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ABSTRACT
The status of the studies for the CERN Large Hadron Collider (LHC) is described. This
collider will provide proton-proton collisions with 16 TeV centre-of-mass energy and a
luminosity exceeding 10 c m s~ ' per interaction point. It can be installed in the tunnel of the
Large Electron-Positