingency in case real situation is worse than 
expectations. 

• Other relevant criteria: the “Best value for money” 
approach is assumed. This means in particular that 
the infrastructures required must be compatible with 
CERN existing options. 
 

In addition, the implementation duration shall be 
compatible with a long shutdown in order to avoid 
perturbing the LHC Physic’s program.  

STATUS REPORT 

Electron Cloud Suppression solutions 

Clearing electrodes 
The results obtained so far correspond to expectations. 

The measurements have confirmed that clearing 
electrodes are an efficient technical choice to suppress the 
EC. Their efficiency in presence of a dipole magnetic 
field has been demonstrated up to the SPS injection 
energy (26 GeV); the required bias is very low, about  
100 V. 

However, no simple engineering solution was found to 
retrofit clearing electrodes inside the existing SPS dipole 
magnet beampipes. Therefore, it was decided to conclude 
these studies with the validation of the variant provided 
by KEK Institute. 

Amorphous Carbon Coatings 
The selection of the amorphous carbon as baseline for 

the SPS resulted from previous studies [1]. Indeed, the  
a-C coatings provides very low SEY, below 1.1, a value 
compatible with ultimate bunch populations for all 
beampipe shapes in the SPS. If a purification of the gas is 
used during the deposition process, a very-low SEY (δ<1) 
can be obtained with a high reproducibility, as showed by 
Fig. 1, without the need of any bake-out. The lifetime of 
these coatings is being studied since three years in the 
laboratory but also in the SPS ring. The only drift-up of 
the SEY with time was observed on a-C coated samples 
installed in the SPS beampipe but not in direct view of 
beams. Samples viewing beams do not show any drift. 
The effect of multiple venting to atmosphere has been 
evaluated, in the worst case, the SEY increased up to 1.1 
which remains below the EC threshold in the SPS even 
with HL-LHC beam parameters. 

To reduce the cost and the shutdown duration, the in-
situ coating of the magnet beampipes is the preferred 
solution. Since this coating configuration is challenging, it 
was decided to study also the ex-situ coating as an 
alternative. 

The in-situ coating prevents from opening the magnets 
to install new beampipes. The Hollow-Cathode technique 
(Fig.2 and 3) is being used and so far, the MBB dipole 
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profile has been validated as the MBA dipole profile has 
only gone through a 2m validation test, pending from the 
tooling for a real 7m MBA dipole beampipe. This 
validation is expected by end of April 2012. The 
reversibility of the coating process is not an issue since a 
bad coating can be removed using an oxygen glow 
discharge. 

The ex-situ coating is the simplest solution since the 
new beampipes can follow all surface treatments required 
to optimise the quality of the coatings. The major 
drawback is that, for all dipole magnets, the beampipes 
will have to be installed in the magnets which implies 
opening 744 magnets of the SPS. With new beampipes, 
the well-mastered magnetron sputtering technique, used 
for the LHC Non-Evaporable Getter (NEG) coatings, can 
be used. The results obtained on all magnet beampipe 
profiles (MBA and MBB) are excellent. The drift straight 
section beampipes will be coated as well using a 
magnetron sputtering approach at the laboratory. 

As for all coatings, the static outgassing is higher than 
for bare stainless steel, but no difference can be seen after 
second pump down (see Fig.4). The dynamic vacuum is 
expected to be lower than for the uncoated substrate 
because of the marked reduction of the electron cloud 
current. 

The need to coat or not the entire inner surface of the 
beampipes has been studied in details (see Fig.5) and lead 
to clear conclusions: in dipole magnets, only the top and 
bottom parts of the beampipe needs to be coated as the 
entire inner surface of the beampipe needs to be coated 
for the field free regions and quadrupoles. 

 
Figure 1: Distribution of the measured SEY on the coated 

samples. 

 
Figure 2: Picture of the hollow-cathode being inserted in 

the MBA dipole magnet beampipe profile. 

 
Figure 3: Picture of the a-C coating obtained using a 
hollow-cathode. A faster displacement of the cathode 

during the coating process allows reducing the ripples. 

 
Figure 4: Evolution of the outgassing rate of an a-C 

coating and effect of a second pump-down. 

 
Figure 5: Configuration tested to evaluate the need to coat 

or not the entire inner surface of the beampipe. 

Electron Cloud Mitigation solutions 

Beam Scrubbing 
Beam scrubbing is being successfully used since 1999 

in the SPS to reduce the EC activity. However, full 
suppression was never achieved except in field free 
regions. Therefore, beam scrubbing falls in the category 
of the mitigation solutions and is not a suppressing 
method. 

The EC build-up in the SPS (Fig.6) is not homogeneous 
along the ring. Indeed, the EC build-up is non-monotonic 
and depends on first order parameters such as beampipe’s 
shape and size, bunch spacing, presence of an externally 
applied magnetic field and as a second order effect, bunch 
length and geometrical emittance (see Table 1). 
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Table 1: SEY thresholds simulated for different shapes 
and bunch populations 

Beampipe 
profiles 

SEY thresholds 
@ 1.1 1011 ppb 

SEY thresholds 
@ 2.5 1011 ppb 

ID 156 (LSS) 1.4 1.1 

ID 130 (LSS) 1.45 1.05 

MBA (Dipole) 1.4 1.45 

MBB (Dipole) 1.15 1.25 
 

The very-low EC thresholds shown by Table 1 are an 
indication of the high demands in terms of reduction of 
the SEY of the beampipe surfaces, in particular for the 
HL-LHC beam parameters. Similar simulations for the 
LHC with HL-LHC beams are not yet done. This puts 
more constraints on the beam scrubbing efficiency and 
points out its intrinsic limitations. 

Reaching smaller SEY needs a much larger electron 
bombardment doses since the dose effect follows a 
logarithmic behaviour as shown by Fig.7. Going from an 
SEY of 1.6 down to 1.4 requires an order of magnitude 
more electron dose than from 1.8 to 1.6 and another order 
of magnitude is necessary to go down to 1.3! Meanwhile, 
for a constant bunch population, the bombardment dose 
decreases when approaching the EC threshold (see Fig.8). 
The simulations made for the SPS showed 3 orders of 
magnitude reduction of the electron bombardment flux! 
Thus, going from a SEY of 1.4 down to the 1.3 required 
for the operation of the SPS (at nominal LHC bunch 
population) implies 100 times more beam scrubbing 
duration! 10 times more electron dose meanwhile, the 
electron flux is decreasing by a factor of 10. 

At this stage, it is important to remind that the 
efficiency of the dose effect depends on the nature of the 
material. In the case of the SPS which uses stainless steel 
beampipes, a saturation of the dose effect at δsaturation=1.3 
was observed in the laboratory (SEY saturates at 2.2 for 
Aluminium!). This value is well above the simulated 
thresholds for the HL-LHC beam parameters (Table 1). 

 
Figure 6: Simulations of the EC build-up with time as a 
function of the beampipe SEY. 

 
Figure 7: Effect of an electron bombardment on the SEY 

of copper and Stainless Steel materials. 

 
Figure 8: Reduction of the electron density in the electron 

cloud while approaching the multipacting threshold. 
 

Finally, the use of high bunch populations during 
extensive scrubbing periods to increase the beam 
scrubbing efficiency is known to induce collateral effects 
like the heating of kickers, internal dump by trapping 
higher order modes (HOM) which can lead to equipment 
damages. These effects are enhanced if the bunch length 
is shortened. 

Simulations 
As a matter of fact, beam scrubbing can only become a 

valuable alternative to coatings if solutions are found to 
enhance the EC close to the threshold. An amazing work 
was done on the side of simulations in particular for the 
dipoles in which measurements are difficult to carry on.  

The following configurations have been looked at: 
• 5ns bunch spacing 
• Slip stacking of bunches 
• 5-10% uncaptured beam (alternative to filling SPS 

with 8 x 72 b @ 25 ns and 26 GeV) 
• PS bunch splitting deregulation (Bunch intensity 

modulation). 
 

A deeper analysis has discarded the first two options 
since not compatible with the existing RF systems in the 
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PS or SPS. The 5-10% uncaptured beam option looks 
promising close to the EC threshold in particular if only 3 
batches can be circulated in the SPS. This could be useful 
if confronted to equipment overheating due to HOM 
effects. The last option does not provide any EC 
enhancement. 

The simulations to assess the EC induced instability 
threshold in dipoles assume a homogeneous distribution 
of the electrons in the beampipe. But this is not the real 
situation in presence of a dipole field; electrons are 
confined along the field lines in three (3) strips (see 
Fig.9): one central and two laterals. While increasing the 
bunch population, the lateral strips moves away from the 
beam [3]. After some scrubbing, the central strip tends to 
disappear faster (see Fig.10) resulting from the presence 
of high energetic electrons in the central strip. Indeed, the 
electrons are getting the strongest kick by the beams. 

  

 
Figure 9: Transverse distribution of the electrons in an 

SPS dipole beampipe (simulations) 
 

 
 

Figure 10: Cross-section of the MBB dipole magnet 
beampipe showing the EC spatial distribution. After few 
hours of beam scrubbing, the central strip disappears 
leaving only the two-lateral stripes. 

Electron Cloud curing solutions 

High bandwidth transverse feedback system 
The status was reviewed in November 2011 by the LIU 

project and details can be found at [2]. The aim of the 
ongoing studies is demonstrating the efficiency of the 
transverse damping of intra bunch headtail motion caused 
by impedance and e-cloud, with a GHz bandwidth. The 
full system implementation could be ready for 2018 if 
proof of principle (see Fig.11) is demonstrated before 

LS1, i.e. 2012. The test set-up is operational in SPS (see 
Fig.12). 
 

 
Figure 11: Functional schematic of the high bandwidth 

transverse feedback system 
 

 
Figure 12: Picture of the pick-up installed in the SPS ring. 

PENDING ISSUES 
The validation of the beam scrubbing or coating 

solutions need measurements with beams or alternatively 
in the laboratory.  

Measurements in the Laboratories 
The SEY behaviour, electron dose and venting to 

atmosphere effects are studied in the laboratory. The 
validation of a coating inside a dipole beampipe was only 
possible by cutting a piece of the beampipe to get it 
installed in the SEY measurement stand. The dynamic 
behaviour of the coatings such as electron 
stimulated desorption, static outgassing and the ageing, 
and peel-off are also studied in the laboratory. 

As the measurements cannot be done in presence of a 
magnetic field, it was decided to study new means to 
validate the coatings directly in the dipole magnets. The 
newly developed system, called Multipactor test bench, is 
now fully validated and allows measuring a coated 
beampipe installed in a real SPS dipole magnet. Fig.13 
shows the schematic of the system with its associated 
pressure instrumentation providing also an indication of 
multipacting conditions in the beampipe. The later allows 
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benchmarking the RF measurements. Fig. 14 and Fig. 15 
show the typical results obtained with this set-up. 

 
 

 
Figure 13: Schematic of the Multipactor test bench. 

 

 
Figure 14: Typical signal observed in presence of 

multipacting: reflected power associated to pressure rise 
induced by the electrons bombarding the beampipe. 

 

 
Figure 15: Comparison of signals obtained on an a-C 

coated and bare stainless steel beampipes. The first does 
not show any multipacting. 

 

Measurements with beams 
The EC study zone in SPS-LSS5 has been equipped 

with strip detectors, pick-ups, sample extractor and 
extended vacuum instrumentation but nothing has yet 
been done inside a real 7m long SPS magnet with an 
MBB or MBA aperture. Installing an electron probe at the 
centre of a dipole magnet was studied and finally 
abandoned. Indeed, the simulations done for 0.12 T in the 
dipole field indicate that the combined effect of the dipole 
field at higher values (1T) with the transmission of the 
collector in the strip detectors will hinder a correct 
detection of the EC multipacting. 

It was therefore decided to coat a longer part of the SPS 
ring to decrease the border effects and use pressure 
gauges as multipacting indicators. The objective was to 
install two half-cells (HC) with a-C coated magnets, one 
HC with magnetron and one HC using the hollow-
cathode. This objective has been delayed due to the 
unexpected workload during the 2011-12 Winter 

Technical Stop (WTS). Instead, coated circular 
beampipes without magnetic field but with more 
diagnostics will be installed in the half-cell HC514 
(Fig.16). Taking profit from the Technical Stop in June 
2012, the last coated MBA dipole will be installed in the 
HC513 (Fig.17). The measurements during the following 
5 months with beams will allow validating the behaviour 
of entirely coated hall-cells.  

 

 
Figure 16: SPS HC514: a-C coated beampipes instead of 

magnets 
 

 
 

Figure 17: SPS HC513: a-C coating magnets as from 
June’12 

REVIEW OF OBJECTIVES 
Several objectives were fixed following the review 

made to prepare the Chamonix 2011 Workshop and all of 
them are progressing according to the defined schedule. 

Since last Chamonix Workshop, four objectives were 
achieved: 

• Feasibility studies on the clearing electrodes. 
• Industrialisation of the a-C coating techniques for in-

situ and ex-situ options. 
• Development of additional EC diagnostics, which 

could help the final decision. 
• Definition of the strategy for LS1 shutdown:  

2 coated half-cells to be installed. 
Four (4) others are being completed: 

• Studying means to enhance the EC build-up. 
• Preparation of SPS MD measurements to validate the 

efficiency of the proposed solutions. 
• Preparation of one half-cell coated with a-C to get it 

installed during the WTS 2011-12. 
• Proceed with the complete evaluation of the 

proposed solutions. 
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And three (3) medium term actions have been reviewed: 
• Two additional new-coated half-cells will be 

installed in the SPS if the results obtained during the 
2012 Run are not conclusive. 

• Validation with beams of the 2 (or 4) half-cells 
coated installed in the SPS ring as from 2014 to LS2 
shutdown. 

• Full implementation in LS2. 

CONCLUSIONS 

Amorphous Carbon Coatings 
At the present stage of the technology development, the 

amorphous carbon (a-C) provides the guaranty of 
suppression of the electron cloud. Despite the long list of 
potential further validations with beams, it is important to 
underline that the a-C coating technology is at the same 
level of validation than the NEG coatings when approved 
for their extensive use (more than 1400 beampipes) in the 
LHC. The remaining concerns are: costs, resources, 
infrastructures, duration and radiation dose to personnel. 

The a-C coating is the project baseline and CERM 
teams are presently working towards assumption that this 
will be needed. The large scale quality assurance is not a 
showstopper since already done for LHC NEG coated 
beampipes.  

Beam Scrubbing 
The beam scrubbing to decrease the SEY of the inner 

surface of the beampipes to mitigate the electron cloud is 
a serious alternative with two major advantages: low cost 
and short duration (few days/year). The completion of the 
ongoing simulations and the results from the scrubbing 
MDs are prerequisite to a decision since important 
pending issues need to be addressed. First, solutions 
exists on paper (new beams) to enhance the multipacting 
close to EC threshold and thus speed up the dose effect on 
SEY but the feasibility in the accelerators needs to be 
confirmed. The saturation of the SEY dose effect 
measured on the stainless steel (δsaturation=1.3) represents a 

limitation for the MBB dipoles (1/3 of SPS). An increase 
of the instability threshold resulting from the non-
homogeneous distribution of the EC in the dipoles - still 
to be validated by the simulations - could compensate 
partly the effects of the SEY saturation. Simulations are 
ongoing to determine the required scrubbing time 
profiting from excellent LHC data and simulations. 

It is obvious that the beam scrubbing scenario assumes 
that beam equipments like RF cavities, Septa and Kickers 
will be consolidated to become compatible with the new 
beams used during the long (several days) scrubbing runs. 
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PLANS FOR IONS IN THE INJECTOR COMPLEX 

D. Manglunki, CERN, Geneva, Switzerland 

 

Abstract 
The heavy ion beams required during the HL-LHC era 

will imply significant modifications to the existing 

injector chain. We review the various options, 

highlighting the importance of an early definition of the 

future needs and keeping in mind the compatibility with 

the rest of the future CERN physics programme. 

DESIGN & CURRENT PERFORMANCE 

In the LHC design report [1], a peak luminosity of  

10
27
 cm

-2
s
-1
 was predicted for collisions at 7 ZTeV 

(p = 2.76 TeV/c/u) in the nominal scheme, with 592 

bunches per ring, and a spacing of 100ns. Those bunches 

were produced by splitting the LEIR bunches in two in 

the PS, on an intermediate flat top. In order to combat 

expected IBS and space charge effects on the 40-second 

long SPS injection flat-bottom, complicated RF 

gymnastics involved further splitting the bunches into 

bunchlets prior to PS extraction, and recombining them in 

the SPS just before acceleration, using a 100 MHz RF 

system to be re-installed (Fig. 1). 

To compensate for a somewhat lower current at the 

output of Linac3, and to meet the high expectations which 

followed the 2010 run with the “early” beam [2], a 

different scheme than the “nominal” one was 

implemented. Inaptly named “intermediate”, this new 

scheme skipped the splitting process in the PS machine, 

replacing it by a rebucketing from h = 12 to h = 24 

(Fig. 2). This yields denser bunches, at the expense of a 

smaller number of bunches, and a larger bunch spacing – 

200 ns instead of 100 ns [3]. The experience with the Pb 

beam in 2010 had already demonstrated that the IBS and 

space charge issues on a 40 second long SPS front porch, 

although quite harmful, were less severe than anticipated, 

even for denser bunches than originally designed, and did 

not impose the implementation of the bunchlet scheme. 

Another feature of the “intermediate” scheme was a 

200 ns batch spacing, made possible by the short SPS 

kicker rise time at the low magnetic rigidity of the Pb ion 

beam at injection (equivalent to 17 GeV/c protons). 

Eventually the intermediate beam allowed to reach a peak 

luminosity of 5×10
26
 cm

-2
s
-1
 at 3.5 ZTeV/c per beam 

(p = 1.38 TeV/c/u). Scaled to the nominal momentum of 

7 ZTeV/c per beam where the β*
 and physical transverse 

emittances are halved, this corresponds to twice the 

design goal [4]. Table 1 compares the performance 

expected with the “nominal beam”, and the one achieved 

in 2011 with the “intermediate beam”.  

 

 

Figure 1: Nominal scheme, as planned in the LHC Design Report. 
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Figure 2: Intermediate scheme, as achieved during the 2011 run. 

 

Table 1: Design and achieved performance. 

 Nominal 

Design 

Intermediate 

achieved 2011 

SPS extraction 

Bunches/batch 32, 48 or 52 22 or 24 

ε*
H,V [µm] 1.2 0.9 

Nb [ions/bunch] 9×107 1.4×108 

LHC collisions 

p [TeV/c/u] 2.76 1.38 

kn [bunches] 592 358 

β* [m] at IP2 0.5 1.0 

L [Hz/cm
2
] 10

27
 5×10

26
 

 

Present issues 

Several issues hampered the success of the intermediate 

scheme and will need to be addressed in order to push the 

luminosity further, when restarting the LHC after LS1: 

• The ion current at the exit of Linac3 is about 30% of 

what is expected. This was mitigated in 2011 by 

increasing the number of injections into LEIR from 

4 to 7, which had implications on the final transverse 

and longitudinal emittances, given the finite cooling 

power. 

• Some losses occur in LEIR after the RF capture, at 

the beginning of the acceleration ramp. They are not 

currently understood although there are many 

hypotheses. 

• Suppression of the splitting, conjugated with the 

increased number of injections into LEIR mentioned 

above, led to a larger longitudinal emittance of the 

bunches in the PS, eventually creating satellites.  

• The SPS injection flat bottom lasts over 40 seconds, 

during which the first injected bunches suffer from 

losses due to IBS, space charge and RF noise, 

although the respective share of the different effects 

still needs to be determined precisely. 

THE LHC’S ION PROGRAMME 

The users requirements and the foreseen ion 

programme which it implies, have already been presented 

during this workshop [4, 5] so we only remind the main 

points: 

• 2012 will be devoted to p-Pb and Pb-p collisions 

• After LS1 in 2013, the LHC will start with protons 

only in 2014.  

• From 2015 to 2017, ALICE expects Pb-Pb collisions 

at design luminosity, in order to reach around 

250 µb
-1
/year, with a possible p-Pb run once 1 nb

-1
 

has been reached. 

• After LS2, ALICE expects a higher luminosity than 

design for Pb-Pb in 2019, then p-Pb in 2020 and 

finally Ar-Ar in 2021. 

• After LS3, in the HL-LHC period, ALICE expects a 

luminosity higher than 6×10
27
 cm

-2
.s

-1
 for Pb-Pb 

collisions at 7 ZTeV/c per beam. Other species, such 

as U, could be requested. Deuteron-lead collisions, 

on the other hand, do not seem to be interesting any 

longer. 

It is worth reminding that even without any upgrade, 

the “intermediate” scheme used in 2011 should already 

deliver 2×10
27
 cm

-2
.s

-1
, i.e. twice the design peak 

luminosity, once the LHC operates at 7 ZTeV/c per beam. 

One should also note that, at the time of writing the 

design report, one of the concerns was whether the 

luminosity goal of 10
27
 cm

-2
.s

-1
 was tolerable for the 

quench limit [6]. However, measurements performed 

during the “quench test” at the end of 2011 seem to 

indicate a current safety margin of the order of ten or even 

twenty [7], meaning the peak luminosity could be even 

pushed up to over 10
28
 cm

-2
.s

-1
. 
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ROUTE TO HIGHER LUMINOSITY 

The natural way of increasing the luminosity is to 

increase the number of bunches, while keeping their 

intensity and transverse emittances at least constant. In 

the HL-LHC era, all experiments will be ready to accept a 

bunch spacing of 50 ns, but in order to maximize the 

number of bunches in the LHC, the spacing of the batches 

injected in the SPS should be decreased as well, as much 

as possible. Fig. 3 plots the luminosity, scaled to today’s 

performance, against the batch spacing in the SPS, limited 

by the rise time of its injection kicker (MKP), in several 

cases, but keeping the number of PS injections into the 

SPS to 12, for comparison purposes. The 3.3 µs abort gap 

and the 0.9 µs rise time of the LHC injection kicker are 

taken into account. One can see that splitting the bunches 

in two while keeping the current performance of the 

injectors does not bring any gain, even with a much 

shorter MKP rise time. Conversely, bringing the two 

bunches closer together to say 100ns by batch 

compression can bring a marginally higher luminosity – 

25% with the present MKP, 50% if the batch spacing can 

be decreased down to 150 ns (Fig. 4). This latter scheme 

could readily be implemented for the next ion run of the 

LHC, after LS1. The nominal beam, yielding half the 

current luminosity, is plotted for reference. 

 
 

Figure 3: Expected peak luminosity versus SPS injection kicker rise time, scaled according to the various scenarios. 

100% corresponds to the 2011 performance of the “intermediate beam”, with a 200ns bunch spacing, and an MKP rise 

time shorter than 200 ns.  

 

Figure 4: Possible schemes for 2015. 
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The scheme which would produce the highest 

luminosity, a factor 3.5 above the current performance, is 

summarized in Fig. 5: 

• Production of two bunches in LEIR, with twice the 

current bunch intensity, and the same transverse 

emittances. 

• Batch compression followed by splitting in the PS, 

yielding four bunches of 3×10
8
 ions, spaced by 

50 ns. 

• 12 transfers of such batches to the SPS, with a batch 

spacing of 50 ns, giving a train of 48 bunches, 

equally spaced by 50 ns.  

• 26 transfers of the SPS trains to the LHC, giving 

1248 bunches per ring. 

 

 

Figure 5: 50 ns spacing scheme for HL-LHC  

 

NECESSARY STUDIES AND UPGRADES 

In order to produce the beam describe above, the whole 

injector complex would need to undergo several 

upgrades: 

Source and Linac3 

The output current of the ion linac should be upgraded 

to deliver the design value of 50µA. Apart from the 

construction of a completely new facility (“Linac 5”), 

several possibilities have to be explored in order to reach 

this goal, such as the improvement of the ECR source, or 

design and construction of a new one. Another promising 

development is the simultaneous acceleration of multiple 

charge states in the IH structure.  

In addition, one can think of increasing the repetition 

rate of the Linac 3, currently 5 Hz. The linac itself had 

already been design for 10 Hz, but the power supplies of 

the transfer lines towards LEIR would have to be 

upgraded.  

LEIR 

The most urgent issue in LEIR is to try and understand 

the reason for the beam loss at the beginning of the 

accelerating ramp. No hypotheses are currently ruled out, 

including: 

• Limitations due to direct space charge 

• Limit with irregular lattice lower than expected 

• Too small transverse emittances after cooling 

• Impact of Bdot (too fast or too slow)  

•  Instabilities 

PS 

For the implementation of the suggested scheme, the 

PS is the machine which would need the least 

modifications. The RF gymnastics have to be designed 

and implemented, but the hardware already exists, and the 

know-how is well established. 

SPS 

In the LHC design report [1], the MKP was supposed to 

be upgraded in order to allow a batch spacing as low as 

125 ns for injection at γ = 5.45. Injection at γ = 7.31 
currently imposes a lower limit of about 200 ns. In order 

to reach a factor 3.5 in peak luminosity, a rise time shorter 

than 50 ns is needed. This would imply a complete 

revision of the injection scheme, including the 

construction of 30 new, short kicker magnets. A lot of 
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R&D is necessary for such a drastic improvement – which 

would also benefit the proton physics.  

For the problem of the bunches degradation on the long 

injection flat bottom, several remedies are being studied. 

• The RF noise can be decreased by staying on a fixed 

harmonic system during injection, and only 

switching to the fixed frequency beam control for 

acceleration. 

• The space charge and IBS effects can be somehow 

mitigated by the use of Q20 optics [8] which result in 

larger transverse beam dimensions.  

• The bunchlet scheme originally proposed in the 

design report could be revived. However, the 

impedance of the additional 100 MHz cavities could 

be detrimental to the stability of the proton beam, so 

independently of its cost, this solution is not 

favoured. 

Finally, provided the issues mentioned above are 

solved, one can think of an even longer injection flat 

bottom of the SPS, with 15 injections or more. This 

number is limited to 12 by the current hardware. 

OTHER SPECIES 

Argon and Xenon 

Fixed target Ar and Xe runs are foreseen to take place 

respectively in 2014 and 2015 in the North  Area at the 

SPS. To that effect, the ECR source, RFQ, and Linac3 

will exceptionally be running with these two species for 

13 weeks each during the first long shutdown (LS1), in 

2013. The Ar beam will be commissioned in the rest of 

the injector complex (LEIR, PS, SPS) in 2014. As was the 

case for the Pb beams, the beam structure will be identical 

in the SPS as the one needed to fill the LHC for the Ar-Ar 

collisions. This will allow a gain of experience with the 

LHC beam while fulfilling the needs of the fixed target 

experiments. Although not yet approved, and not 

requested before 2021, Ar beams could be available for 

collisiopns in the LHC as early as 2015. 

Deuterons 

At present, deuterons cannot be accelerated in Linac3 

as it is, and four solutions have been proposed [9] in order 

to provide them: 

1. Build a new source, a new low energy beam 

transport (LEBT), a new RFQ, and re-use the 

current Linac3 IH structure to accelerate to the 

LEIR injection energy. 

2. Build a new source, a new LEBT and a new 

RFQ, which accelerates to the final energy to 

inject into LEIR. 

3. Build a completely new linac dedicated to 

creation and acceleration of deuterons, with an 

acceleration structure optimized for the 

different beam velocities. 

4. Build a new compact cyclotron with an 

internal deuteron source, delivering 

intermediate intensities at an energy optimized 

for the injection into LEIR. 

Each of these options have their drawbacks and 

advantages, which will have to be weighted and evaluated 

with the available budget, should deuterons be required 

by the users. In any case, the earliest date for deuterons 

availability cannot be before LS3. 

Uranium 

No formal requests exist at present for collisions of U 

beams in the LHC. In addition to the usual accelerator 

physics issues, due to its toxicity - both chemical and 

radiological - uranium poses severe handling and safety 

problems which would need to be studied and solved. 

CONCLUSIONS 

• With the present injector complex, increasing the 

number of bunches seems to be the only route for a 

marginally higher luminosity, and at the expense of a 

longer LHC filling time. 

• A solution exists to produce up to 3.5 times the 

current peak luminosity, i.e. about 7×10
27
 cm

-2
.s

-1
 at 

7 ZTeV/c per beam, but it necessitates an upgrade of 

the beam production stage (ECR source and/or 

Linac3) and of the SPS injection kicker.  

• If we are to implement the suggested improvements 

in order to reach the required Pb-Pb luminosity 

(provided the LHC can digest it), it is more than time 

to start the RnD on all parts of the injector chain. 

•  Ar and Xe will be available after LS1 (parameter list 

still to be defined and optimised) but other species, if 

desired, would come in addition, and require more 

studies, in particular a new source & pre-accelerator 

for deuterons, or safety and handling issues for 

Uranium. 
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BEAM CURRENT LIMIT FOR HL-LHC

R. Assmann

Abstract
The HL-LHC upgrades require beam currents, that are sig-
nificantly increased beyond the original specifications of the
LHC. The talk will explore expected limitations in hard-
ware systems (including RF power, instrumentation, vac-
uum), the impact of increased beam losses on quench statis-
tics, risks due to beam current related damage, beam dy-
namics issues, loss-induced activation and single event up-
sets
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DO WE REALLY NEED A COLLIMATOR UPGRADE?

S. Redaelli for the LHC Collimation Project team, CERN, Geneva, Switzerland

Abstract

Several improvements are foreseen for the LHC colli-
mation system during the LS1 and beyond. The changes
are matched to the required performance reach during the
HL-LHC era. The scenarios for system upgrades are deter-
mined based on the present operational experience with the
operation at 3.5 TeV, well about the beam stored energy
regime of 100 MJ. The present upgrade strategy, and the
uncertainties on the performance extrapolation to 7 TeV are
presented. The collimation activities in LS1 are outlined
and the possible works for LS2 and LS3 are presented.

INTRODUCTION

The plans for the LHC collimation system upgrade [1]
as discussed at Chamonix 2011 had a major change in June
2011 when it was decided to postpone the implementation
of the combined betatron/momentum cleaning in the inser-
tion region (IR) IR3, following the recommendation of an
international collimation review [2]. The good cleaning
performance of the system together with the outstanding
LHC performance in various respects (beam lifetime above
expectations throughout the operational cycle, quench lim-
its of super-conducting magnets well understood, good re-
producibility and stability of settings, etc.) suggested that
the IR3 works are not immediately required for the opera-
tion at an energy close to 7 TeV. Indeed, the present overall
performance legitimates to pose the question whether col-
limation upgrade are needed at all in the future.

In its initial proposal [3], the IR3 upgrade required a po-
sition change of several magnets at either side of the colli-
mation system to make space for collimators in the disper-
sion suppressor (DS) regions. Postponing this activity has
the advantage that one can wait for the availability of the
shorter 11 T dipoles that would allow implementing cryo
collimators by “simply” replacing individual dipole mag-
nets without change of quadupole positions [4]. This tech-
nology was not ready for an implementation in 2013. In
principle, this concept also makes it easier to upgrade sev-
eral IRs with cryo collimators, as the layout changes are
minor compared to the other scheme.

In this paper, the scope of possible collimator upgrades
is recalled and the recent studies on the performance limits
of the present system are reviewed. The present baseline
for the collimation works in LS1 is presented in details and
possible further upgrade scenarios of LS2 and LS3, which
will depend on the observed system limitations during the
operation at top energy, are outline. Then, some conclu-

sions are drawn.
Collimation works and deliverables are matched to the

present major shutdowns in preparation for the HL-LHC
era [5]: a first long shutdown (LS1) after the 2012 oper-
ation will allow operating the LHC at a close-to-nominal
energy starting at the end of 2014, mainly by consolidating
the defective splices between magnets. A second shutdown
(LS2) is presently foreseen in 2018 to address some limita-
tions for the operation at high luminosity and beam inten-
sity. The real LHC era will start after a long LS3 presently
scheduled in 2021 for the main HL-LHC installations.

SCOPE OF COLLIMATION UPGRADES

The LHC collimation system has been conceived since
2003 as a staged system [6] where the initial installation
based on robustness could be extended and complemented
by adding new collimators as required by the LHC chal-
lenges. Primary concerns were the cleaning efficiency
of the system and the induced impedance, which were
expected to severely limit the total LHC intensity reach
[7]. The scope of collimation upgrades is however much
broader and includes aspects not only related to the beam
dynamics. The main goals for collimation upgrades are:

• Improve the collimation cleaning performance by ad-
dressing the system limitations, notably the dispersive
losses in the DS magnets downstream of the cleaning
insertions.

• Improve the collimator impedance without reduction
of the cleaning performance.

• Improve the collimator robustness without compro-
mising the impedance.

• Improve operational aspects such as alignment speed,
β∗ reach, machine protection aspects. Improve the
flexibility of the LHC collimation against changes of
machine configurations (optics, crossing angles).

• Improve the IR7 infrastructure for a better radiation
handling [8].

• Update the collimation layout downstream of the TAN
in the high-luminosity regions, for a full compatibility
with design luminosity at 7 TeV.

• Replace collimators that have aged, possibly with im-
proved designs/features. Note that the LHC collimator
was designed for a lifetime of about 10 years in high
radiation environment.
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• Achieved a full collimator remote handling in high-
radiation environment.

• Improve distribution of radiations in the warm inser-
tions, e.g. to improve the lifetime of warm magnets in
IR3/7 (local shielding).

• Minimize the radiation to accelerator systems from
collimation or beam losses (e.g.: continuous losses in
the cold magnets should be minimized even if they are
well below the rates that can induce quenches).

• Improve super-conducting magnet shielding in IP6.

• Continue R&D studies for advanced collimation con-
cepts.

In Chamonix 2010 it was proposed to include collima-
tion upgrade scenarios in the CERN medium-term plan-
ning [9]. Note that several studies listed above rely on im-
portant work within international collaborations (European
program, US-LARP, collaborations with Kurchatov insti-
tute, etc.). Technical details are not discussed in this paper.

The possibility to upgrade the LHC collimation with mi-
nor impact on schedule and tunnel infrastructure has been
built into the present system. This includes vacuum layout
for new collimator slots, space reservations, new collima-
tor supports, cabling, design features for fast disconnection
and compatibility with remote handling. The presence of
new collimator slots makes it possible to add collimators
(e.g. new metallic secondary collimators) by complement-
ing rather than replacing the present system. On the other
hand, it is clear that more important changes like the addi-
tion of collimators in the cold regions to remove the clean-
ing limitations in the DS are major changes.

REVIEW OF COLLIMATION
PERFORMANCE STUDIES

Without giving the full technical detail of the LHC col-
limation performance, the studies carried out so far are re-
viewed. For more details, see the recent collimation review
[2] of June 2011 (see also [10]). The operational expe-
rience accumulated after June 2011 confirmed the results
presented at the review [11, 12].

The performance of the LHC collimation in the first op-
eration at 3.5 TeV and β∗ down to 1 m is remarkable.
Cleaning efficiencies in cold regions below 99.995 % were
achieved throughout the 2011 operation [11] with one sin-
gle collimator alignment campaign performed for the be-
tatron and momentum collimators. The collimation align-
ment procedures and software were successfully improved
to reduce the impact on the machine efficiency. Overall, the
collimator hardware and low-level control software worked
very reliably with minor impact on the machine [13]. Sys-
tem limitations identified during the 2010 operational re-
main, such as reduced operation flexibility in particular in
the IRs, dependence of collimation performance on the ma-
chine reproducibility, limitation of the β ∗ reach, etc. [1].

Figure 1: Losses recorded around the LHC rings in the fill
2242 for proton physics. The peak luminosity was about
3.4×1033cm−2s−1 at a beam energy of 3.5 TeV.

Figure 2: Zoom out of Fig. 1 around IP5.

But clearly one can conclude that so far all the collimation
design choices were successfully validated by the opera-
tional experience.

As predicted by simulations, the limiting factor from col-
limation cleaning remains the dispersive losses in the dis-
persion suppressors of IR7, i.e. the DS magnets are the
cold locations with highest losses in case of beam losses.
This becomes a concern in case of reduction of beam life-
time which could potentially lead to quenches of super-
conducting magnets. In addition to losses in IR7, the op-
eration at high luminosities show continuous losses in the
dispersion suppressors of the experimental regions. An ex-
ample is shown for protons in Fig. 1 and Fig. 2. These
losses are not caught efficiently by the physics debris colli-
mators (TCLs) that are located in low-dispersion areas. An
example of losses in IR2 during an ion physics fill is given
in Fig. 3. See [14] for more details on the ion performance.

The extrapolated performance reach at higher beam en-
ergies and smaller β∗ values has been done by taking
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Figure 3: Losses around IP2 during the ion physics fill
2328, with a luminosity of about 450×1024cm−2s−1.

into account the latest beam relevant beam measurements.
Achieving reliable estimates is a complex problem which
relies on assumptions not only related to the collimation
cleaning: the quench limit of super-conducting magnets,
the minimum beam lifetime, the impedance induced by col-
limators, overall impact on machine efficiency, etc. must
also be taken in proper account. The present understand-
ing [2] indicates that the LHC collimation is compatible
with a total intensity about 4 times larger than nominal at
7 TeV [12, 10]. For ions, a total intensity at least 5 times
nominal is within reach [15]. These figures are obtained by
scaling the achieved loss rates during dedicated collimation
quench tests at 3.5 TeV [16] to the 7 TeV case. Cleaning
inefficiency for 7 TeV settings, quench limits and loss dis-
tributions are also scaled [2].

Note that the performance reach estimates take into ac-
count only limitations from betatron cleaning in IR7 and
not the losses from luminosity debris in the experimental
regions. It is also important to stress that these figures rely
on various critical assumptions:

• Quench tests performed with collimation losses in the
DS’s of IR7 failed to quench the any super-conducting
magnet. The performance reach estimate based on the
achieved loss rates are therefore conservative.

• The assumed minimum lifetime at 7 TeV is inferred
from the measurements at 3.5 TeV and at β ∗ = 1 m,
with 50 ns spacing. Note that this is a factor 5-20
better than the design assumptions of 0.2 h. The value
of 1 h was conservatively assumed [2].

• The duration of losses in collimator quench tests was
1-2 s (design: 10 s), limited by the resonance method
used [16]. Beam tests were only performed with in-
jection optics at 3.5 TeV and not with squeeze optics.

• The peak loss rate could be achieved only for one
beam (B2 during the proton studies, B1 during the ion
studies). There is no reasons to expect differences but
this should be checked with beam data.

• There are uncertainties on the scaling of quench limits
at 7 TeV. The magnets are typically operating at half
the current that they will see at nominal energy.

• There are uncertainties on the scaling of collimation
cleaning at 7 TeV, with different collimator settings
than the ones used up to 2011.

• The machine reproducibility at top energy is assumed
to be the same observed in 2011. This has an impor-
tant impact on the collimation performance.

• The 2011 operation used collimator gaps larger than
at 7 TeV [17]. The bunch spacing was 50 ns instead
than the nominal 25 ns (the latter might only be feasi-
bly with larger emittance). The extrapolations of the
impedance of the system to the 7 TeV LHC have there-
fore some uncertainties [18].

These uncertainties must be addressed with beam tests in
2012. The final confirmation can only be achieved after the
initial operation at nominal currents in 2015.

IMPROVEMENTS UNTIL 2012

It is important to realize that several improvements of the
LHC collimation have already taken place after the initial
completion of the present system, i.e. in the short winter
shutdowns 2010-11 and 2011-12. This includes:

• A new collimation layout in IR2 to improve ALICE
data taking by removing conflicts with the 2-in-1 col-
limators of type TCTVB’s [19, 1]. This required re-
placing two TCTVB’s with 2 TCTVA (single-beam
collimator) by moving them further upstream from the
IP, in the region with separated beam pipes.

• The development of a semi-automated software for
faster and more robust collimator alignment [11].

• The improvement of the protection functionality of the
collimator controls thanks to new limits defined as a
function of the β∗ [1].

• The update of controls hardware to mitigate the LHC
down time from radiation effects on the collimator
racks in IR1/5.

• The automation of hardware commissioning se-
quences for the remote validation of the collimator
machine protection functionality.

LS1 COLLIMATION ACTIVITIES

The upgrade of IR3 to foreseen in LS1 [1] to achieve a
combined betatron/momentum cleaning [3] in conjunction
with DS collimation has been postponed as recommended
by the June 2011 review [2]. The possibility to modify
the cleaning insertion(s) by adding DS collimators for a
better cleaning is kept as an option for the future, in case
the evidence of the need for an improved cleaning will be
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observed at 7 TeV. Important improvements are expected
from the new design with embedded BPMs [20] (faster
alignment and better β∗ reach). Other collimation activi-
ties are under consideration. Our plans are:

1) Replace all tertiary (TCT) collimators in the exper-
imental regions and of 2 secondary (TCSG) colli-
mators in IP6 with the new BPM-embedded design.
TCT’s will be built with an industrial productions
whereas the TCSG’s will be built in house. This
change was approved by the management [21].

2) Upgrade the IR7 infrastructure, in particular to add a
new air duct to reduce activation effects [8].

3) Change the IR8 layout to replace 2-in-1 TCTVB col-
limators with the new BPM design (as done for IP2 in
the 2011-12 shutdown).

4) Upgraded TCL layout in IR1/5 for the collimation
of luminosity debris: if previous estimates are con-
firmed [22], this might require the removal of one of
the TOTEM Roman pot stations in IR5.

5) Possibly add new absorbers in IR3 to improve the life-
time of the warm MQW quadrupoles.

6) Install Tungsten collimators in IR6 to improve the
shielding of the super-conducting Q4.

7) Perform beam tests as R&D on advanced collimator
concepts: crystal experiment and hollow electron lens
as beam scrapers.

8) Commissioning of new collimators and re-
commissioning of the existing system.

The items (1), (2), (3) and (8) are approved and will be
done. The other ones in the list require still some studies
and will be proposed to the management in detail during
2012 (followed up by the collimation WG).

It is interesting to note that items (4) and (6) might be
done earlier than foreseen [9] thanks to the availability the
collimators that will be removed from the IRs as part of
(1). The study of TCL layout upgrade includes for example
the possibility to add a new collimator in the cell 6 of IR1
as a part of the study for a new forward physics detector
proposed by ATLAS [23].

COLLIMATION UPGRADES IN LS2/LS3

The strategy for the shutdowns beyond LS1 will depend
on the operational experience at the LHC with energy close
to 7 TeV. The emphasis of present studies is focused on as-
sessing the need for local DS cleaning in the experimental
regions, in particular the high-luminosity IR1/5 as well as
IR2 in view of the ion operation. For this purpose, a Colli-
mation Upgrade Specification meeting was started in Jan-
uary 2012 [24]. The first milestone of this working group

is to determine by the end of the year the need for DS col-
limation in IR1/2/5. This is important for the HL-LHC era
and depends critically on the feasibility of the 11 T dipole.

It is important to realize that, in case of limitations ob-
served at 7 TeV after LS1, studies of IR collimation must
be ready in time for a first possible implementation already
in LS2, i.e. for the present IR layout and independently
on new HL-LHC IR optics schemes [5]. Clearly, the con-
straints from the HL-LHC IR layouts will be taken into ac-
count to find compatible collimator solutions, if possible.
Also note that the DS upgrade in IR3/7 also remains as
an option if required, and it will also profit from the 11 T
dipole technology.

According to the present understanding, the possible up-
grade scenarios in LS2 and LS3 are:

• LS2:
– Possible first upgrade of experimental regions with
DS collimators;
– Improved collimator design and new materials for
reduced impedance and improved robustness (com-
plement present system by adding new collimators in
IR3 or IR7).
– Adding more collimators equipped with BPMs.
– Systematic investigations of collimator HW aging
and lifetime issues. Take actions as required.
– Implementation of partial remote handling in radia-
tion environment;
– Continue or start R&D for new collimation con-
cepts. Possible implementation of new concepts tested
with beam after LS1 (crystals, hollow e-lens), if
needed.

• LS3:
– Implementation of a full re-design of the collima-
tion in IR1/2/5 (DS collimation and additional local
protection if required by the new optics layouts);
– Complete DS collimation in all the required IRs, in-
cluding IR3/7 if required;
– New collimator materials and design to replace col-
limators that have aged, or complement the existing
system by adding new collimators in the existing slots
for upgrades;
– Adding more collimators equipped with BPMs.
– Implementation of the full remote handling of colli-
mators in high radiation environment;
– Implement, if needed, new concepts for improved
cleaning and reduced impedance (crystals, hollow
lens, etc.).

Note that the existing slots for new collimators allow an
easy improvement of the system by adding new collimators
– which will feature the latest design features in terms of
material, BPM integrated and mechanics – to complements
the installed system. This only applies to secondary colli-
mators whereas in other cases like primary and absorbers
the collimators must be changed.
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CONCLUSIONS

There is certainly a need to continue the collimation up-
grades studies in preparation for the HL-LHC era. The op-
erational experience at 3.5 TeV indicates that the present
collimation system might be compatible with the LHC
nominal energy and luminosity. The upgrades of collima-
tion insertions to improve the cleaning (DS collimators in
IR7 or combined betatron/momentum cleaning in IR3 with
DS collimators) are maintained as options until the first op-
eration at energies close to 7 TeV will confirm the extrap-
olations from the 3.5 TeV measurements. Detailed studies,
covering other aspects related to the LHC intensity reach
like quench limits, impedance and lifetime studies, must
continue with high priority in 2012 at 4 TeV to improve the
extrapolations to 7 TeV.

The main approved activity for LS1 foresee the re-
placement of 18 installed collimators with a new BPM-
embedded design, for smaller β∗ reach, improved machine
protection and enhanced flexibility of IR optics configura-
tions. This important upgrade has also the advantage that
it will make available additional spare collimators, which
makes it possible to consider the possibility to improve
other IR’s without the need to restart a collimation produc-
tions chain (assuming the these TCTs can be easily handled
and do not pose RP constraints). This options include im-
proved cold magnet shielding in IR6 and an upgraded out-
going beam commissioning in IR1/5. Another important
work foreseen is the upgrade of the IR7 infrastructure to
mitigate the effects of air activation.

The present LHC collimation is not designed for local
cleaning in the dispersion suppressors and this predicted
limitation is confirmed in operation. Losses in IR3 and IR7
are a concern in case of reduced lifetime that might induce
quenches, whereas losses in the experimental regions oc-
cur continuously due to the luminosity debris. The present
studies are focused on the understanding of the limitations
that might be induced by these losses during the operation
at 7 TeV. The possibility to add DS collimation in con-
junction with the 11 T dipole concept must be addressed
with high priority for possible actions in LS2. Other im-
portant collimation studies include the remote handling in
view of the operation at design parameters and the R&D
program for advanced collimation concepts. The studies
on new materials for improved jaw robustness and collima-
tor impedance will also continue with high priority.
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NEW MAGNETS FOR THE IR:  
HOW FAR ARE WE FROM THE HL-LHC TARGET? * 

GianLuca Sabbi (LBNL) for the LARP collaboration

 
Abstract 

 

Insertion quadrupoles with large aperture and high 
gradient are required to upgrade the luminosity of the 
Large Hadron Collider (LHC). The US LHC Accelerator 
Research Program (LARP) is a collaboration of US DOE 
National Laboratories aiming at demonstrating the 
feasibility of Nb3Sn magnet technology for this 
application. Several series of magnets with increasing 
performance and complexity have been fabricated, with 
particular emphasis on addressing length scale-up issues. 
Program results and future directions are discussed. 

 

INTRODUCTION 
 

Replacing the first-generation IR quadrupoles with 
higher performance magnets is one of the required steps 
for the High-Luminosity LHC [1]. Although designs 
based on NbTi conductor are being considered, the 
intrinsic properties of Nb3Sn make it a strong candidate to 
meet the ultimate performance goals in terms of operating 
field, temperature margin, and radiation lifetime. Under 
typical upgrade scenarios, the new magnets will provide 
increased focusing power to double or triple the 
luminosity, and at the same time will be able to operate 
under radiation loads corresponding to a 10-fold increase 
in peak luminosity, and with radiation lifetime consistent 
with a 3000 fb-1 integrated luminosity goal.   

Starting in 2004, the LHC Accelerator Research 
Program (LARP) collaboration has led the US effort to 
develop Nb3Sn quadrupole magnets for the LHC 
luminosity upgrade [2]. The program is founded on the 
knowledge base and infrastructure of the DOE General 
Accelerator Development programs at BNL, FNAL and 
LBNL. With respect to these programs, it provides 
specific focus and resources to select the best available 
technologies for the luminosity upgrade and bridge the 
gap from proof-of-principle models to fully developed 
prototypes incorporating all features required for 
operation in the LHC accelerator. Significant progress has 
been made to date and the program is well positioned to 
complete the technology demonstration by 2014 and 
initiate a construction project. A successful luminosity 
upgrade based on Nb3Sn is expected to open the way to a 
number of other applications, both within and beyond 
high energy physics. 

HIGH FIELD MAGNET TECHNOLOGIES 
Excellent mechanical and electrical properties of multi 

filamentary NbTi have made it the conductor of choice in 
all superconducting accelerators to date. However, the 
intrinsic properties of NbTi limit its field reach in 
accelerator applications to about 8 T. In order to surpass 
this threshold, superconductors with higher upper critical 
field are needed. Niobium-Tin (Nb3Sn) is currently the 
most advanced material available. It carries current 
densities similar to NbTi at more than twice the field, and 
is available in long lengths with uniform properties. 
Nb3Al offers lower strain sensitivity with respect to 
Nb3Sn, but its manufacturing process is not sufficiently 
well developed to support magnet fabrication. The low-
temperature properties of HTS materials such as Bi-2212 
are far superior to both Nb3Sn and Nb3Al. However, many 
technology challenges need to be addressed before 
practical designs based on these materials can be 
developed and implemented in prototypes. 

All superconductors suitable for high field applications 
are brittle and strain sensitive, requiring new approaches 
to magnet design and fabrication to complement or 
replace those established for NbTi. In particular, because 
of their brittleness, high field superconductors cannot be 
drawn to thin filaments like NbTi, but have to be formed 
in the final geometry by high-temperature heat treatment. 
In the fully reacted state, the filaments are extremely 
sensitive to strain. Therefore, attempting to wind pre-
reacted cables in accelerator-type coils would result in 
unacceptable critical current degradation at the ends. 
Instead, coils are wound using un-reacted cable, when 
components are still ductile, and the superconductor is 
formed by high temperature heat treatment after coil 
winding. This technique requires the use of insulation and 
coil structural components that can withstand the high 
reaction temperatures. In addition, new approaches to 
mechanical support and quench protection are required to 
safely handle reacted coils through magnet assembly, cool 
down and excitation.  

A significant and sustained R&D effort is required to 
develop technologies that can take advantage of the 
properties of high field superconductors while coping 
with the associated challenges. Early work on Nb3Sn 
accelerator magnets was performed at BNL [3], CEA [4], 
CERN [5-6], and LBNL [7]. In the mid-90s, the dipoles 
MSUT (Twente University) and D20 (LBNL) reached 
fields of 11-13 T [8-9]. More recently, the LBNL dipoles 
RD3-B and HD1b achieved record field of 14.7 T and 
16.1 T, respectively, using simple racetrack coil designs 

_________________________________________  
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[10-11]. The LARP program was established to build on 
this base and develop the technology to a mature state, 
consistent with the requirements of the High-Luminosity 
LHC project. 

THE LARP PROGRAM 

Goals and organization 
LARP was established in 2004 to enable active 
participation of the U.S. scientific community in the 
accelerator research program of the LHC machine. While 
the program scope included accelerator commissioning 
and operation, special emphasis was given to the 
development of magnet technologies relevant to the LHC 
luminosity upgrade, consistent with the physics priorities 
established by the US HEP advisory panel [12]. LARP is 
also intended to serve as a vehicle to advance 
collaboration among US Laboratories as well as 
international cooperation in large science projects. 

The documents that initiated the program identified its 
key goals, to be achieved in close collaboration with 
CERN: 
• Help the LHC achieve its design luminosity quickly, 

safely and efficiently. 
• Continue to improve LHC performance by advances 

in understanding and the development of new 
instrumentation. 

• Use the LHC effectively as a tool to gain a deeper 
knowledge of accelerator science and technology. 

• Extend LHC as a frontier High Energy Physics 
instrument with a timely luminosity upgrade. 

 
LARP was firmly established as an advanced R&D 
program, which would help the US HEP community in 
maintaining a leadership role in accelerator technology, 
and set the basis for a separately funded construction 
project. “Preparing to build the next generation hadron 
collider” was also explicitly mentioned among the key 
program goals in the LARP proposal (Fig.1). 
 

Deliverables
 
Goals 

Hardware 
Commissioning 

Beam 
Commissioning 

Fundamental 
Accelerator 
Research 

Instrumentation 
&  

Diagnostics 

Magnet 
R&D 

Maximize HEP  
at the LHC Y Y Y Y  

Improve LHC 
Performance   Y Y  

Advance Accelerator 
Science/Technology   Y Y Y 

Expand LHC HEP by 
a Timely Upgrade   Y Y Y 

Prepare to build the 
Next Generation 
Hadron Collider 

Y Y Y Y Y 

Fig. 1: LARP goals and deliverables matrix [2] 
 
The program is organized in three sections: (i) accelerator 
systems, (ii) magnet systems and (iii) programmatic 
activities. The accelerator systems section includes the 

development of advanced instrumentation and collimation 
systems, as well as accelerator physics studies. The 
magnet systems section is focused on the development of 
Nb3Sn interaction region quadrupoles, and is described in 
detail in this paper. The programmatic activities section 
manages the long term visitor program and the Toohig 
post-doctoral fellowship. 

Magnet program components 
The LARP magnet program was conceived as a 

progression of studies and technological steps, starting 
from simple systems designed to address specific R&D 
issues, and building toward more complex configurations 
incorporating all required features for operation in the 
accelerator. The program organization reflects this 
approach and has evolved in time to adapt to the different 
stages of the R&D. The main areas, corresponding to 
“level 2” categories in the work breakdown structure, are: 
• Materials R&D, including: strand specifications, 

procurement and characterization; cable fabrication, 
insulation and qualification; coil heat treatment 
optimization and verification. 

• Technology development with racetrack coils. This 
area was a key component of the program from its 
inception until 2008. Through the Sub-scale 
Quadrupole (SQ) and Long Racetrack (LR) models, it 
addressed fundamental issues of conductor 
performance, mechanical analysis, instrumentation, 
quench protection, and most notably, scale-up of coil 
and structures to 4 m length, paving the way to the 
Long Quadrupole program.  

• Design studies: This area was also very active in the 
first part of the program, to select the most promising 
designs for future model quadrupoles, compare 
different IR layouts, and perform supporting studies 
in areas such as radiation deposition and field quality. 
While the program has progressively shifted toward 
experimental demonstrations, renewed focus in this 
area is developing in connection with the HL-LHC 
design study [13]. 

• Model quadrupoles: this area oversees the detailed 
design, fabrication and testing of short quadrupole 
models, including the 90 mm aperture Technology 
Quadrupoles (TQC and TQS) and the 120 mm 
aperture High Field Quadrupoles (HQ). 

• Long Quadrupoles (LQ), which covers the scale up 
from 1 m to 4 m length (LQ and LHQ models). 

Each area is organized around tasks with specific goals 
and milestones. Individual task typically utilize expertise, 
resources and infrastructure from several laboratories, 
leading to close collaboration at the level of each activity. 
This approach may appear less efficient with respect to a 
project-type organization in which responsibilities for key 
deliverables are distributed among laboratories, with each 
group working independently on its portion. However, it 
has proven extremely valuable in comparing and 
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integrating the experience and methods developed by 
different groups, and represented a key element of the 
program success, both in terms of technical results and 
from a collaboration standpoint.  

Fabrication and test database 
Since its start in 2004, the LARP program has 

fabricated and tested a large number of models of 
different designs. This section summarizes the tests 
performed and the key issues addressed. Progress and 
issues in each area are summarized in the following 
section.   Figure 2 is a magnet development flowchart 
showing the LARP model magnets and their progression 
from technological tests toward accelerator quality 
designs. The main program components are: 
1. Sub-scale Quadrupole - SQ (LBNL, FNAL). SQ is 

based on four racetrack coils of the LBNL “sub-
scale” design [14]. A combination of existing and 
new coils was used leading to five tests at 4.5 K and 
two tests at 1.9 K [15-16]. Among the highlights of 
these tests were: 
• Demonstration of conductor performance up to 

the short sample limits under conditions similar 
to those required by the Technology Quadrupoles 
(field, current, stress) and using the same heat 
treatment.  

• Detailed 3D finite element modeling and 
verification of stress calculations against strain 
gauge measurements. 

• Studies of quench propagation and protection, 
including temperature and stress limits during a 
quench. 

• Studies of the effect of axial pre-load on the 
quench performance and training. 

In addition, the SQ tests indicated that block-coil 
quadrupoles can perform at the expected levels in 
practical configurations. However, cos(2θ) coils were 
selected for the LHC IR quad application since 
design studies showed that they would provide 
significantly better magnetic efficiency for this 
application.  

2. Sub-scale Magnet - SM (BNL, LBNL). This magnet 
was used as a technology transfer tool in preparation 
for the design and fabrication of the long racetrack 
coils at BNL. Two sub-scale coils were fabricated 
and assembled at BNL using design, cables, parts, 
mechanical structure and fabrication procedures 
provided by LBNL. The magnet was also tested at 
BNL and achieved its full conductor potential [17].  

3. Long Racetrack Shell - LRS (BNL, LBNL). The 
main goal of LRS was to provide a first 
demonstration that Nb3Sn coils and shell based 
structures could be scaled to lengths significantly 
above 1 meter. The coil design was very similar to 
the sub-scale magnet, with a length increase of more 
than a factor of ten. The support structure was 
designed and pre-assembled at LBNL. Two coils 
were fabricated, assembled and tested at BNL 
achieving 91% of the short sample limit [17]. Based 
on feedback from this test, the support structure 
which originally utilized a one-piece shell was 
segmented in four sections, leading to further 
performance improvements (96% of SSL) in the 
second test using the same coils [18]. 

4. Technology Quadrupole – TQ (FNAL, LBNL + 

Long Quadrupole
LQS
3.7 m long
90 mm bore

Long High-Field Quadrupole (LHQ)
3.7 m long - 120 mm bore

Fig. 2: Magnet Development Flowchart 
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CERN). The TQ models are based on the traditional 
cos(2θ) coil design with 90 mm aperture and 1 m 
length. Three generations of coils were fabricated 
using different wire designs. In total, more than 
30 coils were fabricated using a distributed 
production line, with winding/curing performed at 
FNAL and reaction/impregnation performed at 
LBNL. Two support structures were compared, a 
collar-based structure designed by FNAL and a shell 
based structure designed by LBNL. About 15 models 
were tested in a variety of configurations at LBNL, 
FNAL and CERN [19-20]. Among the main studies 
and results obtained using the TQ models are: 
 

• Achieved 240 T/m in 90 mm aperture, about 
20% higher than the original performance target. 

• Demonstrated robust performance, in particular 
the capability to transport, disassemble and 
reassemble coils in different configurations.   

• Performed a systematic investigation of Nb3Sn 
stress limits (engineering design space)  

• Completed a fatigue test involving 1000 cycles 
from low to high current.  
 

5. Long Quadrupole Shell – LQS (BNL, FNAL, 
LBNL). LQS is a scale-up of the TQS design from 
1 m to 4 m. The development of long Nb3Sn 
quadrupoles was recognized as a key R&D goal from 
the program outset. In April 2005, LARP, DOE and 
CERN agreed that achieving a gradient of 200 T/m in 
a 90 mm aperture, 4 m long quadrupole would serve 
as a convincing demonstration of such scale-up. The 
primary purpose of both TQ and LR programs was to 
serve as a basis for LQ. All three labs participated in 
the LQ design, fabrication and test activities. The 
200 T/m target was achieved during the first test in 
December 2009 [21]. A second test with optimized 
preload using the same coils (LQS01b) achieved a 
10% increase in performance, to 220 T/m. The next 
step is the assembly and test of LQS02, using four 
new coils, to demonstrate reproducibility. A third 
series of tests is also planned using the latest 
generation conductor (RRP 108/127). 

6. High-Field Quadrupole - HQ (BNL, FNAL, LBNL + 
CERN). Detailed optics and layout studies of the 
upgraded LHC insertions indicate that increasing the 
quadrupole aperture leads to improved performance. 
Taking into account the space limitations in the 
tunnel, an aperture of 120 mm was selected for the 
development of upgraded quadrupole models based 
on NbTi. In order to explore the technological limits 
associated with larger aperture, and to provide a 
direct comparison between NbTi and Nb3Sn 
performance, the same aperture was selected by 
LARP for the next series of High-Field Quadrupoles. 
The 120 mm aperture, two-layer coil  design using a 
15 mm wide cable results in a 15 T peak field and 
1.2 MJ/m stored energy, about a factor of 3 higher 

than in TQ and LQ.  For the first time in LARP, coil 
alignment features are included at all phases of 
fabrication, assembly and excitation. To date, 12 coils 
were fabricated and 3 tests were performed. During 
the first test [22] the magnet achieved 155 T/m at 4.5 
K, well above the intrinsic limit of NbTi at 1.9 K. 
However, high rates of insulation failures were 
observed, prompting a revision of the cable and coil 
design to decrease conductor strain during 
fabrication. A scale up of the HQ design to 4 m 
length is planned as a final technology demonstrator. 

R&D PROGRESS AND ISSUES 

Strand design and fabrication 
Three wire types were utilized in LARP, all produced 

by Oxford Superconducting Technology (OST): 
 

• Modified Jelly Roll wire with 61 sub-elements, 54 of 
which contain superconducting filaments while the 
remaining 7 are made of copper stabilizer (MJR 
54/61) 

• Rod Restack Processed wire with 61 sub-elements, 
54 of which contain superconducting filaments while 
the remaining 7 are made of copper stabilizer (RRP 
54/61) 

• Rod Restack Process wire with 127 sub-elements, 
108 of which contain superconducting filaments 
while the remaining 19 are made of copper stabilizer 
(RRP 108/127) 

 

The MJR wire represents an older generation wire that 
was already retired from production at the beginning of 
the LARP program. It was used in the first generation of 
TQ models since it was available in sufficient quantity to 
allow a direct comparison of different mechanical 
structures.  
The RRP 54/61 wire was used in the majority of the 
LARP tests to date. It delivered solid performance 
allowing the LR, TQ and LQ models to reach their R&D 
objectives and performance goals. However, this design 
results in a rather large effective filament size (~70 μm) in 
the strand diameter of interest (0.7-0.8 mm) leading to 
stability thresholds which, for moderate field designs such 
as TQ, are only within a factor of 2 above the operating 
point. Further erosion of the stability margin may result 
from conductor degradation due to processing or strain. 
As a result, performance limitations have been observed 
at low temperature (1.9K) in second-generation TQ 
models. 
The RRP 108/127 was first procured by LARP in 2007, 
when it was still considered an R&D wire by OST, to 
evaluate its performance and encourage further 
development and transition to the production stage. It 
provided solid performance in the TQS03 model with no 
signs of instability, leading to its adoption as a baseline 
LARP wire starting in 2009. However, due to the long 
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lead times for procurement and magnet fabrication, the 
first models to benefit from this transition will only be 
tested in 2012. In addition, further improvements to the 
108/127 design are required to match the average piece 
length and critical current densities obtained in the 54/61 
design. The 5-6 year cycle from initial evaluation to full 
utilization in the magnet fabrication pipeline indicates that 
incorporating newer generations of wire (such as RRP 
217 or Powder-in-Tube) before the 2015 anticipated start 
of the IR quadrupole production will be a challenge. 

Cable design and fabrication 
Although the fabrication of Nb3Sn cables was already 

well established at the start of the program, LARP 
provided an opportunity for larger scale manufacturing, 
further optimization and detailed characterization. To 
date, more than 7 km of cable of three different designs 
were fabricated with minimal losses. The current R&D 
effort is focusing on transitioning from a three-step 
process (involving a first cable fabrication pass at larger 
size, followed by anneal and re-roll to final size) to a one-
step process using pre-annealed strand. The one-step 
process is expected to be more robust and efficient, and is 
more compatible with the introduction of thin cores for 
control of AC losses. Several cored cables have been 
fabricated for the latest generation HQ models using 
stainless steel and fiberglass cores. Coils have been 
fabricated using cored cables and will be assembled and 
tested in the near future. 

Coil fabrication technology 
Several factors contributed to a steady improvement in 

coil fabrication procedures throughout the program. 
Different experiences and methods had to be compared 
and integrated in order to develop tooling and procedures 
that would be acceptable to all collaborating groups. 
Robust handling and shipping tools had to be devised to 
allow distributed coil production lines for the TQ, LQ and 
HQ models. Careful analysis was performed in relation to 
the scale up to 4 m length in the LR and LQ models. 
Nevertheless, a comprehensive modeling framework is 
not yet available, particularly in relation to the reaction 
process. The coil fabrication methods are still largely 
based on empirical knowledge and several iterations are 
typically needed to optimize new designs. A recent 
example is given by the development of the HQ models, 
in which excessive compaction during coil fabrication led 
to high rates of insulation failures in the first tests [22].  

Quench performance and training 
The capability to approach the conductor limit in model 

magnets is an important indicator of the maturity of the 
technology, and the capability to reach the design point 
with minimal training and no retraining is an essential 
requirement for operation in the accelerator. On both 
fronts, positive results were obtained. The full conductor 
potential (based on critical current measurements of 

extracted strands, without accounting for stress 
degradation) was obtained in the best SQ, LR, TQ and LQ 
models at 4.5 K, indicating that the design and fabrication 
process is well controlled and optimized. The best models 
also showed fast training and no retraining. However, in 
most cases several iterations were needed for a new 
design to achieve its full potential. The steady process of 
systematic analysis and improvement defines the success 
of an R&D program like LARP, but it is clear that more 
work is needed to achieve full control of this technology, 
in particular for what concerns the coil design and 
fabrication, and especially the reaction step.  

Mechanical design and stress limits 
Providing adequate mechanical support in high-field 

magnets based on brittle superconductors requires 
structures that can generate large forces while minimizing 
stress on the conductor at all stages of magnet fabrication 
and operation. Consistent with the R&D goals of the 
program, the application of new concepts and advanced 
modeling capabilities was emphasized. In particular, a 
support structure originally developed at LBNL for high 
field dipoles [23] was applied to the LARP quadrupoles. 
This concept is based a thick aluminum shell, pre-
tensioned at room temperature using water-pressurized 
bladders and interference keys. During cool-down, the 
stress in the shell increases due to differential thermal 
contraction relative to the iron yoke. This shell-based 
structure was evaluated against the more traditional 
collar-based structure in the TQ models, scaled-up to 4 m 
length in the LR and LQ models, and further optimized in 
the HQ models.  

A series of tests were performed at CERN using the 
TQS03 models to better understand the Nb3Sn stress 
limits and its tolerance to a large number of cycles [24]. It 
was found that the magnet could perform satisfactorily up 
to 200 MPa average coil stress, which results in peak local 
stresses of the order of 250 MPa. This result considerably 
expands the engineering design space with respect to the 
150 MPa level which was previously considered as the 
limit. In addition, a cycling test involving one thousand 
ramps from low to high field was performed, and no 
degradation was found. 

Field Quality and Accelerator Integration 
Due to large beam size in the IR quadrupoles, their field 

quality plays a critical role on the beam dynamics during 
collision. Therefore, precise coil fabrication and structure 
alignment are required. Although early LARP magnets 
had limited alignment features, steady progress has been 
made and the last generation of HQ models incorporates 
full alignment at all steps of coil fabrication, magnet 
assembly and operation. No negative impact on 
mechanical support and quench performance resulting 
from the introduction of these features has been observed 
so far.  

Field errors at injection are less critical, but need to be 
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carefully analyzed since Nb3Sn wires exhibit large 
magnetization due to high critical current density and 
large filament size. Compensation of persistent current 
effects by saturation of carefully designed iron inserts 
may provide an intermediate solution. Ultimately, wires 
with larger number of sub-elements should be developed 
to decrease the effective filament size.  

Additional features will need to be incorporated in the 
magnet cold mass in order to successfully integrate the 
new IR quadrupoles in the cryogenic system of the LHC. 
A mechanical structure focusing on these requirements is 
currently under development and will be tested in future 
HQ models [25]. 

SUMMARY 
Intensive magnet R&D efforts are needed to meet the 
requirements of future colliders at the energy frontier. The 
LHC luminosity upgrade provides the opportunity to 
refine the results obtained in proof-of-principle Nb3Sn 
models and extend them to full-size production magnets 
suitable for operation in a challenging accelerator 
environment. The LARP program has made considerable 
progress in this direction, and is expected to complete the 
technology demonstration within the next several years. 
Successful construction and implementation in the high 
luminosity LHC will also provide a stepping stone for the 
application of high field magnet technology to next 
generation colliders, such as the High Energy LHC. 

ACKNOWLEDGEMENT 
The results presented in this paper were obtained by 

LARP collaboration with support from the US DOE 
Office of High Energy Physics. A complete list of 
collaborators is available at URL http://uslarp.org. 

REFERENCES 
 [1] F. Ruggiero (editor) et al., “LHC Luminosity and 

Energy Upgrade: a feasibility study”, LHC Project 
Report 626, December 2002. 

[2] R. Kephart et al., “The US LHC Accelerator Research 
Program – A proposal”, May 2003. 

[3] W. Sampson, S. Kiss, K. Robins, A. McInturff, 
“Nb3Sn Dipole Magnets”, IEEE Trans. Magn., 15(1), 
January 1979. 

[4] J. Perot, “Construction and Test of a Synchrotron 
Dipole Model using Nb3Sn cable”, IEEE Trans. 
Magn. 19(3), May 1983.  

[5] A. Asner et al., “Development and Successful Testing 
of the First Nb3Sn Wound, in-situ Reacted, High-
Field Superconducting Quadrupole of CERN”, IEEE 
Trans. Magn., 19(3), May 1983.  

[6] A. Asner et al. “First Nb3Sn Superconducting Dipole 
Model Magnets for LHC break the 10 Tesla Field 
threshold”, MT-11, Tsukuba, Aug. 1989.  

[7] C. Taylor et al., “A Nb3Sn Dipole Magnet Reacted 
after Winding”, IEEE Trans. Mag. 21(2), March 1985  

[8] A. den Ouden et al., “Application of Nb3Sn 
superconductors in accelerator magnets”, IEEE Trans. 
Appl. Supercond. Vol. 7, 1997.  

[9] A. McInturff et al., “Test Results for a High Field (13 
T) Nb3Sn Dipole”, PAC-97, Vancouver, May 1997  

[10] A. Lietzke et al., “Fabrication and Test Results of a 
High Field, Nb3Sn Superconducting Racetrack 
Dipole Magnet”, PAC-2001. 

[11] A. Lietzke, et al., “Test results of HD1b, an upgraded 
16 T Nb3Sn dipole magnet”, IEEE Trans. Appl. 
Supercond., Vol. 15, no. 2, pp. 1123-1127, June 2005. 

[12] High-Energy Physics Facilities of the DOE Office of 
Science Twenty-Year Road Map, HEPAP report to the 
Director of the Office of Science, 17 March 2003. 

[13] L. Rossi et al., High Luminosity Large Hadron 
Collider Design Study - HiLumi LHC, FP7-
INFRASTRUCTURES-2011-1, November 2010. 

[14] R. Hafalia et al., “An Approach for Faster High Field 
Magnet Technology Development”, IEEE Trans.  
Appl. Supercond., Vol.13, No. 2, June 2003, pp.1258. 

[15] P. Ferracin et al., “Development of a large aperture 
Nb3Sn racetrack quadrupole magnet”, IEEE 
Transactions on Applied Superconductivity, vol. 15, 
no. 2, June 2005, pp. 1132-1135. 

[16] P. Ferracin et al., “Assembly and test of SQ01b, a 
Nb3Sn quadrupole magnet for the LHC Accelerator 
Research Program”, IEEE Trans. Appl. Supercond., 
vol. 16, no. 2, June 2006, 382-385. 

[17] P. Wanderer et al., “Construction and Test of 3.6 m 
Nb3Sn Racetrack Coils for LARP”, IEEE Trans. 
Appl. Supercond., vol. 18, no. 2, June 2008, pp. 171. 

[18] J. Muratore et al., “Test Results of LARP 3.6 m 
Nb3Sn Racetrack Coils Supported by Full-Length and 
Segmented Shell Structures”, IEEE Trans. Appl. 
Supercond., vol. 19, no. 3, June 2009,  1212-1216. 

[19] S. Caspi et al., “Test Results of LARP Nb3Sn 
Quadrupole Magnets Using a Shell-based Support 
Structure (TQS)” IEEE Trans. Appl. Supercond., vol. 
19, no. 3, Part 2, June 2009, 1221-1225 

[20] R. Bossert et al., “Fabrication and Test of LARP 
Technological Quadrupole Models of TQC Series”, 
IEEE Trans. Appl. Supercond., vol. 19, no. 3, June 
2009, pp. 1216-1230. 

[21] G. Ambrosio et al., “Test results of the first 3.7 m 
long Nb3Sn quadrupole by LARP and future plans”, 
Proceeding of the 2010 Applied Superconductivity 
Conference, in press.  

[22] S. Caspi et al., “Test results of HQ01, a 120 mm 15 T 
Nb3Sn Quadrupole for the LHC Upgrade”, 
Proceeding of the 2010 Appl. Supercond. Conference. 

[23] S. Caspi, et al., “A New Support Structure for High 
Field Magnets,” IEEE Trans. Appl. Supercond. Vol. 
12, No. 1, March 2002, pp. 47-50. 

[24] H. Felice et al., “Test results of TQS03, a LARP 
shell-based Nb3Sn quadrupole using RRP 108/127 
conductor” Journal of Physics, in press. 

[25] J.Schmalzle et al., “Mechanical Design of an 
Alternate Structure for LARP Nb3Sn Quadrupole 
Magnets for LHC”, this Conference. 

 

Proceedings of Chamonix 2012 workshop on LHC Performance

362



CRAB CAVITIES FOR THE LHC UPGRADE

Rama Calaga, CERN, Geneva, Switzerland

Abstract

The talk will review the motivation and the evolution of
the crab cavity technology for luminosity enhancement and
leveling for the HL-LHC upgrade project. The present sta-
tus and the foreseen roadmap for the crab-cavity system is
also presented.

INTRODUCTION

Controlled experiments to assess the effect of the para-
sitic interactions as a function of crossing angle indicate
that the present separation of approximately 10σ in the
common regions of the interaction regions is required [1].
For this experiment, a 50 ns bunch spacing with 36 bunches
and 2 head-on collisions at IP1 and IP5 with 8-16 long-
range interactions per IP were used. The separation be-
tween the two beams, first in IP1, and then in IP5 were
reduced systematically via the crossing angle. Figure 3
shows the total bunch-by-bunch losses as a function of re-
duced separation only for IP1. The baseline losses are indi-
cated by the 12 non-colliding bunches at the bottom. From

Figure 1: Bunch-by-bunch losses for beam 1 with con-
trolled reduction of crossing angle at IR1.

this experiment, it can be concluded that the bunches with
the most number of long-range interactions suffer the high-
est losses and the onset of steep losses start approximately
at 5σ. The increase in losses can be interpreted as the re-
duction in dynamic aperture as a function of the increased
long-range effects [1].

Some relevant parameters for the LHC design and up-
grade are listed in Table 1. For the nominal design and
foreseen upgrade parameters, the maximum number of
long-range interactions reach a maximum of 120 or more.
Therefore, a sufficiently large crossing angle leading to an
approximate separation of 10σ becomes inevitable.

Table 1: Some relevant parameters for the LHC nominal
and upgrade lattices.

Unit Nominal Upgrade
Energy [TeV] 3.5-7 7
p/bunch [1011] 1.15 1.7-2.0
Bunch Spacing [ns] 50-25 25
εn (x,y) [μm] 2.5 2.5-3.75
σz (rms) [cm] 7.55 7.55
IP1,5 β

∗ [cm] 55-100 15-25
Betatron Tunes - {64.31, 59.32}
X-Angle: 2φc [μrad] 250-315 470-580
Piwinski Angle σz

σ∗φc ≤0.7 ≥2.5
Main/Crab RF [MHz] 400
Peak luminosity [1034 cm−2s−1] 1.0 20

CROSSING ANGLE

The consequence of the increased crossing angle is a re-
duction of the potential luminosity (see Fig. 2) compared
to that of a pure head-on collision.

Figure 2: Schematic of the bunch crossing to illustrate the
inefficient overlap.

The effective luminosity with a crossing angle can be
conveniently represented as a Piwinski reduction factorRΦ

given by

RΦ =
1√

1 + Φ2
. (1)

Here, Φ = σz

σ∗
x
φ and φ is the half crossing angle. This

reduction can alternately be illustrated as an increase in the
effective transverse size given by

σeff =
√
σ2

x + σ2
zφ

2 (2)

The reduction factors for present LHC and some fore-
seen upgrade parameters are listed in Table 2. Note that
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the crossing angles were calculated using φ = d
√
ε/β∗

with d = 10σ as a minimum separation for comparison
purposes. The actual operational crossing angles maybe
empirically adjusted to minimize losses.

Table 2: Piwinski reduction factors calculated for the
present LHC and some foreseen upgrade paramaters

2011-12 after LS1 after LS3
Energy [Tev] 3.5-4.0 7.0 7.0
β∗ [cm] 60-100 55 15
2φc [μrad] 260-313 247 473
RΦ (σz = 7.55cm) 0.85-0.94 0.82 0.37
RΦ (σz = 7.55cm) 0.74-0.76 0.74 0.28

For upgrade paramaters using d ≈ 10σ lead to a sig-
nificantly larger and distorted footprints compared to that
of the nominal design as seen in Fig. 3. For the foot-
print calculations, two head-on and 21 long-range intera-
tions per IP were used. Although, the footprint alone is not
a quantitative figure for beam lifetime, a footprint similar
to one shown in Fig. ?? is not an effective starting point.
To recuperate a qualitatively similar footprint as the nom-
inal, a separation of 12σ has to be used [2]. The conse-
quence is a reduced peak luminosity (approximately an ad-
ditional 16%). Synchro-betatron resonances might become
important as the Piwinski angles for the upgrade parame-
ters reach beyond 2.

Figure 3: Footprints calculated for nominal and upgrade
parameters with 10σ and 12σ beam separation with head-
on collisions at 2 IPs and 16 or more long-range interac-
tions per IP.

CRAB SCHEME AND SPECIFICATIONS

To recover the overlap, two deflecting cavities in a “crab-
bing” phase can be employed (see Fig. 4) as was originally

proposed by R. Palmer for a geometric compensation for
linear colliders [3].

Figure 4: Schematic of the local crab crossing across the
interaction region using a pair of deflecting cavities.

The transverse kick imparted to the bunch is given by

Δpx =
qVc

Eb
sin (φs + kz) (3)

where Vc is the cavity voltage, Eb is the beam energy, φs

is the synchronous phase, k is the wave number (ωRF /c)
and z is the offset of the particle within the bunch w.r.t to
the synchronous particle. This kick results in a transverse
displacement (x = R12x

′) at the IP of the head and the tail
of the bunch so as to provide head-on collisions.

Cavity Voltage

The required cavity voltage can be deduced and is given
by

Vc =
2cEb tan (φc)

ωRFR12

sin (πQ)

cos (ψx
cc→ip − πQ)

(4)

where ωRF is the RF frequency, R12 =
√
βcrabβ∗ which

are the lattice functions at crab cavity and IP respectively,
ψx

cc→ip is the phase advance from the cavity to the IP.
Based on two different transfer matrix components (R12)
the required voltage as a function of full crossing angle is
shown in Fig. 5. The crossing angles for the present and up-
grade scenarios are marked with arrows for illustration. Us-
ing am optimistic R12 = 30m and preserving the present
transverse emittances of 2.5μm in the LHC, a 6 MV cavity
voltage per side of the IP for each beam would be sufficient.

This voltage can be realized with two cavities operat-
ing at 3 MV. With 3 MV/cavity, there remains a substan-
tial margin (see Table 3) for the cavity surface fields be-
fore they reach upper limits commonly accepted SRF com-
munity ( 60 MV/m and 100 mT). If a more conservative
R12 = 25m and larger transverse emittances are used, then
the required cavity voltage increases to approximately 10
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Figure 5: Required cavity voltage as a function of full
crossing angle 2φc. Some labels are included to identify
the different states of the LHC.

MV (see also Ref. [4]). This entails an additional cavity
to make up the difference. A minimum set of two cavities
is the desired option from technological, impedance, safety
and operational considerations.

Frequency Choice

Ideally, the highest possible frequency is desirable due
to space constraints, voltage and phase noise dependence
on the frequency. However, due to the rather long proton
bunches in the LHC, a low frequency cavity is preferred
to minimize the longitudinal RF curvature. For example,
Fig. 6 shows the effect of an 800 MHz cavity on the collid-
ing proton bunches in the LHC.

Figure 6: Effect of the RF curvature on the colliding proton
bunches with an 800 MHz crab cavity (courtesy K. Ohmi).

The the RF curvature can represented as an additional
reduction factor in the luminosity equation which has been
analytically and numerically studied in detail [5]. This re-
duction factor is approximately 1 for a frequency of 400
MHz for a wide range of β∗ as opposed to a 800 MHz cav-
ity. Therefore, a 400 MHz crab cavity frequency is most
suitable assuming cavities with a small footprint compat-
ible with the LHC IR constraints can be realized at this
frequency. The baseline operating temperature is chosen to
be 2K due to cavity performance, microphonics and safety

margin. It should be noted that at 400 MHz, the option to
operate at higher temperatures like 4.5K also remains pos-
sible. The main RF frequency is 400 MHz thus leading to
operation ease with the same frequency for the crab cavi-
ties.

RF Power

Due to “zero” beam-loading in the crabbing phase and
the extremely low losses in an SRF cavity, only a minimum
RF power is required to keep the cavity field stable. This
minimum power is primarily determined by the detuning
due to microphonics or phase jitter. If the beam trajectory
in the cavity deviates from the electrical (or magnetic) cen-
ter, additional RF power will be needed to compensate the
beam loading depending on the offset. The beam induced
voltage is linearly proportional to the transverse offset and
is given by

Vb = QLIb
R⊥
Q

(kΔx). (5)

Fig. 7 shows the input power as a function of coupling
factor expressed in Qext.
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Figure 7: Required RF input power to maintain stable field
in the cavity as a function of Qext for zero, positive and
negative beam loading.

At 3 MV operating voltage per cavity and a Qext = 106,
the minimum RF power required is approximately 8kW.
For beam offsets of 2 mm, the required power can reach
upto 30 kW. Assuming a safety factor of 2, the input am-
plifiers requirements can be set at 60 kW. This also allows
additional power required for RF processing of cavities.

Since, the required power is rather modest (60 kW), a
simplified version of the LHC coupler [6] adapted to the
beam ports of the crab cavities can be employed. The mod-
est power also allows for the use of Tetrodes, IOTs or solid
state input amplifiers. All three options should yield an im-
proved amplitude and phase noise performance compared
to the equivalent klystrons.
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CAVITY GEOMETRY

Pillbox Cavity

The standard solution for a deflecting or crabbing cavity
is to employ a pillbox cavity operating on the TM110 (see
Fig. 8), quite appropriate and widely used in β = 1 ac-
celerators. The deflecting or crabbing mode is generally a
higher order mode. In such cavities, the transverse dimen-

X XX

TM110

Figure 8: Top: Schematic of a pillbox cavity operating
on TM110 mode to provide transverse deflection. Bottom:
Schematic of first few modes in a pillbox cavity.

sions typically scale inversely with the frequency. Addtion-
ally, the cavities would nominally have an elliptical profile
with the semi-major axis in the direction of the deflection.
For example, a 400 MHz cavity would have an approxi-
mate radius of 610 mm and an 800 MHz cavity would be
about half that value (305 mm). It should be noted that the
LHC beam pipes from their centers are only separated by
194 mm, except for some special regions such as the RF
section. The apertures in the interaction regions are 84mm,
therefore restricting to a maximum cavity envelope of be-
low 150 mm.

As as short historical note, the first superconducting RF
deflector was built by the joint collaboration of Karlsruhe
and CERN in 1979. The RF separator operated at a fre-
quency of 2.865 GHz and comprised of 104 cells to provide
a deflecting voltage of approximately 2 MV/m. It was used
at the CERN SPS to study unknown heavy particle, bary-
onic states and exchanges and provide particle species such
as K± and p̄ [7]. It is still in use at the U-70 experiment
setup at IHEP at Protvino [8]. The first crab cavity (su-
perconducting) was proposed and realized for the e+ − e−

collider at KEKB in Japan. A very long R&D program
leading to the successful construction and implementation

of a 508.9 MHz crab cavity was carried out at KEKB [26].
The TM110 deflecting mode in a squased pillbox type cav-
ity was chosen to provide a deflecting voltage of approxi-
mately 1.5 MV. A complex mechanism using a coxial type
beam pipe coupler (see Fig. 9) was used to damp the both
lower and higher order modes very strongly with a choke
at the deflecting frequency. It was also used for tuning the
tuning mechanism for the deflecting mode.

Figure 9: Longitudinal cross section of the KEKB crab cav-
ity with the coaxial damping and tunind mechanism on the
right side of the cavity.

Pillbox type for the LHC

As the first proposal a two cell elliptical cavity (pillbox
type) was developed at SLAC (see Fig. 10) operating at
800 MHz [9]. Lower frequencies would make it impos-
sible to fit within the LHC constraints. An extensive de-
sign study was carried out to develop compact and efficient
lower and higher order mode couplers to meet the strict
LHC impedance budget. Several aspects including multi-
pacting, mechnical tolerances, cross coupling between cou-
plers and thermal effects were studied in detail. In parallel,
a single cell eccentric elliptical cavity (see Fig. 10) was also
designed at 800 MHz with a single coupler to extract the
lower and higher order modes [10]. The cavity is squashed
strongly to fit within the IR regions of the LHC.

Figure 10: Left: The two-cell 800 MHz cavity design in-
cluding all couplers. Right: Single-cell extremely squashed
800 MHz CERN design.

Even at 800 MHz, the primary drawback of both ge-
ometries is the transversal size. This leads to higher than
desired frequencies and resort to eccentric elliptical pro-
files which can only fit in the interaction regions in a verti-
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cal crossing configuration. The LHC operates with a dual
crossing scheme for passive compensation of long-range
beam-beam effects. The higher RF frequency leads to RF
non-linearity and consequent effects described in the pre-
vious section. In addition, the surface field ratio to the de-
flecting voltage is poor when compared to the accelerating
TM010 mode.

TEM CLASS CAVITIES

Due to the limitations encountered with the standard pill-
box geometries, an intensive R&D program was launched
following the decision of the LHC-CC09 advisory commit-
tee to focus the development on compact designs at lower
frequencies (400 MHz). An avalanche of conceptual de-
signs immediately followed (see Fig. 11). The tight space
constraints and the low frequencies pointed to TEM class
resonators which are widely used in the heavy ion com-
munity at ultra low frequencies (<100 MHz). A detailed
description of each cavity is out of the scope of this paper
and only prospective designs at present at discussed.

Figure 11: Schematics of the different geometried devel-
oped for the LHC crab cavities.

Quarter Wave

The simplest and perhaps the most compact transmission
line cavity is the quarter wave resonator [11]. It consists of
a coaxial geometry with an open at one end and a short
at quarter of a wavelength from the open. At resonance,
high voltage is generated between the two conductors at the
open end which can used in different configurations (see
Fig. 12) to interact with charged particles to accelerate of
deflect the their trajectories.

The frequency of the quarter wave is principally depen-
dent on the resonator length and weakly dependent on the
gap or the radii of the concentric cylinders. The voltage
developed between the resonator and the bottom plate can
be used to deflect the particle trajectory with the integration
path set perpendicular to the field. Despite the requirement
of a large aperture, the asymmetrical structure of the quar-
ter wave makes it is ideal for a small separation between
the LHC beam pipes. The gap of the quarter wave can be

Figure 12: Quarter wave TEM line resonator

accomodated very easily for both horizontal or vertical de-
flections as shown in Fig. 13.

Figure 13: Quarter wave orientation for both horizontal and
vertical deflections in the LHC IR region.

The primary advantage is that the operating mode is the
first eigenmode of the resonator. For a pure quarter wave
resonator, the next mode (first HOM) is located at 3 times
the fundamental frequency. It should be noted that the de-
sign of the LHC crab cavity is only a quasi-quarter wave
and separation is lower (×1.5-2). A first proposal of 400
MHz design is shown in Fig. 15. Despite the quasi-quarter
wave, the separation remains large between the operating
mode and the higher order modes, thus making the HOM
damping scheme simpler. For example, a high-pass filter
is proposed as the choice of damper as opposed to notch
filters for the LHC quarter wave for a robust performance.

The drawback of the quarter wave is a residual longitudi-
nal electric field that results in a longitundinal voltage. For
high beam currents, the beam loading on axis can become
large and therefore requires a coupler and amplifier capable
of high power. A simple remedy is an addition of a bottom
pedestal (see Fig. 15) and careful adjustment of the lengths
of the resonator and the pedestal can completely suppress
the longitundal voltage on axis.

Half Wave

The next level to a quarter wave is a half wave TEM
resonator. It can be thought of two quarter waves joined
together in the appropriate configuration with both ends
shorted with the length of the resonator at half the wave-
length. At resonance, a high voltage is developed be-
tween the concentric cylinders at the central portion with
the standing wave causing the voltage to travel as a consine
and vanish at each end.

In its fundamental form, the half wave is most effective
for acceleration. To deflect the particles, a higher order
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Figure 14: Schematic of a quarter wave resonator proposed
for the LHC crab cavity.

Figure 15: A half wave TEM resonator.

“TE11-like” mode has to be employed (see Fig. 16). This
was proposed and a detailed design for a 400 MHz LHC
crab cavity was studied in great detail [13]. A more natu-
ral way to employ a half wave it to add an additional half
wave resonator and use the voltage developed across the
two TEM lines for particle deflection. This was first pro-
posed for the CEBAF deflector and later adapted for the
LHC at 400 MHz [14]. Although, half wave resonators can
be made compact in the plane of deflection, the other plane
is half a wavelength in dimension and therefore too big for
vertical crossing configuration in the LHC interaction re-
gions. To accomodate both crossing planes an improve-
ment on the half wave concepts led to a simulataneous pro-
posal of a double ridged waveguide by both the SLAC and
the ODU groups (see Fig. 16). It should be noted that a
double ridged waveguide structure was also initially pro-
posed as a potential concept in 2008 [16].

Four Rod

A third type of a TEM class deflector is a 4-rod struc-
ture [17, 18] with two pairs of quarter waves placed in a
co-linear configuration with the beam axis along the length
of the resonators as shown in Fig. 17. Due to the 4-rod con-
figuration, four eigenmodes at the fundamental “passband”
are present of which only one mode is used for deflection.
It should be noted that the deflecting mode is not the lowest
order mode as in the case of a pillbox cavity. However, the
TEM type cavity allows for an extremely compact trans-
verse profile as the frequency is primarily dependent on the
length of the 4-rods. A normal conducting version of a
4-rod deflector is already inn use in the CEBAF accelera-

Figure 16: Top left: A SLAC half wave RF deflector at 400
MHz. Top right: A ODU-Jlab parallel bar RF deflector at
400 MHz. Bottom: ODU-SLAC double ridged structure as
a deflector for the LHC crab scheme.

tor [19].

Figure 17: Top: Concept of the four colinear quarter wave
resonators to form a RF deflector. Bottom: Schematic of
the 4-rod LHC crab cavity at 400 MHz.

The rods are conical in shape for better mechanical sta-
bility and surface field distribution. In addition, some shap-
ing of the rod along the beam axis is also performed to re-
duce the non-linear components of the deflecting field.

Cavity Comparison

The performance of the three TEM class resonators in
their present form is listed in Table 3 into their geometrical
compactness and peak surface fields at the operating volt-
age of 3 MV. It is important to note that all three cavities
are atleast factor of 3 smaller than its elliptical counterpart
at 400 MHz. The surface field to deflecting voltage ratio
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is also better despite the significant reduction of the size.
This is a direct consequence of the TEM like mode where
the fields are more evenly distributed along the resonator.

Table 3: Geometrical and RF parameter comparsion of the
three TEM type deflectors for the LHC crab cavity at 400
MHz and 3 MV.

Dbl Ridge 4-Rod 1
4 -Wave

ODU-SLAC LU-DL BNL
Cav Radius [mm] 147.5 143/118 142/122
Cav length [mm] 597 500 380
Aperture [mm] 84 84 84
Epk [MV/m] 33 32 47
Bpk [mT] 56 60.5 71
R⊥/Q [Ω] 287 915 318
Next HOM [MHz] 584 317-378 575

OTHER ASPECTS

Beyond the cavity geometry and deflecting kick gradi-
ents, several other aspects of superconducting cavities are
under investigation to validate a complete cryomodule for
operational use in the LHC. Some pertinant topics affect-
ing the cavity design including impedance, HOM damping,
cavity noise, tuning and multipacting are addressed. The
issue of machine protection in the event of a fast cavity
failure is beyond the scope of this paper, but remains a criti-
cal issue under investigation. Mitigation techniques such as
voltage distribution with two or more cavities, strong cavity
to cavity feedback and adequate field margin are proposed
and under investigation [20, 21, 22, 23].

Impedance Budget and HOM Damping

Impedance (both narrow band and broadband) from ad-
ditional machine elements in the LHC like crab cavities
need to be minimized to ensure beam stability along the
LHC energy cycle. Tolerances can be set by estimating
the impedance requirements from Refs. [24]. In a previous
crab cavity workshop, these estimates were revised and up-
dated tolerances were presented [25].

For the longitudinal plane, the impedance threshold is
plotted as a frequency in Fig. 18 with a maximum allowed
of 2.4 MΩ total from all cavities installed at 7 TeV. The fre-
quencies of the first few longitudinal HOMs for the double
ridged waveguide is also marked with arrows in Fig. ??.
For example assuming 8 cavities per beam at two IPs,
the most dangerous mode with a R/Q = 200Ω the damp-
ing would required is approximately Qext < 1.5 × 103.
All other modes are atleast a factor 5 or more smaller.
The damping schemes being considered aim at Qext =
100 − 500 is are well below the threshold.

For the transverse plane, the impedance budget is sum-
marized in Table 4. For example, the strongest dipole mode
in the double ridged structure is at 580 MHz. To damp

Figure 18: Longitundal impedance threshold as a function
of frequency for injection and 7 TeV top energy [25].

this mode below the threshold of 0.75 MΩ/m (assuming 8
cavities per beam), the required Qext < 600. The present
damping concepts already aim at values well below this. A
damping time τd = 60ms is assumed from the bunch-by-
bunch transverse feedback system. Also, note that this as-
sumes a pessimistic case that the frequency of a particular
HOM in all cavities remain same and the beam harmonic
conincides with the HOM frequency. The natural HOM
frequency spread, chromaticity, improved damping time,
and Landau octupoles should also alleviate these require-
ments. HOMs at higher frequencies should be Landau-
damped due to the frequency spread of synchrotron oscil-
lations.

Table 4: Transverse impedance thresholds at injection and
7 TeV top energy to ensure beam stability using 4 cavities
per beam [25].

Energy βcrab Impedance, -Re{Zth}
450 GeV 150 m 2.7 MΩ/m
7 TeV 4000 m 1.5 MΩ/m

Damping and Frequency Tuning

Based on the impedance tolerances, a cavity specific
damping scheme is being developed for each of the three
designs (see Fig. 19). The quarter wave and ridged res-
onators have the deflecting mode as the fundamental mode
by design. In addition these cavities have the property of
large separation (> 150 MHz) between the operating mode
and the HOMs. This uniquely lends itself to the use of
high-pass filters to damp the HOMs strongly while robustly
rejecting the operating mode. A high pass filter design
developed for a 56 MHz resonator (see Fig. 19) will be
adapted to 400 MHz for the quarter wave. For the double
ridged cavity, four symmetry coaxial couplers with sym-
metry on the beam axis is proposed [15]. The exact de-
sign of the HOM couplers is under study. The 4-rod de-
sign, due to the four eigenmodes in proimity, has to use
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targeted couplers for lower and higher order modes like in
the elliptical cavities. No notch filter to reject the operating
mode is presently proposed, but may become necessary to
avoid extracting excessive operating mode power into the
HOM couplers due to asymmetries or fabrication errors. A
detailed damping concept for each cavity is being devel-
oped. First results show damping values well below the
impedance thresholds.

4-symmetric HOM couplers3-5 stage high pass filter

Figure 19: Schematic of the proposed damping concepts
for the three TEM type deflecting resonators [15, 18].

RF Noise

Amplitude or cavity voltage jitter introduces a resid-
ual crossing angle at the IP proportional to the error (see
Fig. 20). It is sufficient that this residual crossing angle is
much smaller (<1%) than the geometric angle leading to a
tolerance of [26]

ΔV⊥
V⊥

� 1

tan (θc/2)

σ∗
x

σz
. (6)

Alternatively, a phase error in the RF wave causes an
offset of the bunch rotation axis translating into a transverse
offset at the IP as shown in Fig. 20. The offset at the IP is
given by

ΔxIP =
cθc

ωRF
δφRF (7)

where θc is the full crossing angle and δφRF is the phase
error. Random kicks from the crab cavity and offsets at the
IP coupled with beam-beam can lead to emittance growth
which is of main concern for Hadrons.
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Δx
LIP

Figure 20: Left: Schematic of cavity voltage error leading
to a residual crossing angle at the IP. Right: RF phase jitter
resulting in a transverse offset at the IP.

Using the upgrade crossing angle of approximately θ c =
570μrad, σ∗ = 7μm and nominal bunch length, a voltage
error of ΔV/V of 0.4% introduces a residual crossing an-
gle of only 1.2 μrad. Low level RF systems in the LHC
should be able to control the voltage jitter to 0.1% or lower
leading to negligible effects.

Using the phase jitter summed up at all betatron band
from DC to 300 kHZ measured in the main RF cavities
in the LHC, a phase jitter of about Δφ = 0.005◦ can be
expected with the prsent LLRF system [23]. This jitter
for upgrade parameters lead to an IP offset of Δx IP =
0.3μm which is approximately 5% of the transverse beam
size. Weak-strong and strong-strong simulations indicate
a phase jitter tolerance between 0.001◦-0.01◦ [27] and is
inversly proportional to the noise correlation time. The
crab cavities will nominally use IOTs or solid state power
sources which have inherently better noise characteristics
than klystrons that are used for the LHC main RF cavities.
Additional filters such as the betatron combs will reduce
the noise levels at specified band well below 1 × 10−3 deg
if required.

Multipacting

Multipacting is of general concern in TEM type geome-
tries. This phenomena occurs due to resonant electron
multiplication of electrons emitted from the cavity surface
and impacting back thereafter in integer number of RF cy-
cles. If the secondary electron yeild (SEY) of the surface
is greater than 1, this can lead to an avalanche, and possi-
bly a thermal breakdown of superconducting surfaces. 3D
particle tracking codes [28] are used to investigate electron
trajectories at various field levels with appropriate SEY for
the surface. Fig. 21 shows three different types of multi-
pacting [18, 15]:

• Low field multipacting both for 4-rod and double
ridged cavities primarily in the equator region and dis-
tributed along the resonator length. These trajectories
are either weak or moderate.

• String multipacting is observed in the beam pipe re-
gion for both designs, similar to the KEKB elliptical
cavity.

• Very weak multipacting is also observed in the double
ridged structure in the central part of the equator.

All of the above multipacting can be suppressed with RF
processing of the cavity surface. Strong multipacting like
in the moderate field region may increase this processing
time. Small ridges can also be used on the beam pipes
to geometrically suppress the multipacting if needed. For
the quarter wave, the multipacting is generally well know
and usually RF processing is sufficient to suppress it. For
the specific deflector geometry, studies are ongoing to iden-
tify the different orders and field levels and their respective
strengths.

Proceedings of Chamonix 2012 workshop on LHC Performance

370



High Field

Medium Field

Low Field

Figure 21: Multipacing trajectories at different voltage
regimes for the 4-rod and the double ridged structure.

PLANNING & PROTOTYPES

The planning for a final crab cavity system is evolving
with the latest developments and the overall LHC opera-
tional schedule. A detailed planning for the crab system
in the context of the HL-LHC is described in Ref. [29].
The overall planning will progress in approximately three
stages. The first stage (ongoing) will focus primarily on the
validation of the cavity design. During this period (2012-
13), prototypes of the three cavities will be built for a field
validation in a vertical test configuration inside a 2K He-
lium bath.

For the first stage, prototypes of the 4-rod and the double
ridge cavities have advanced rapidly. An aluminum struc-
ture of the 4-rod has been built for field and HOM mea-
surements which have been successfully carried out (see
Fig. 22). The first Niobium model was completed in Feb
2012 and warm measurements are underway. Preparations
for measurements at 2K will follow and will likely take
place in the next months.

Figure 22: Pictures of the first Aluminum prototype cavity
of the 4-rod structure.

The double ridge structure evolved from an earlier par-
allel bar deflector which under a STTR program was ap-
proved for fabrication. Successful tests on an Aluminum
model have been performed in 2011. The Niobium model
was fabricated based on the latest double ridge design in
late 2011. Fig. 23 illustrates the fabrication steps resulting
into a final cavity which is being assembled for testing at
2K. It should be noted that the design has slightly evolved
into a square topology for further compactness since the

start of the fabrication in late 2011. This will however not
affect the conclusions of the 2K tests of the bare cavity
which will take place in April 2012.

Figure 23: Top: Engineering drawing and fabrication con-
cept for the double ridged structure. Bottom: Pictures of
the first Niobium prototype cavity.

The RF design of the quarter wave cavity is being final-
ized. The fabrication of either a copper or a Niobium model
will imemdiately follow with the goal of testing the cavity
in early 2013.

Following the successful cavity tests, the second stage
will dress the cavity into a complete cryomodule with cou-
plers and ancilliary equipment. A prototype cryomodule
consisting of atleast one cavity is foreseen to be tested
in the SPS and or the LHC for a validation with proton
beams [30]. These tests should take place after LS1 shut-
down and prior to LS2 shutdown [29]. A production phase
for the complete crab system consisting of four modules
per IP with 2-3 cavities per modules will follow a suc-
cessful demonstration with beam using a the prototype cry-
omodule.
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LHEC AND HE-LHC: ACCELERATOR LAYOUT AND CHALLENGES 

F. Zimmermann, CERN, Geneva, Switzerland

Abstract 
This paper presents a concise description of the layouts 

of the proposed Large Hadron electron Collider (LHeC) 
and the High-Energy Large Hadron Collider (HE-LHC), 
discusses their main accelerator-physics and technology 
challenges, details the required LHC modifications, and 
describes the associated global schedules with decision 
points. 

LARGE HADRON ELECTRON 
COLLIDER (LHEC) 

The Large Hadron electron Collider is a proposed new 
facility at CERN which will collide the 7-TeV protons 
circulating in the Large Hadron Collider (LHC) with a 
high-energy lepton beam at a single collision point. The 
high-energy lepton beam is provided either by a new ring 
in the LHC tunnel, similar to LEP, which would also 
require a new injector complex of about 10 GeV, or by a 
novel recirculating 6-pass energy recovery linac. The two 
LHeC options are illustrated in Fig. 1. 

 
Fig. 1: Schematic of a Large Hadron electron Collider 
(LHeC) based on the LHC: option 1 consists of a new 
lepton ring in the LHC tunnel together with a 10-GeV 
injector complex (green color), option 2 of a Racetrack-
shape multiple-pass recirculating energy-recovery linac 
placed in a new, smaller separate tunnel (red).  

 
In September 2011 a draft Conceptual Design Report 

(CDR) for a future Large Hadron electron Collider based 
on the LHC was completed and published as a CERN 
LHeC Note [1]. This draft CDR was coauthored by about 
150 experimentalists and theorists from approximately 50 
institutes around the world, and features roughly 600 
pages. It has been sent to a panel of distinguished expert 
referees, whose reports and feedbacks are used to improve 
and finalize the CDR, which is expected to be complete 
by March 2012. The further schedule foresees the 
composition of a Technical Design Report (TDR) by 
2014, after which the LHeC construction could start. 

The main performance targets are set by the physics 
goals and are summarized as follows: The electron energy 

beam should be at least 60 GeV and the electron-proton 
luminosity at least 1033 cm-2s-1; the total electrical power 
needed for the electron branch of the LHeC should be less 
than 100 MW; the LHeC should also provide positron-
proton collisions with similar luminosity; the LHeC 
should operate simultaneously with pp physics collisions 
in 2 to 4 of the present LHC experiments; both electron 
and positron beams should be polarized; and the particle-
physics detector acceptance should extend down to 1o.  

Design lepton-beam parameters are listed in Table 1, 
for the ring-ring (RR) LHeC, for the linac-ring (LR) 
LHeC based on a recirculating energy-recovery linac 
(ERL), and for a third option of a future higher-energy 
LHeC based on a straight pulsed linac. Table 2 shows the 
assumed parameters for the LHC proton beam at the ep 
collision point.  
 
Table 1: Design electron-beam parameters for the ring-
ring (RR) LHeC, for the cw Linac-Ring (LR) LHeC with 
energy recovery, and for a pulsed straight higher-energy 
LR LHeC without energy recovery. 
electron  beam RR LR  LR* 
e
-
 energy  at IP[GeV] 60 60 140 

luminosity [10
32

 cm
-2

s
-1

] 17 10 0.44 
polarization [%] 40  90 90 
bunch population [10

9
] 26 2.0 1.6 

e- bunch length [mm] 10 0.3 0.3 
bunch interval [ns] 25 50 50 

transv. emit. γεx,y [mm] 0.58, 0.29 0.05 0.1 

rms IP beam size σx,y [μm] 30, 16 7 7 

e- IP beta funct. β*
x,y[m] 0.18, 0.10 0.12 0.14 

full crossing angle [mrad] 0.93 0 0 
geometric reduction Hhg 0.77 0.91 0.94 
repetition rate [Hz] N/A N/A 10 
beam pulse length [ms] N/A N/A 5 
energy recovery efficiency  N/A 94% N/A 
average current [mA] 131 6.6 5.4 
tot. wall plug power[MW] 100 100 100 
 

For the proton beam a bunch spacing of 50 ns and a 
bunch population of Nb=1.7x1011 are assumed together 
with an rms normalized rms emittance of 3.75 μm. These 
numbers are conservative, since the LHC has already 
been operated with proton beams of two times higher 
brightness. The proton IP beta function considered for the 
linac-ring LHeC of β*~0.1 m can be achieved by 
reducing the free length between the last proton 
quadrupole and the interaction point (IP) to 10 m, down 
from 23 m for the pp IP, by squeezing only one of the two 
proton beams, and by using stronger larger-aperture 
quadrupole magnets made from Nb3Sn instead of Nb-Ti, 
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as are in the process of being developed for the High 
Luminosity LHC (HL-LHC) project. Indeed an even 
smaller β* of 0.025 m may be possible in LHC IPs 3 or 7 
using the ATS optics [3], as well as a smaller emittance of 
2 μm [4,5]. Using these numbers a luminosity of up to 
L~1034 cm-2s-1 may be within reach for the R-L LHeC.  

In addition to ep collisions, the LHeC design also 
foresees lepton-deuteron and lepton-lead collisions. 

 
Table 2: Design proton-beam parameters for both the 
riong-ring and linac-ring versions of the LHeC. 
proton beam RR LR 
bunch population [10

11
] 1.7 1.7 

transvserse emittance γεx,y [μm] 3.75 3.75 

spot size σx,y [μm] 30, 16 7 

β*
x,y [m] 1.8, 0.5 0.1 

bunch spacing [ns] 25  25 
 

The primary challenges for the ring-ring LHeC are [6]: 
• bypassing the main LHC detectors (CMS: 20 cm 

distance to cavern, 1.3 km bypass, 300 m for RF 
installation; ATLAS: using the survey gallery, 
1.3 km bypass, 170 m for RF installation; similar 
schemes for LHCb & ALICE); 

• integration into the LHC tunnel (cryo jumpers 
taken into account in the arc-cell design); 

• installation matching LHC circumference 
(avoiding Hirata-Keil resonances [7]; arcs with 
about 4000 magnets; no show stopper found, but 
3D integration needed; compact magnet design 
& prototypes at BINP and CERN); 

• installation within LHC shutdown schedule. 
The linac-ring LHeC faces the following challenges: 

• two 10 GeV SC Energy Recovery Linacs (SC 
linac: synergies with ESS, SPL, XFEL, JLAB, 
ILC, eRHIC; linac size similar to XFEL at 
DESY; cryo power ~1/2 LHC; less current than 
other ERL designs such as CESR-ERL or 
eRHIC); 

• the return arcs (total circumference ~9 km, 3 
passes; same magnet design as for RR option, 
>4500 magnets; installation fully decoupled from 
LHC operation); 

• e+p luminosity: e+ production & recycling (IP e+ 
rate ~100 times higher than for CLIC or ILC; 
several schemes proposed to achieve this). 

Figure 2 presents a schematic of the ERL for the linac-
ring LHeC. The total circumference is chosen to be 
exactly equal to one third of the LHC circumference. This 
allows, if necessary, the introduction in the linac of ion-
clearing gaps which coincide for all 6 passes and always 
encounter the same proton bunches in the LHC. As a 
result an LHC proton bunch either always or never 
collides with an electron bunch, which is expected to 
minimize proton beam emittance growth.  

 

 
Fig. 2: Schematic ERL configuration for the linac-ring 
LHeC. 
 

A preliminary civil engineering study has been 
performed. Figures 3 and 4 illustrate the underground 
layout and integration with the LHC for the example of ep 
collisions at Point 2. Key components of the ring and 
linac electron accelerators are compiled in Table 2. 

 
Fig. 3: Example underground layout and LHC integration 
of a linac-ring LHeC  for the example of ep collisions in 
Point 2 – overall view [7]. 
 
Table 2: Components of LHeC electron accelerators. 
 ring linac 
magnets 
beam energy 60 GeV 
no. magnets 3080 3600 
dipole field [T] 0.013-0.076 0.046-0.264 
no. quadrupoles 866 1588 
RF & cryogenics                                               
no. cavities 112 944 
gradient [MV/m] 11.9 20 
RF power [MW] 49 39 
cavity voltage [MV] 5 21.2 
cavity R/Q [Ω] 114 285 
cavity Q0 - 2.5·1010 
cooling power [kW] 5.4 at 4.2 K 30 at 2 K  
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Fig. 4: Example underground layout and LHC integration 
of a linac-ring LHeC for the example of ep collisions in 
Point 2 – close-up view around the IR [7]. 
 
 

The linac-ring and ring-ring LHeC options face joint 
challenges for the interaction region (IR}: 

• interaction region layout for 3 beams (exit holes 
& optics);  

• final quadrupole design (e.g. Q1 half quadrupole 
design, synergy with HL-LHC developments 
such as Nb3Sn magnets); 

• IR synchrotron radiation (SR) shielding (SR 
from last quadrupoles and/or combination 
dipole; minimizing backscattering into the 
detector; shielding of SC quadrupoles; SR 
masking to be further optimized with regard to 
vacuum & detector background) 

A draft LHeC IR layout with three beams for the linac-
ring version is shown in Fig. 5. To align the incoming 
electron beam with the colliding proton beam a detector-
integrated dipole field of 0.3 T extends over ± 9 m around 
the IP.  

 
Fig. 5: Schematic of linac-ring 3-beam LHeC IR 
including synchrotron radiation fan from detector-
integrated dipole magnet [R. Tomas]. 
 

In case of the linac-ring LHeC, the final two high-
gradient SC proton IR quadrupoles for the colliding 
proton beam are based on Nb3Sn superconductor and 
feature low-gradient exit hole(s) for the electron beam 

and the non-colliding proton beam, as illustrated in Fig. 6. 
Tentative parameters of these two quadrupoles are listed 
in Table 3. 

 

 
Fig. 6: Cross section of final two proton quadrupoles of 
the linac-ring LHeC with parameters as listed in Table 3 
[S. Russenschuck]. 
 
Table 3: Design parameters of the last two quadrupoles 
for the colliding proton beam in the linac-ring LHeC [S. 
Russenschuck]. 
quadrupole Q1 Q2 
superconductor Nb3Sn (HFM46) Nb3Sn 

(HFM46) 
coil current, 
gradient and dipole 
field, proximity to 
quench level 

5700 A, 175 T/m & 
4.7 T at 82% on the 
load line (4 layers), 
4.2 K 

8600 A, 311 
T/m at 83% 
on the load 
line, 4.2 K 

colliding proton 
beam 1 aperture 
and separation 
between proton 
beams 1 and 2 

46 mm  
(half aperture), 
73 mm  
beam separation 

23 mm (half 
aperture), 87 
mm beam 
separation 

field in exit hole 0.5 T, 25 T/m 0.09 T,  
9 T/m 

 
A big challenge for the ring-ring design is achieving 

significant radiative polarization in the 60-GeV storage 
ring given the large energy spread at this beam energy. 

The biggest challenge for the linac-ring design is to 
provide positron-proton collisions at comparable 
luminosity. The required positron rate at the collision 
points is 6666 times higher than what had been achieved 
at the SLC and a factor 100-400 larger than those 
foreseen in the CLIC and ILC designs, respectively. The 
improvement needed is highlighted in Table 4.  

Various approaches have been proposed to meet the 
formidable positron-rate requirement, including: 

• recycling the e+ together with their energy [F. 
Zimmermann]; 

• colliding e+ several times before decelerating [D. 
Schulte]; 

• installing a wiggler-dominated cooling ring in 
the SPS tunnel with a transverse radiation 
damping time of τ⊥∼2 ms [Y. Papaphilippou]; 
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• e+ production using a Compton ring [E. Bulyak, 
T. Omori]; 

• e+ production using a Compton ERL [V. 
Yakimenko]; 

• e+ generation by coherent pair production [H. 
Braun]; 

• e+ production by sending the high-energy (60-
GeV) e+ (or e-) beam through an undulator [L. 
Rinolfi];  

• 3-ring transformer with cooling ring [E. Bulyak] 
– see the illustration in Fig.7; and 

• fast asymmetric laser cooling [E. Bulyak] [9]. 
A combination of several of the above schemes is likely 

to produce the required rate of positrons at the collision 
point (at possibly significant cost). 

 
Table 4: Positron production rate at the SLC (achieved) 
compared with the rates required for CLIC, ILC and the 
linac-ring LHeC (planned) [L. Rinolfi]. 
collider SLC CLIC  

(3 
TeV) 

ILC 
(RDR) 

L-R 
LHeC 

beam 
energy  
(at DR) 

1.19 
GeV 

2.86 
GeV 

5 GeV - 

e+/bunch at 
IP 

40· 109 3.72·10
9 

20·109 2·109 

e+/bunch 
before DR 
injection 

50· 109 7.6·109 30·109 N/A 

bunches. 
macropulse 

1 312 2625 N/A 

macropulse 
repetition 
rate 

120 50 5 CW 

bunches/sec
ond 

120 15600 13125 20·106 

e+/second 0.06·1014 1.1·1014 3.9·1014 400·1014 
 

 
Fig. 7: Schematic of 3-ring transformer with central 
cooling ring [E. Bulyak]. Beam is injected for N turns into 
the accumulator ring which transforms the initial CW 
beam into a pulsed beam. The latter is cooled for N turns 
in the cooling ring, before being transformed back into a 
CW beam during another N turns using slow extraction. 
 

Concerning the LHeC planning and time line, the 
CERN medium term plan for the next 10 years is recalled 
in Fig. 8, including LHeC installation during the LHC 

long shutdown no. 3 (LS3) in 2022 [6]. There are only 
two long shutdowns before 2022, and only 10 years from 
the completion of the LHeC CDR (in 2012) to the 
planned start of LHeC operation. The tight time line 
implies that R&D must start as soon as possible. In 
parallel a detailed TDR will be developed with feedback 
from the CDR review. Figure 9 presents the baseline 
LHeC time schedule in greater detail. 

 

 
Fig. 8: CERN medium term plan including LHeC 
installation during LS3 [6]. 

 

 
Fig. 9: Baseline LHeC schedule [6] 

 
Future effort should be concentrated on only one LHeC 

option: either linac-ring or ring-ring. Some arguments in 
favor of the energy-recovery linac option are: 

• novel far-reaching energy-efficient technology; 
• no interference with LHC operation and HL-

LHC work in the LHC tunnel; 
• synergies w SPL, CEBAF+, ESS, XFEL, eRHIC, 

SPL, ILC, …; 
• new technology, great investment for future (e.g. 

neutrino factory, linear collider, muon collider, 
20-GeV SC proton linac, HE-LHC injector, 
higher-energy LHeC, proton-driven plasma 
acceleration,…)  

Arguments for the ring-ring option include: 
• conventional, little risk, less demanding p optics; 
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• strong synergies with a LEP3 Higgs factory in 
LHC tunnel – see the next parenthetic section. 

The LHeC priority R&D activities include: 
• superconducting RF with high Q & strategic 

partnerships, including the choice between 1.3 
GHz and 720 MHz for the ERL RF frequency; 

• normal conducting compact magnet design 
(completed!); 

• superconducting 3-beam IR magnet design, in 
synergy with HL-LHC triplet magnet R&D;  

• test facility for energy recovery operation and/or 
for compact injector complex of the ring-ring 
option; 

• R&D on high intensity polarized positron 
sources. 
 

PARENTHESIS: LEP3 HIGGS FACTORY 
Following the evidence for a 126-GeV Higgs particle 

presented by the ATLAS and CMS in December 2011, a 
high-luminosity e+e- factory in the LHC tunnel (or in a 
new tunnel of twice the circumference) has been proposed 
[10]. Such collider would feature only few bunches / 
beam. With SR power limited to 50 MW per beam (as for 
the LHeC ring-ring collider), and using as an example the 
LHeC ring optics,  a luminosity in excess of 1034 cm-2s-1 
could be delivered to the (upgraded) ATLAS and CMS 
detectors, resulting in more than 104 Z-H events per year 
in each of the two experiments. At this luminosity the 
beam lifetime would be only a few minutes. Therefore, 
top up injection from a second accelerator ring is 
considered as depicted in Fig. 10. Table 5 compares the 
LEP3 parameters with those of LEP2 and the LHeC ring-
ring design. The LEP3 e+e- Higgs factory ring could be 
designed and configured so as to also (either before or 
later) provide LHeC ep collisions and vice versa.  

 

 
Fig. 10: LEP3 two ring scheme with top-up injection into 
the collider ring [10].  
 
 
 
 
 
 
 
 
 
 

Table 5: Parameters of LEP, the LHeC ring design, and 
LEP3 - a new electron-positron collider in the LHC 
tunnel, extrapolated from the LHeC design. 
 LEP  [11,12] LHeC ring 

design [1] 
LEP3 

beam energy Eb 104.5 GeV 60 GeV 120 GeV 
beam current 4 mA  100 mA  7.2 mA  
#bunches 4 2808 3 
total #e- / beam 2.3e12 5.6e13 4.0e12 
horiz. emittance 48 nm 5 nm 20 nm 
vertical emittance 0.25 nm 2.5 nm 0.15 nm 
dip. bend radius 3096 m 2620 m  2620 m 
partit. number Jε 1.1 1.5 1.5 
momentum comp. 1.85x10-4 8.1x10-5 8.1x10-5 
SR power / beam 11 MW 44 MW 50 MW 
βx,y* 1.5, 0.05 m 0.18,0.10 m 150, 1.2 mm 
rms IP beam size 270,3.5 μm 30,16 μm 55, 0.4 μm 
hourglass factor 0.98 0.99 0.65 
energy loss/ turn 3.408 GeV 0.44 GeV 6.99 GeV 
total RF voltage 3641 MV 500 MV 9000 MV 
beam-beam tune 
shift (/IP) 

0.025, 0.065 N/A 0.126, 0.130 

synchr. frequency 1.6 kHz 0.65 kHz 2.98 kHz 
average acc.field 7.5 MV/m 11.9 MV/m 18 MV/m 
eff. RF length 485 m 42 m 505 m 
RF frequency 352 MHz 721 MHz 1300 MHz 
rms energy spr’d 0.22% 0.116% 0.232% 
rms bunch length 1.61 cm 0.688 cm 0.30 cm 
pk luminosity / IP 1.3x1032cm-2s-1 N/A 1.3x1034 cm-2s-1 
number of IPs 4 1 2 
beam lifetime 6.0 h N/A 12 minutes 

 

HIGH-ENERGY LHC (HE-LHC) 
The High-Energy Large Hadron Collider is a future 

energy upgrade of the LHC. It foresees new 20-T dipole 
magnets in the LHC arcs, providing a pp c.m. energy of 
33 TeV.  The HE-LHC also requires correspondingly 
stronger arc quadrupoles., upgraded or new detectors in 
LHC interaction points 1 and 5, as well as a new higher-
energy injector, for which a Superconducting SPS, S-SPS, 
accelerating protons up to about 1.3 TeV, is one of the 
options considered. The HE-LHC and its main ingredients 
are sketched in Fig. 11. Aside from a proton beam energy 
of 16.5 TeV in the LHC tunnel, other performance targets 
include a peak luminosity of 2x1034 cm-2s-1, heavy ion 
collisions at an equivalent energy, and eventually high-
energy ep collisions.  

The key component of the HE-LHC is the 20-T dipole 
magnet. Figure 12 presents the field in SC accelerator 
dipole magnets achieved, or predicted, for three types of 
superconductor, illustrating that in order to reach the 
target field of 20-T the HE-LHC magnets must contain 
high-temperature superconductor (HTS). The high-field 
magnet proposed for the HE-LHC is a hybrid design 
design [13] optimized for production cost, consisting of 
an outer layer of Nb-Ti, a next layer of high-flux Nb3Sn, a 
third layer of low-flux Nb3Sn, and an inner layer of HTS 
[14], as indicated in Table 6 and Fig. 13. The SC part of 
the magnet is arranged in the form of block coils for 
optimum stress management [13,14]. The complete 2-in-1 
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magnet for the two beams, including common iron yoke 
is presented in Fig. 14. 

  

 
Fig. 11: Schematic of a High-Energy LHC in the LHC 
tunnel; new components are shown in bold red color. 
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Fig. 12: Operational field of SC dipole magnets based on 
three different SC materials, as a function of coil width 
for various accelerators (Nb-Ti) and a few prototype 
magnets (Nb3Sn) and the HE-LHC (HTS). 
 
Table 6: Relative weight distribution of 4 types of SC in 
the HE-LHC hybrid design [E. Todesco]. 

Nb-Ti 26% 
Nb3Sn – high j 35% 
Nb3Sn – low j 23% 
HTS (Bi2212) 17% 
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Fig. 13: SC block coil layout for the HE-LHC dipole [14]. 

 
Fig. 14: HE-LHC 2-in-1 dipole[14]. 
 

The HE-LHC activities so far included a CERN 
working group in 2010 [15], and EuCARD AccNet 
workshop HE-LHC’10 in October 2010 [16]. Key topics 
discussed on these occasions were the choice of beam 
energy (16.5 TeV), the design of the 20-T magnets, 
cryogenics and  synchrotron-radiation heat, radiation 
damping and emittance control (Fig. 15; revealing a new 
“easy” beam-dynamics regime), vacuum system with 
desorption from synchrotron radiation, the new injector 
and its energy, and the HE-LHC beam parameters (Table 
7). 
 
Table 7: HE-LHC beam parameters compared with those 
of the LHC. 
 LHC HE-LHC 

beam energy [TeV] 7 16.5 

dipole field [T] 8.33 20 

dipole coil aperture [mm] 56 40 

#bunches 2808 1404 

number of IPs contributing to tune 
shift 

3 2 

beam circulating current [A] 0.584 0.328 

IP beta function [m] 0.55 1 (x), 0.43 
(y) SR power per ring [kW] 3.6 65.7 

arc SR heat load dW/ds 
[W/m/aperture] 

0.17 2.8 

events per crossing 19 76 

peak luminosity [1034 cm-2s-1] 1.0 2.0 
 

Among the HE-LHC challenges are the following: 
• 20-T dipole magnets: cost & feasibility; 

“acrobatic” price estimates for 2025 (Nb3Sn is 
4x more expensive than Nb-Ti; HTS is 4x more 
expensive than Nb3Sn; price for 1200 magnets: 
5-6B$ [18]); choice between 20 T and 15 T (the 
latter being available today); stored energy and 
magnet protection; 

• injector: S-SPS w 5-6 T dipole or 2-T superferric 
ring in LHC tunnel; will the LHC injector 
complex still be working in 2030-40?; 

• synchrotron radiation handling & heat load: the 
HE-LHC beam screen experiences 6 times more 
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heat load than at the LHC (as a mitigation one 
could operate the HE-LHC beam screen at 40-60 
K); the cold mass heat load is 50% higher than 
for the LHC; the total heat-load will be near the 
limit of the present LHC cryogenics capacity 
[19]. 

 
Fig. 15: HE-LHC emittance evolution in store with (bold) 
and without (faint) controlled emittance blow up [17]. 
 

TIME LINE & DECISION POINTS 
The time line of LHC-related CERN projects is 

illustrated in Fig. 16. LHeC will run in parallel to HL-
LHC and, due to its later start, it faces a very tight R&D 
schedule. HE-LHC will follow the HL-LHC. The time 
available for HE-LHC R&D and prototyping is less than 
the corresponding time spent for the LHC.  

 
Fig. 16: Time line of LHC-related projects at CERN [20]. 
 

The future key decision points are, for the LHeC, the 
choice between linac and ring (in 2012), the choice of IR 
(Point 2, 7 or 3?, by 2013) and the decision to go ahead 
with production (2014) and, for HE-LHC, the decision to 
use or not to use HTS (in 2016), and the decision to go 
ahead with production (by 2024). 

“LHC” PROJECTS FOR NEXT 50 YEARS 
During the last 30 years the Fermi distance scale was 

explored by a family of complementary pbar-p, e+e- and 
ep colliders, as sketched in Fig. 17. Prospects are good 
that over the next 30 years the sub-Fermi scale will be 

probed by a similar set of complementary colliders, as 
suggested in Fig. 18. It appears that all of these colliders 
could be based on the LHC and/or the LHC tunnel. 

 
Fig. 17: The three pillars of high-energy physics in the 
last three decades [21]. 
 

 
Fig. 18: The possible three pillars of high energy physics 
for the next three decades until 2040. 
 

Beyond 2040, further great upgrades appear on the 
horizon, such as obvious extensions of the projects in Fig. 
16, for example an HL-HE-LHC (with 1035 cm-2s-1 
luminosity at 33 TeV c.m. energy), and an  HE-LHeC 
(150 GeV e- x 16.5 TeV p+). The latter could be realized 
in the form of a straight enery recovery linac consisting of 
an accelerating and a decelerating half, where the energy 
is transferred back from the  latter to the former using 10 
GeV “drive beams,” making use of technology developed 
for the CLIC project. 

 
Fig. 19: High energy ERL using “CLIC” technology [22]. 
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Abstract 

Beyond HL-LHC, CERN has a number of physics 
options that offer potential and challenges. This 
contribution dwells on the long-term projects HE-LHC 
and LHeC to put the magnet R&D at CERN (resistive and 
superconducting, slow and fast) in a long-term 
perspective. In particular synergies and parallel roadmaps 
will be highlighted. We will show how the on-going 
development (2012-2015) on low-field, high-field, and 
low-loss magnets can be used towards longer term 
objectives. 

INTRODUCTION 
The magnetic system for the accelerator complex of 

CERN consists of an equal mass of superconducting and 
resistive magnets, each with a weight of approximately 
50,000 tons, spread over 3 major machines (PS, SPS and 
LHC), two large experimental areas, and a number of 
smaller experiments and accelerator rings. Such a system 
requires continuous maintenance, and an adequate park of 
spares. However, the key to insure long-term, reliable and 
efficient operation of a complex installation such as the 
one at CERN is to keep the pace with the development of 
magnet technology. Indeed, being up-to-date insures that 
innovative corrective and preventive actions are 
implemented timely, and that new technological 

opportunities are exploited to maximise the physics 
outcome. 

In this spirit, we pursue actively a number of research 
lines in magnet technology, ranging from resistive 
magnets that generate low but extremely reproducible 
fields, to magnets that aim at record field levels in 
accelerator configurations. Needless to say, in the 
majority of cases this R&D is targeted to specific CERN 
short-term programs and deliverables. Nonetheless, the 
results are very relevant to medium- and long-term 
developments, such as the Large Hadron electron Collider 
(LHeC) [1] or the High-Energy LHC (HE-LHC) upgrade 
[2] described in a companion contribution [3]. 

In this paper we firstly review the present CERN 
accelerator magnet R&D, providing background on the 
targets, a timeline, and highlighting relations and 
dependencies among them. We finally discuss why and 
how this work is relevant for medium- and long-term 
accelerator projects such as LHeC and HE-LHC. 

HIGH FIELD MAGNETS R&D 
The High Field Magnet (HFM) R&D work comprises a 

number of activities devoted at demonstrating accelerator 
quality magnets with peak field in excess of 10 T (i.e. 
beyond the well-established capability of Nb-Ti). The 
backbone of the HFM program started in 2004 with the 

 
Figure 1. Schematic representation of the main stepping stone in the High Field Magnet program. 
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Next European Dipole (NED) Joint Research Activity 
(JRA) of the EU-Framework Program 6 [4], whose target 
was to pave the way towards the production of a 100 mm 
aperture, 13 T dipole built of Nb3Sn cable. The NED 
program provided the kick-start necessary for conductor 
procurement and cable development, and was concluded 
with the demonstration of an industrial production of a 
wire that achieved current density of 1500 A/mm2 at 15 T 
and 4.2 K [5]. It was clear already at that time that a large 
effort was still required to produce a cable with 
acceptable degradation, and build a high field magnet 
with accelerator features such as a sufficiently aperture 
and field quality. Since 2008 the HFM program has 
provided the possibility to coordinate actions ranging 
from material research to model coils, and has acted as 
the nursing bed for independent projects such as the 11 T 
DS dipole [6]. A flowchart view of the HFM programs is 
reported in Fig. 1, which is somewhat simplified, but can 
be used as guideline to follow the next sections. 

FReSCa-2 
The initial proposal in the NED JRA recalled earlier, 

was to build a 100 mm aperture, 13 T bore field dipole 
with accelerator field quality. This ambitious objective 
was thwarted by a cut of the allotted EU funding during 
the attribution and following negotiations on the EU-FP6 
NED JRA. As a consequence, the NED program focussed 
on strand and cable development, which was identified as 
the major milestone. The idea of a large bore, high field 
dipole, was revived in the following call for the EU-FP7. 
In preparing this new proposal, based on the experience 
of wire procurement and cable manufacturing, the 
requirement of accelerator field quality was deemed too 
demanding, and was hence dropped. The magnet is 
intended as a technology demonstration (note that to date 
the proposed magnet is still a first). Its main use will be as 
the cornerstone of an upgrade of the FReSCa cable test 

facility at CERN [7]. For this reason the magnet has been 
christened FReSCa-2. 

Presently, FReSCa-2 is a block dipole, with a useful 
bore of 100 mm, operating field of 13 T (at 10.8 kA), and 
short sample limit at 4.2 K of approximately 15.5 T (at 
13.2 kA). It is based on the bladder-and-key technology 
invented at LBNL [8], and is being built as a joint venture 
between CERN and CEA, in a collaboration program that 
includes technical contributions from RAL (list of 
partners). The main parameters of the magnet are reported 
in Tab. I, and a schematic of the design is reported in 
Fig. 2.  

With an outer diameter in excess of 1 m, the magnet 
requires a dedicated test stand, which is in preparation at 
CERN, and will allow testing at both 4.2 K and 1.9 K, 
and powering up to 20 kA. The main magnet components 
and tooling are being procured, and the magnet assembly 
is planned at CERN in 2013, for a delivery and test in 
2014. 

SMC and RMC 
The manufacturing of FReSCa-2 involves a large 

investment on long lead-time materials and components 
such as the Nb3Sn cable, where even partial failure would 
result in a major schedule disruption. For this reason we 
have defined a number of intermediate stepping stones, 
model coils of various dimensions that are intended as 
partial demonstrations and R&D tools towards the 
manufacturing of the large dipole.  

Our first step in the development of Nb3Sn magnets is 
the Short Model Coil (SMC). Its birth can be traced to a 
tri-partite agreement (CERN-CEA-RAL) that ensued 
from the NED activities, in the period of inter-reign 
between the NED JRA and the acceptance of the 
FReSCa-2 proposal. The SMC, shown in Fig. 3, is largely 
inspired by the sub-scale magnets developed at LBNL [9]. 
It is a bore-less magnets made with racetrack, flat coils. 
The structure follows the principle of the bladder-and-key 
assembly. The coils are approximately 187 mm wide and 
500 mm long, and so far they have been built with cables 
of reduced scale with respect to the full size cable of 
NED, and FReSCa-2. More details on the SMC can be 
found in Ref. [10]. So far, two SMC were built and tested 
(SMC1 and SMC3a), one is in construction (SMC3b). 
Best performance achieved so far was with SMC-3a, with 
a peak field of 12.7 T on the coil [11]. 

Field (T) 13 
Operating current (kA) 10.8 
Operating temperature (K) 1.9…4.2 
Aperture  (mm) 100 
Outer diameter (mm) 1030 
Stored energy (MJ/m) 3.67 
Weight (tons) ≈9 

Table I. Main parameters of FReSCa-2. 
 

    
Figure 2. FReSCa-2 cross section (left) showing the 

coil (red) iron yoke (blue) and structure (grey), and a 
CAD view of the assembled magnet in its shell (right). 

     
Figure 3. Exploded CAD view of the SMC magnet 

(left) and photograph of SMC3a ready for test (right).  
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The SMC is the ideal playground for engineers and 
technicians, and was soon recognized as a basic tool for 
the test of cable performance over lengths of the order of 
100 m, relevant to magnet technology. For this reason we 
have extended the scope of the SMC program. SMC-type 
coils will be used to qualify any new high-field magnet 
cables (see later sections). 

Only recently, however, we identified limitations in the 
test capabilities of the SMC structure. The space available 
for the coils, and the overall length, are such that it would 
be impossible to test the quench performance of the full-
size cables that will be used for the construction of 
FReSCa-2, or other magnets of similar stored magnetic 
energy density (e.g. large aperture IR quadrupoles). For 
this reason we have designed an up-scaled version, the 
Racetrack Model Coil (RMC) test magnet, which 
provides space for one or two racetrack coils, with width 
of 240 mm and length 800 mm. The design of the RMC 
can be seen in Fig. 4. We are presently procuring 
components, and plan to have the first assembly by end 
2013, using the full-size FReSCa-2 cable. 

   
Figure 4. RMC cross section (left) showing the coil (red) 
iron yoke (blue) and structure (grey), and a CAD view of 
the assembled magnet in its shell (right). 

 

11 T Dispersion Suppressor Dipoles 
Operating experience at the LHC, and dedicated beam 

collimation studies, show that the Dispersion Suppressor 
(DS) region may require additional protection from beam 
losses. Additional collimators should be installed on the 
time horizon of 2018 (LS2) and 2022 (LS3), most likely 
in a staged approach. Among the options that are 
considered on how to integrate additional collimators in 
the LHC DS, the most captivating one is the idea 
proposed in [6] to substitute one LHC dipole with a 
shorter magnet producing an identical kick. The space 
gained would be allocated to the collimator, and the 
overall impact on the machine optics, operation and 
installation could be minimal. The analysis performed in 
[6] has shown that a suitable bore field target for such a 
dipole could be around 11 T, using available Nb3Sn 
technology, resulting in a slot of approximately 4 m for 
the collimator. The design of this 11 T DS dipole magnet 
has much advanced since its inception [12,13] and a 
demonstration program is running as a joint collaboration 
between FNAL and CERN. The main magnet parameters 
are reported in Tab. II, and a view of the magnet cross 
section, and a coil manufactured at FNAL is reported in 
Fig. 5. 

Field (T) 11.2 
Operating current (kA) 11.85 
Operating temperature (K) 1.9 
Aperture diameter (mm) 60 
Outer diameter (mm) 570 
Stored energy (MJ/m) 0.92 
Weight (tons/m) ≈2 

Table II. Main parameters of DS 11 T dipole. 
 

     
Figure 5. Design of the twin-aperture, 11 T DS MB 

cross section (left), and the first coil of the FNAL 
demonstrator ready for heat treatment (right). 

 
Although the basics of wire, cable, magnet winding and 

structure, magnetics and cryogenics are understood, much 
work is still required to show that an accelerator quality 
Nb3Sn magnet can be integrated (for the first time) and 
will perform in an accelerator. The initial cable 
specification has undergone considerable development, 
and is presently being manufactured both at FNAL and at 
CERN using industrially available strands, as well as 
R&D material with reduced filament size (to decrease the 
sextupole field errors caused by large persistent currents). 
Coils with optimised geometry are being wound at FNAL, 
and tooling is in preparation at CERN to start in-house 
winding. Two magnet assembly and supporting concepts 
have been studied and proposed for test in models. The 
FNAL/CERN collaboration is following an aggressive 
program of single and double aperture short models 
(2012-2013), followed by long prototypes (2014) and 
eventually the production of the first batch of cold masses 
(2015-2017) to enter the LHC during LS2. A prime issue 
addressed by the programme is obviously quench 
performance and margin, but much attention is already 
paid to mechanical and practical manufacturing aspects, 
field quality, and integration in the accelerator. An 
additional step in the CERN programme will be the 
construction and test of a set of SMC coils using a cable 
of similar dimensions to the final one, with resistive core, 
but not key-stoned. Different insulation schemes will be 
tested in this SMC (braided insulation with or without a 
layer of mica), and results are expected in the course of 
2012. 

IR Quadrupoles 
New quadrupoles with larger aperture than the present 

Q1, Q2 and Q3 magnets in the LHC are a pivot in the 
high-luminosity upgrade plan. The US-LHC Accelerator 
Research Program (US-LARP) has progressed in the 
development of such magnets, using Nb3Sn to achieve a 
gradient increased by about 50 % with respect to an 
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equivalent magnet built with Nb-Ti [14]. The companion 
contribution [15] reports on the recent advances, the 
remaining challenges and the overall plan of this program 
until the technology decision Nb-Ti vs Nb3Sn, scheduled 
in early 2015. Given the advance of the US program in 
this area, the technology decision will be based on the 
performance of the HQ and LHQ magnets, with 120 mm 
aperture. So far the contribution of CERN has been 
minor, providing input for the choice of critical magnet 
parameters such as aperture and gradient [14], consulting 
for matters of field quality, and active participation to the 
test of models and prototypes [16]. In the course of 2012, 
however, we plan to start active work on wire and cable 
procurement, targeting especially design options for large 
aperture (140 mm), for which no model work is on-going 
at present. 

LARGE APERTURE QUADRUPOLES  
Although much R&D work is devoted to proving the 

technology for Nb3Sn magnets above 10 T, Nb-Ti 
remains the work-horse of present magnet technology and 
is not neglected. One specific line that is running 
vigorously is the construction of a model of a large 
aperture quadrupole for the LHC triplet, which is the 
legacy of the Phase-I upgrade [17]. This model magnet, 
which goes under the name MQXC, has a 120 mm 
aperture, a 118 T/m nominal gradient and is being built 
jointly by CERN and CEA [18, 19]. The short-model 
cross section is shown in Fig. 6, together with the first 
collared coil of two meter length. A summary of the main 
design parameters is reported in Tab. III. 

Most important, the model includes several features 
that should improve heat removal from the coil to the 
cryogenic heat exchanger, namely a porous cable 
insulation [20], perforated ground plane and slit quench 
heaters. With these features we expect a factor four 
improvement on the local heat removal capability, when 

compared to the existing magnets in the LHC. This factor 
is necessary to cope with the increased energy deposition 
that would be inevitably associated with increased 
luminosity. 

A large aperture IR quadrupole built with Nb-Ti will 
fall short of the performance that we expect to reach with 
Nb3Sn. On the other hand this option has the benefit of 
relying on a well-established technology, a good control 
of the field quality, and a marginal cost and schedule 
advantage. It is hence still a valid line of development, 
and we expect a quantitative evaluation from the test of 
the model, in the course of 2012. In addition, the 
development of large aperture Nb-Ti quadrupoles is of 
relevance for the modifications that are being discussed at 
the level of the LHC matching sections, and namely on 
the Q4 that may require significantly larger aperture than 
the present 70 mm [21]. 

VERY HIGH FIELD MAGETS R&D 
When looking at the “life after the LHC”, it is natural to 

pose the question of the possibility of a higher energy 
accelerator in the existing tunnel. This evidently calls for 
magnets with significantly higher bore field than the 
LHC. Nb3Sn would allow a factor of two increase with 
respect to Nb-Ti, i.e. a dipole with a bore field in the 
range of 16 to 18 T. This would be a major step, but 
possibly not sufficient for the physics reach. Any increase 
beyond this value requires the use of High Temperature 
Superconductors (HTS). HTS materials have critical 
temperature around 80 to 100 K, but, and especially, they 
exhibit exceedingly large critical fields (100 T and 
larger), and can hence be used at low temperature as high 
field superconductors. Finding a use for HTS in Very 
High Field Magnets (VHFM) for accelerators, whose 
range we place somewhat arbitrarily above 20 T, would 
have immense implications for applications such as 
solenoid magnets for NMR spectroscopy, but also a scale 
and cost impact on superconducting power generation, 
storage and transmission. 

Presently all this is at the stage of the concept. 
Although we have proposed a hybrid magnet concept 
design that uses HTS [22], and active work is on-going at 
national laboratories (e.g. the FP-7 EuCARD HTS insert, 
or the VHFSM collaboration of the US-DOE) and 
industries (e.g. work on 30 T NMR solenoids), none of 
this research has reached the stage of an accelerator 
application. Indeed, the basic question that is still 
unanswered is on the sheer feasibility of such a magnet. 
For this reason we are in the process of launching a 
worldwide collaborative work aiming at producing a 
small-scale demonstrator magnet, built with a HTS cable, 
and producing a field of 5 T in a 40 mm bore with 
sufficient field quality to be suitable for use in an 
accelerator [23]. This small dipole is intended as the 
demonstration of the technology necessary for a very high 
field insert in a hybrid Nb-Ti-Nb3Sn-HTS magnet, a field 
booster from 15 T to 20 T. At the same time, thanks to the 
enormous temperature margin, such a dipole could find 
applications in regions of high radiation or energy 

Gradient (T/m) 118 
Operating current (kA) 12.8 
Operating temperature (K) 1.9 
Aperture diameter (mm) 120 
Outer diameter (mm) 570 
Stored energy (MJ/m) 0.41 
Weight (tons/m) 1.36 

Table III. Main parameters of MQXC. 
 

    
Figure 6. Cross section of MQXC, made of recomposed 

construction parts (left) and collared coil during the 
construction of the first trial model (right). 
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deposition, operating at intermediate temperature, above 
the liquid helium range. Table IV gives the targets for the 
EuCARD2 proposal. 

 
Field (T) 5 
Operating current (kA) 5 
Operating temperature (K) 4.2 
Aperture  (mm) 40 
Maximum stress level (MPa) 400 
Wire/tape JE (20 T, 4.2 K) (A/mm2) 750 

Table IV. Targets for the HTS magnet R&D proposed 
within the scope of EuCARD2. 

 
The main issues identified are the material selection 

and properties (BSCCO or YBCO, engineering current 
density), cable geometry (transposed topology, cable 
production), coil production (high-temperature heat 
treatment, insulation and impregnation, structural 
solutions for very large forces), quench protection 
(detection of very small voltages, large stored energy and 
energy density). The proposal is within the wider scope of 
the EuCARD2 programme, and is presently under 
evaluation. We expect results on approval and funding in 
Spring 2012, and negotiations to start by the mid 2012. 
Once again, we plan to start activities at CERN with 
strand, tape and cable characterization, follow with the 
production of model coils of SMC type to develop 
manufacturing procedures and understand the 
extrapolation to long lengths, and eventually work on the 
magnet proper, to give an answer to the feasibility 
question on the horizon of 2016. Present work at CERN 
on HTS conductor is concentrated on the development of 
HTS electrical transmission lines of interest for 
application to the LHC machine. Experience gained with 
the development and test of 10 kA range long cables 
[23a] will be used also for the development of HTS 
cables. 

FAST CYCLED MAGNETS R&D 
Energy efficient, superconducting, fast-cycled magnets 

would be a holy grail for accelerator applications 
including high energy physics, nuclear physics, or hadron 
therapy. The CERN work in this field is so far very 
limited to two synergistic programs. The first is the 
original Fast Cycled Magnet (FCM) programme [24], 
started as an alternative to the resistive design of a PS2 
[25]. The FCM program is now devoted to the 
demonstration of a low-loss super-ferric dipole magnet 
design with a large bore (70 mm gap) operating 
continuously in trapezoidal cycles of 1.8 T peak field and 
1.5 T/s field ramp-rate. This is the typical operating range 
of the low energy end of the LHC injector chain, but 
similar design could find applications in dedicated 
machines for neutrino experiments, or medical 
applications [26]. The magnet concept contains a number 
of innovative features, such as the cable, the use of a 
warm iron yoke, a separately cooled structure, and an 
optimized support in the cryostat. The FCM demonstrator 

magnet parameters are reported in Tab. V, and the magnet 
is shown in Fig. 7. 

The main challenge of the programme is to demonstrate 
reliable and economic operation, and especially a 
competitive power balance when compared to a resistive 
magnet solution. Results are expected in the first half of 
2012, the demonstrator magnet being now fully 
assembled and awaiting test in a dedicated station. 

The second line of activity in the field of fast cycled 
magnets is the participation to the procurement of a low-
loss cable, and its insulation, for the production of a 
prototype of a dipole magnet for the SIS-300 storage ring 
at FAIR [27]. This work is performed within the WP5 of 
the CRISP EU-FP7 programme. It is in reality a follow-
up of the DISCORAP programme [28], approaching 
completion at INFN, where a dipole with a 100 mm 
diameter aperture, 4.5 T bore field and maximum ramp-
rate of 1 T/s is ready for test. These parameters are 
comparable to those that would be of interest for a 
superconducting SPS, accelerating protons up to 1 TeV. 
The cable to be produced at CERN is similar to one of the 

Field (T) 1.8 
Field ramp-rate (T/s) 1.5 
Operating current (kA) 5.7 
Operating temperature (K) 4.2 
Free aperture  (mm2) 250(H)x70(V) 
Stored energy (MJ) 0.24 
Weight (tons) ≈4 

Table V. Main parameters of FCM. 
 

 
Figure 7. The FCM demonstrator magnet during final 
assembly. 

 
Figure 8. Cored Nb-Ti cable trial for the CRISP SIS-

300 prototype. 
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geometries already used in the LHC (type 02, dipole outer 
layer cable), but will be manufactured using low-loss 
wires of the same type as those developed in the scope of 
the FCM programme, and additional features such as a 
resistive strip core that reduces AC loss during ramps. A 
picture of one such prototype cable recently produced at 
CERN is shown in Fig. 8. 

Both FCM and CRISP programmes are not high 
priority among the magnet R&D work. Nonetheless, they 
explore key technological questions on the long-term 
perspective. 

LOW FIELD MAGNETS R&D 
Electromagnets have a long history since their 

invention by W. Sturgeon, in 1824, and their use in 
accelerators is widely spread. Yet, the demands for 
further developments are many, and include the use of 
modern engineered materials in the yoke, or permanent 
magnets, long-term stability, extension of the operating 
field range and homogeneity, and improvements in the 
efficiency. One such example is the dipole that would be 
required by the ring-ring variant of the Large Hadron 
electron Collider (LHeC) discussed in detail later. This 

dipole has a nominal operating range of 13 mT to 75 mT 
with challenging demands on homogeneity and 
reproducibility. These low field accelerator magnets are 
by no means trivial. At this level of excitation the field 
quality and reproducibility depend strongly on iron 
material properties (remanence, coercive field and 
permeability), and the homogeneity of industrial 
production may not be sufficient to guarantee the required 
performance. For this reason the magnetic design must 
include features to compensate for the material 
variability, such as the dipole design reported in Fig. 9, 
from [1]. 

In this solution the iron laminations are diluted by 
being glued among plastic spacers, and the flux in the 
magnet aperture is spread out, thus reducing the effect of 
relative changes among single laminations. Tests 
performed on prototypes built with this design have 
shown excellent reproducibility, better than 1 unit of 10-4 
of the main field, for a variety of iron yoke materials and 
grades, as reported in Tab. VI. 

LHeC AND HE-LHC 
What is the relation between work described in the 

preceding sections and the scope of an LHeC and of a 
HE-LHC ?  

LHeC demands and challenges 
LHeC is “[…]  a new electron-hadron collider, the 

LHeC, in which electrons […]  collide with LHC protons” 
(verbatim from [1]). As described in [1], an e-beam an e-
beam accelerated to 60 GeV in the ring-ring (RR) option, 
or up to 140 GeV in the linac-ring (LR) option, meets the 
LHC p-beam at one interaction point. The main 
challenges from the point of view of magnet engineering 
are: 

 
• the large number (4000 (RR) to 5000 (LR)) of 

precise, low-field, low-mass, low-cost magnets for 
the e- accelerator; 

•  the nested interaction regions, with large aperture 
quadrupoles at relatively large gradients, space for 
traversing beams and appreciable synchrotron 
radiation heat loads; 

• integration in the existing complex and co-activity. 
 
Specifically to the resistive magnets, the most 

challenging demand comes from the ring-ring option of 
the LHeC, and is posed by the ring dipoles with the 
characteristics reported in Tab. VII. Such dipoles have 
been the successful object of the low field, resistive 
magnets R&D described earlier. 

As to the IR quadrupoles, the two options for the LHeC 
layout ask for a different range of aperture and gradients, 
reported in Tab. VIII. To be noted that the Q1 shall focus 
the proton beam, and have a field-free region for the 
electron beam. A possible design, applicable to both the 
ring-ring and linac-ring options, was studied and reported 
in [1], and is shown in Fig. 9 (linac-ring). Such a half-

 
 

 
Figure 8. Design of a low field dipole magnet applicable 
to a variant of LHeC (top) and assembled prototype 
(bottom). 
 

 Injection Flat-top 
Model 1: Ni-Fe steel 0.5±0.3 0.4±0.3 
Model 2: Low-C steel 0.6±0.4 0.6±0.5 
Model 3: GO 3.5 % Si steel 0.4±0.2 0.6±0.4 

Table VI. Field reproducibility errors measured on three 
prototypes of low field LHeC dipoles built at CERN using 
different materials for the laminations. The error is quoted 
in units as a systematic error and a random component. 
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quadrupole has several challenges. The gradient range 
considered, especially in the linac-ring option, is at the 
upper limit of the performance of Nb-Ti, and Nb3Sn may 
be an option. The mechanical structure needs to support 
the non-symmetric loads from a large aperture coil, 
providing the required symmetry for field quality. The 
heat load from synchrotron radiation, to be evaluated, can 
be large and thus require enhanced heat transfer at the 
level of the coil assembly. The programs for the LHC IR 
quadrupoles, both Nb-Ti and Nb3Sn variants discussed 
earlier, presently address most of these challenges, save 
the specific non-symmetric structure and field free region. 

 
Number of magnets (-) 3080 
Free aperture  (mm2) 90(H)x40(V) 
Magnetic length (mm) 5350 
Injection field (mT) 12.7 
Flat-top field (mT) 76.3 
Good field region (mm2) ±10(H)x6(V)

 

 

Field quality (-) ±2·10
-4

 
Injection field reproducibility (mT) ±0.01 

Table VII. Specification for the ring-ring LHeC dipoles. 
 

  ring-ring linac-ring 
Gradient (T/m) 137 145…175 
Free aperture diameter (mm) 70 92 
Fringe field (mT) 30 370…500 
Table VIII. Range of gradient and apertures considered 
for the Q1 of the ring-ring and linac-ring LHeC IR. 
 

 
Figure 9. A design concept for the Q1 in the linac-ring 
LHeC IR, consisting of a half-quadrupole of large 
aperture (92 mm diameter) and a low field space for the 
traversing e-beam, reproduced from [1]. 
 

HE-LHC demands and challenges 
HE-LHC is “[…] a 33 TeV centre-of-mass energy 

proton–proton accelerator in the LHC tunnel […]” 
(verbatim from [2]). The magnet challenges of HE-LHC 
are: 

 

• the accelerator magnets (27 km), i.e. 40 mm 
aperture, 20 T dipoles, as well as 40 mm (arc) to 50 
mm (IR) bore quadrupoles, whose gradient is still 
subject to optimization; 

• a new injector, e.g. a replacement of the SPS 
(7 km) with a ring of pulsed accelerator magnets 
with low loss, 100 mm aperture, and 5 T dipoles 
(and associated quadrupoles); 

• the transfer lines (5.6 km), from a SPS+ to the HE-
LHC; 

• associated issues such as field quality through the 
large field swing, mechanics, protection, powering, 
heat loads, stray field 

 
Cost and material issues, as well as the dismantling of 

the existing LHC, are further challenges that are however 
relatively far in the future, and are neglected in this 
discussion. 

 Among the challenges listed above, the pivot one is to 
achieve magnetic fields in the range of 20 T in an 
accelerator relevant configuration (aperture, field quality, 
protection, operation). This is indeed the objective of the 
combined HFM and VHFM programs described earlier. 
As to the injector upgrade, e.g. the superconducting SPS, 
and transfer lines with increased field, these issues are 
partially addressed by the fast cycled magnet 
programmes, and in particular the participation to the 
prototyping work for the SIS-300 dipole at FAIR.  

PUTTING IT ALL TOGETHER 
It should be clear at this point that although no specific 

R&D programme is running for a LHeC or a HE-LHC, 
many of the elements in the running magnet R&D are 
relevant to one, the other, or both projects. To quantify 
this statement, Fig. 10 presents schematically the relations 
between approved projects and specific magnet issues of 
LHeC and HE-LHC.  

It is evident from the summary table, as each line bears 
a cross, that essentially all the critical issues in the long-
term programs LHeC and HE-LHC are addressed by 
medium term activities for which we have commitments, 
major milestones and proposals (SLHC-PP, EuCARD, 
US-LARP, HL-LHC, EuCARD2). It is also interesting to 
note that a number of R&D programmes can provide 
answers to both projects: many columns have crosses in 
both project fields. In this sense the present R&D is acting 
in synergic manner. 
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Figure 10. Relations between magnet challenges and approved R&D pgrograms. 
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SC CAVITIES R&D FOR LHEC AND HE-LHC 

E. Jensen, CERN, Geneva, Switzerland 
 

Abstract 
The new machines HE-LHC and LHeC (whether or not 

linac-ring and ring-ring options will be favoured) rely on 
new RF systems. The talk will analyse the synergies or 
competitions between the R&D strategies. The first steps 
foreseen for 2012 will be highlighted. 

SUPERCONDUCTING RF R&D THEMES 

High Gradient 
The supreme discipline for superconducting RF R&D 

definitely is to reach the highest possible accelerating 
gradient. It is limited by the maximum tolerable surface 
fields, but different from normal-conducting RF where 
the electric field enhancement on the curvature of the iris 
may lead to field emission, the main limiting factor in 
SCRF is the surface magnetic field near the equator of the 
cavity; the surface magnetic field is equal to the RF 
surface current density, which has to be kept below a 
threshold for sustained superconductivity. 

The global projects requiring high gradient are 
primarily ILC and X-FEL; the dedicated R&D for these 
projects have brought the field continuously forward and 
very advanced technologies have been invented and 
implemented over the last 20 years. Fig. 1 summarizes 
this progress [1]. 

 
Figure 1: Field gradient progress in single cell cavities [1] 

The main steps during this development are marked by 
the advent of now well established technological 
processes in SCRF: chemical polishing (CP), 
electropolishing (EP), high-pressure water rinsing 
(HPWR), large-grain Nb and shape-optimization reducing 
the peak magnetic field.  

Reproducibility, industrialisation 
The achievement of accelerating of beyond 50 MV/m is 

by all means remarkable, but for a large scale project like 
the ILC it is necessary to demonstrate what values can be 

obtained in a reproducible and reliable fashion. For an 
ILC with √� � 500 GeV e.g., a gradient of 35 MV/m 
would have to be sustained of 15 km (length of 
accelerating structures only); this also implies that 
accelerating structures have to be fabricated and tested in 
an industrial fashion. The present ILC goal is to have a 
yield of 90% of industrially produced cavities at the 
design gradient of 35 MV/m [2], a goal which the Global 
Design Effort is slowly approaching. 

RF Losses, Q-slope, Q-drop 
It is generally observed that the quality factor Q 

decreases with increasing field. A possible explanation of 
this generally observed behaviour is sketched in [3]: 
material imperfections lead to nucleation centres in the 
bulk material near the surface; in these areas, unpaired 
(normal-conducting) electrons exist. With increasing 
surface field the conducting layer gets thicker and more 
and more of these normal-conducting electrons contribute 
the current and consequently losses increase.  

New SC Materials 
The materials used for superconducting RF are mainly 

Nb and Pb. Some other materials that have shown 
interesting behaviour in DC have been tried for RF 
(Nb3Sn, MgB2) with limited success. There is however a 
large variety of possible candidates with potentially better 
performance in either maximum surface field (current 
density) or Q0 that would require dedicated R&D to 
evaluate their potential; these include high-temperature 
superconductors, alloys like Nb3Sn or molecular 
superconductors like alkali-doted C60 fullerene. These 
new materials might also become interesting in view of 
thin-film techniques described in the following. 

Sputtering Nb on Cu 
The technique of sputtering Nb on Cu was first 

developed at CERN around 1980 [4] and significantly 
contributed to the success of LEP. Compared to bulk or 
sheet niobium, this technique has the following potential 
advantages: 1) less Nb is needed, which may reduce 
overall cost, 2) due to its high thermal conductivity, the 
copper substrate hinders the forming of hot spots and thus 
increase the quench resistance, 3) the thickness of the 
copper can be chosen such that also the mechanical 
stability of the cavity is increased. In spite of these 
potential advantages, the maximum gradient in sputtered 
SC cavities has not reached the record peak fields of sheet 
niobium cavities. It does not seem however that this is an 
intrinsic limitation, so the technology has still large 
potential. Both diode sputtering and magnetron sputtering 
techniques have been developed and later refined, leading 
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to advanced techniques known as HiPIMS [5] or Arc-
PVD. 

Many laboratories (JLAB, LNL Legnaro, CEA/IRFU 
Saclay, University Sheffield and CERN) develop these 
techniques further and recent progress is remarkable. 
Sputtered cavities are successfully used e.g. for the ALPI 
project (LNL), the Soleil light source and at CERN both 
LHC and HIE-Isolde. 

Synergy with other SC RF R&D 
At CERN and elsewhere, superconducting RF is of 

high importance for a large number of operating and 
planned accelerator facilities: all large proton drivers for a 
number of applications (spallation neutron sources, 
accelerator driven systems, neutrino physics, muon 
colliders, irradiation facilities) are based on large and 
advanced superconducting RF installations. The ILC as 
example for a planned lepton collider was mentioned 
earlier and it has in fact driven the research on SCRF over 
many decades; but also HIE-Isolde, the post-accelerator 
for radioactive isotopes in construction at CERN is based 
on SCRF technology. The LHC RF system is relatively 
insignificant on this scale, but the luminosity upgrade HL-
LHC is relying on superconducting crab cavities to 
compensate for luminosity losses arising from a crossing 
angle at small . These cavities have novel geometries 
and R&D for them is in full swing. 

LHEC – MOST EXCITING 

LHeC Options 
The LHeC lepton-hadron collider uses one of the LHC 

beams for protons, while the electron (or positron) beam 
is accelerated either in a new ring inside the LHC tunnel 
(ring-ring option) or in a separate linear accelerator 
(linac-ring option). In both cases one aims at a 60 GeV, 
100 mA lepton beam at collision with 7 TeV protons. For 
both options, substantial RF systems are required [6]. 

For the ring-ring option with a 100 mA electron beam, 
synchrotron radiation losses add up to approximately 
44 MW, which have to be reconstituted from the RF 
system. The conceptual design estimates the need of 56 
klystrons at 721.4 MHz, providing 1 MW CW each, 
grouped in 14 RF power stations; a single such station 
would consist of 4 klystrons feeding 8 cavities in one 
cryostat. The cavities could run at a moderate gradient of 
12 MV/m. The sheer size of these power stations would 
require housing them in bypasses near ATLAS and CMS. 
Apart from their size however, the RF systems for the 
ring-ring option are relatively “conventional” and will not 
be discussed further in this paper – for more details please 
refer to [6]. The total power consumption is estimated to 
be around 80 MW. 

For the linac-ring option, the beam current for the same 
luminosity would be 6.4 mA, but still a conventional linac 
without energy recovery has to be discarded because of 
excessive power consumption (6.4 mA · 60 GV = 384 
MW beam power!). An energy recovery linac (ERL) 
however would bring the overall power consumption in 

the same ballpark as in the case of the ring-ring solution, 
with the distinct advantage compared to the ring-ring 
option that it could be constructed, installed and 
commissioned while LHC continues its proton-proton 
physics run. The ERL would consist of two 10 GeV linacs 
in the opposite straight sections of a racetrack geometry, 
which are passed 3 times during acceleration and 3 times 
during deceleration.  

ERL 
In a recirculating linac, electrons are kept on a racetrack 

in order to pass through the same accelerating structure 
for a number of passes – this makes more effective use of 
the linac. For every pass, there is a separate arc adapted to 
the correct energy. An ERL is also a recirculating linac, 
but in addition the beam, after this acceleration and after 
passing the interaction region, is recovered and brought 
back onto this racetrack again, but in the opposite RF 
phase, such that it is decelerated in the linac by exactly 
the correct amount for again a multiple passage. In 
continuous operation of an ERL, accelerating and 
decelerating buckets in the cavity are filled with 
(approximately) the same charge, thus the RF current 
loading of the cavity is almost zero – the decelerated 
beam converts its power into the power needed for the 
accelerated beam. This almost looks like a perpetual 
motion machine, but of course we were idealizing – in 
reality there will be particles lost and particle energy lost 
by synchrotron radiation in the arcs – but it remains true 
that, in the LHeC case, the necessary beam power of 
384 MW can be produced with around 80 MW of total 
electrical power – still a fantastic “efficiency”. 

In addition to this, an energy recovery linac seems to 
combine advantages of storage rings with advantages of a 
linac. I cannot formulate better than Merminga [7]: In a 
storage ring, electrons are stored for hours in an 
equilibrium state, whereas in an ERL it is the energy of 
the electrons that is stored. The electrons themselves 
spend little time in the accelerator (from ~1 to 10’s of μs) 
thus never reach equilibrium. As a result, in common with 
linacs, the 6-dimensional phase space in ERLs is largely 
determined by the electron source properties by design. 
On the other hand, in common with storage rings, ERLs 

Figure 2: Conceptual layout of the LHeC ERL 
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have high current carrying capability enabled by the 
energy recovery process, thus promising high efficiencies. 

ERLs are considered for 4-GLSs, for electron-coolers 
and for electron-proton colliders like LHeC.  

A caveat of the 60 GeV LHeC ERL of course is that 
now the synchrotron radiation losses in the arcs are not 
negligible anymore (a total of 24 MW is estimated); this 
requires additional loss compensation accelerators – their 
power cannot be recovered, it is however significantly 
smaller than for the ring-ring option. 

The high efficiency is achieved by extracting power 
from the decelerated beam into RF to convert it to the 
power for the accelerated beam. In order to stabilize this 
process, the R&D should aim at a maximum possible �

�
 – 

this would slow down every beam current transient. The 
coupling to the generator and thus the required RF power 
is determined by the stability of the cavity and the 
necessity to go through transients when switching the 
beam on or off – it can be small compared to a 
conventional SC linac where this power is converted to 
beam power. The RF parameters for LHeC RF are 
summarized in the upper part of Table 1. 

Table 1: RF parameters of LHeC ERL main linacs and 
preliminary total power estimates  

 Unit 721.4 MHz 1322.6 MHz 

Main Linacs: 
R/Q Ω 500 1036 

Q
0 

@ 2 K  4.5E10 2E10 
V/cavity MV 15.7 16.3 

P
RF

/cavity kW 24.6 12.8 
n

cav
  1260 1318 

total RF power MW 31 16.9 
P

AC
 MW 50 28.2 

Synchrotron radiation compensation: 
total RF power MW 10.5 

P
AC

 MW 18 

Heat load (assuming Q
0 
@ 2 K, conversion factor 600): 

P
AC

 kW 4.5 5 
P

AC
 MW 5.7 6.1 

HOM’s MW 1.7 5.4 
Static, coupler, 
interconnects 

MW 3 3 

0.3 GeV injector: 
P

AC
 MW 5 

Total P
AC

 MW 83.4 65.7 

As already noted in Table 1, two possible frequencies 
are at present considered for the LHeC ERL, namely 
721.4 MHz and 1322.6 MHz. These frequencies are 
harmonics of 120.237 MHz, resulting from the 
requirement to have 3 equally spaced bunches in 25 ns for 
the 3 passages through the accelerator; the decelerated 
beam will have to be delayed by � � 1/2 RF periods. The 
frequency of the SR compensation RF system would be 
chosen that all bunches are in the correct accelerating 
phase, for example by choosing exactly the double 
frequency. The frequencies are also chosen in order to be 

of similar technology as existing projects: the ILC and the 
X-FEL, but also a number of existing ERL’s are using 1.3 
GHz; ESS, eRHIC and the SPL are using 704 MHz. So 
for either frequency, the project could use technology 
already developed and successfully demonstrated. 

Cryomodule layout 
Building on the existing experiences at 704 MHz and 

1.32 GHz, one would consider a cryomodule layout 
similar to those projects. This would result in a 
conceptual cryomodule layout for both frequencies as 
sketched in Fig. 3.  

Figure 3: Conceptual cryomodule layout for 1.32 GHz 
(top) and 721 MHz (bottom) 

 It can be stated that with 9-cell cavities for 1.32 GHz 
and 5-cell cavities at 721 MHz, the length of an individual 
cavity would be roughly identical and in both cases one 
could consider a cryomodule of approximately 12 to 13 m 
length. In both cases, around 160 cryomodules are 
needed. 

Frequency choice 
The synergy with on-going projects is certainly an 

important argument for the choice of operating frequency. 
There are however other arguments which may make one 
or the other frequency preferable. The following thoughts 
were taken into consideration:  

High  �
�
 is one main design goal – this implies small 

surface resistance. For a small residual resistance, the 
surface resistance is dominated by the BCS resistance, 
which increases with frequency; this would clearly favour 
the lower frequency. Experimental results have 
demonstrated very large  �

�
 values (in excess of 5E10) 

with moderate Q-slope however for both frequencies, so 
they don’t strongly support this simplified model. 

When simply scaling a cavity the longitudinal short 
range wakes per unit length scale with �� (or a little less 
if the beam pipe is widened). The dipole wakes scale 
with ��. Both will lead to a larger excitation of modes at 
higher frequency. In addition, a 9-cell cavity has a denser 
mode spectrum than a 5-cell cavity, which will reduce the 
stable beam current for the higher frequency cavity – this 
would be a strong argument to stay at the lower 
frequency. On the other hand, the larger impedance at the 
higher frequency means that less RF power is needed at 
the higher frequency (cf. Table 1!); also the physical size 
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of the cavity (and the diameter of the cryostat) could be 
smaller. 

Power consumption 
Summarizing the above, the RF power to the main linac 

cavities will be determined by the necessity to handle 
microphonics and mechanical instabilities of the cavities, 
it is also required to ramp the ERL up or down. When we 
assume an identical ���� of 1E7 for the two frequencies, 
the RF power per cavity is 25 kW at 0.7 GHz and about 
half this at 1.3 GHz. This would call for a total AC power 
consumption of 50 MW and 28 MW for 721 MHz and 
1322 MHz, respectively. The synchrotron radiation 
compensation would add 18 MW for either case. For the 
heat load, we have assumed a slightly large  �� at the 
lower frequency and a temperature of 2 K. The resulting 
total cryogenic powers can be found in Table 1. The 
overall power consumption of the LHeC ERL RF systems 
including cryogenics is thus estimated to be around 84 
MW for 721 MHz and slightly lower (66 MW) for 1322 
MHz. These numbers should however be understood as 
preliminary rough estimates. 

HE-LHC 
The HE-LHC looks at the energy upgrade of the LHC 

from its nominal √� � 14 TeV to 33 TeV. It constitutes a 
major R&D effort for the magnets, but it is not 
significantly different from the present LHC in terms of 
RF requirements. Considering that for a constant RF 
voltage, the bucket area is increasing with energy as �� �⁄ ; 
one can state that less RF voltage is required at larger 
energy. In order to have the same Landau damping at 16.5 
TeV as presently at 7 TeV, the longitudinal emittance 
should also be increased as �� �⁄ . Even at 16.5 TeV, the 
synchrotron radiation losses per turn would still remain at 
manageable 200 keV. Consequently one would obtain the 
same bunch length with the same voltage as the LHC 
(16 MV); so to first order, the HE-LHC could use exactly 
the same RF system as today’s LHC. 

Independent of the higher energy, a higher harmonic 
RF system can be considered to have a better handle on 
the control of the bunch length and shape. A conceptual 
design of single-cell cavities scaled to 800 MHz has 
started. 

CONCLUSIONS 
There are a number of challenging subjects ahead in the 

field of superconducting RF R&D, which are important 
for a large number of accelerator projects. These include 
the next generation of high energy colliders but also 
spallation neutron sources, protons drivers for neutrino 

physics and muon colliders. Interesting subjects include 
the minimisation of losses, the maximisation of the 
accelerating field gradient, mechanical stability, improved 
fabrication techniques and new materials. Synergies 
between these projects must be identified and SCRF R&D 
should be well coordinated, test infrastructures could be 
shared.  

The SCRF R&D for LHeC is concentrating on an 
energy recovery linac, which promises very high 
efficiency generation of high energy, high current and 
high quality electron beam. The main design goal is a 
very large ��, which is also desirable for other projects. 
The frequency choice is not yet final, but 700 MHz will 
probably allow larger stable beam current than 1.3 GHz, 
at the expense of larger RF power. 

The HE-LHC RF system is to first order identical to the 
present LHC RF system. A possible improvement (both 
for LHC and HE-LHC) could be a harmonic RF system; it 
would allow better control of the bunch length and shape. 

ACKNOWLEDGMENT 
This paper is summarizing a joint effort of a number of 

people, both from CERN’s RF group and collaborators. 
The author wishes to acknowledge all their valuable 
contributions. I particularly have to thank O. Brunner, E. 
Ciapala, R. Calaga, S. Calatroni, T. Junginger, D. Schulte, 
E. Shaposhnikova, J. Tückmantel, W. Venturini and W. 
Weingarten. The US-LARP collaboration actively 
participates in the HL-LHC project. EuCARD work-
package 10 (“Superconducting RF”) and the RF-Tech 
Network are equally acknowledged. 

REFERENCES 
[1] A. Yamamoto, “Superconducting RF Cavity Development 

for the International Linear Collider”, IEEE Trans. In 
Superconductivity 19 (3), June 2009 

[2] B. Barrish, “GDE status and plans”, LCWS11, Granada, 
Sept. 2011, 
http://ilcagenda.linearcollider.org/contributionDisplay.py?c
ontribId=10&confId=5134 

[3] T. Junginger, “Investigations of the surface resistance of 
superconducting materials”, PhD thesis, Heidelberg, 2012 

[4] C. Benvenuti, N. Circelli, M. Hauer, “Niobium films for 
superconducting accelerating cavities”, Appl. Phys. Lett. 
45 (5), Sept. 1984 

[5] see e.g. http://hipims.fraunhofer.de/en/introduction 
[6] O. Brüning, M. Klein, P. Laycock, “A Large Hadron 

Electron Collider at CERN: Report on the Physics and 
Design Concepts for Machine and Detector”, 
http://arxiv.org/abs/1206.2913, 2012 

[7] L. Merminga, “Energy Recovery Linacs”, PAC07, 
Albuquerque, 2007, 
www.jacow.org/p07/PAPERS/MOYKI03.PDF 

 
 
 
 
 
 

Proceedings of Chamonix 2012 workshop on LHC Performance

393



Author Index:

A
Alemany Fernandez, Reyes 99, 200
Arduini, Gianluigi 81, 89, 145, 189
Assmann, Ralph 12, 183, 199, 200, 351
Auchmann, Bernhard 381

B
Baer, Tobias 294
Baglin, Vincent 74, 230
Bajko, Marta 265, 381
Ballarino, Amalia 381
Barnes, Mike 65, 294
Bartmann, Wolfgang 65
Bartosik, Hannes 89, 268, 325, 332
Baudrenghien, Philippe 150, 200
Bellodi, Giulia 200
Bordry, Frederick 21
Borgnolutti, Franck 381
Bottura, Luca 381
Bracco, Chiara 7, 65, 325
Bregliozzi, Giuseppe 74
Bremer, Johan 236
Brodzinski, Krzysztof 236
Bruce, Roderik 183
Brugger, Markus 163, 288
Bruning, Oliver 18, 315, 325
Buffat, Xavier 99
Burkart, Florian 183

C
Calaga, Rama 99, 363
Calviani, Marco 163, 288
Carli, Christian 268, 325
Carlier, Etienne 294
Casas, Juan 236
Cauchi, Marija 183
Cerutti, Francesco 294
Charifoulline, Zinur 170
Chiggiato, Paolo 230
Claudet, Serge 89, 236
Cornelis, Karel 65, 145, 325
Cruikshank, Paul 230

D
Dahlerup-Petersen, Knud 170
Damerau, Heiko 145, 268, 325
De Maria, Riccardo 35
De Rijk, Gijs 381
Deboy, Daniel 183
Dehning, Bernd 294
Delikaris, Dimitri 236
Delruelle, Nicolas 236
Denz, Reiner 170, 244

Dominguez, Octavio 89
Drosdal, Lene 65, 294
Ducimetiere, Laurent 294
Duval, Francois 248

E
Esteban-Muller, Juan Federico 89

F
Fartoukh, Stephane 128
Ferlin, Gerard 236
Ferracin, Paolo 381
Ferrari, Alfredo 294
Ferro-Luzzi, Massimiliano 38
Fessia, Paolo 381
Fluder, Czeslaw 236
Foraz, Katy 21, 212

G
Gallilee, Mark Antony 230
Garion, Cedric 230
Garoby, Roland 31, 145, 268, 325
Garrel, Noel 294
Gerardin, Alexandre 294
Giachino, Rossano 99
Gilardoni, Simone 145, 268, 325
Giovannozzi, Massimo 145, 176
Goddard, Brennan 65, 81, 145, 268, 294, 325
Gomes, Paulo 230
Gorini, Benedetto 135

H
Hancock, Steven 145, 200, 268, 325
Hanke, Klaus 268, 325
Herr, Werner 99, 276
Hofle, Wolfgang 157
Holzer, Bernhard 81
Holzer, Eva Barbara 294

I
Iadarola, Giovanni 89

J
Jackson, Stephen 294
Jensen, Erk 261, 390
Jimenez, Jose Miguel 74, 230, 294, 339
Jones, Rhodri 116
Jowett, John 81, 200

K
Kain, Verena 65, 81, 294, 325
Karppinen, Mikko 381



King, Quentin 288
Kirby, Glyn 381

L
Ladzinski, Tomasz 256
Lamont, Mike 7, 54, 200
Lanza, Giulia 74
Lari, Luisella 183
Lechner, Anton 294
Lombardi, Alessandra 268
Lorin, Clement 265
Losito, Roberto 288

M
Macpherson, Alick 60
Manglunki, Django 145, 200, 345
Mastoridis, Themistoklis 150
Meddahi, Malika 65, 81, 325
Mekki, Julien 163
Mertens, Tom 81
Mertens, Volker 65, 294
Meschi, Emilio 135
Metral, Elias 105, 145
Mikulec, Bettina 145, 268, 325
Misiowiec, Marek 294
Moron Ballester, Raul 294
Myers, Steve 1

N
Nebot del Busto, Eduardo 294
Nessi, Marzio 241
Ninin, Pierre 256
Nonis, Mauro 252
Nordt, Annika 294
Nunes, Rui 256

O
Oberli, Luc-Rene 381

P
Papaphilippou, Yannis 325, 332
Papotti, Giulia 12, 99
Perez, Juan Carlos 381
Perin, Antonio 236
Perinic, Goran 236
Perrot, Anne-Laure 225
Pezzetti, Marco 236
Pieloni, Tatiana 99
Pirotte, Olivier 236
Pojer, Mirko 25, 216
Ponce, Laurette 18, 31

R
Raginel, Vivien 268
Ravaioli, Emmanuele 170

Redaelli, Stefano 139, 183, 200, 352
Roncarolo, Federico 81, 89
Rossi, Adriana 183
Rossi, Lucio 35, 381
Rumolo, Giovanni 89, 268, 325, 332
Russenschuck, Stephan 381

S
Sabbi, Gianluca 357
Salvachua, Belen Maria 183
Sanchez-Corral, Eva 256
Sapinski, Mariusz 121, 200
Schaumann, Michaela 81, 99, 200
Schmidt, Burkhard 311
Schmidt, Rudiger 25, 69, 170
Shaposhnikova, Elena 89, 268, 325
Shiltsev, Vladimir 303
Siemko, Andrzej 170
Smekens, David 381
Solfaroli Camillocci, Matteo 200, 284
Spiezia, Giovanni 163, 288
Steerenberg, Rende 145, 325

T
Tavian, Laurent 89, 236
Thurel, Yves 288
Tock, Jean-Philippe 220
Todesco, Ezio 265, 381
Tomas Garcia, Rogelio 16
Tommasini, Davide 381
Trad, Georges 99

U
Uythoven, Jan 65, 284, 294

V
Valentino, Gianluca 183
Velghe, Bob 294
Venturini Delsolaro, Walter 139
Versteegen, Reine 81, 200
Verweij, Arjan 170, 299
Vlachoudis, Vasilis 294
Vretenar, Maurizio 268, 325

W
Wagner, Udo 236
Wenninger, Jorg 16, 69, 81, 145, 200, 294
Wessels, Johannes 307
Wollmann, Daniel 183, 200

Z
Zamantzas, Christos 294
Zerlauth, Markus 69, 280
Zimmermann, Frank 1, 294, 373


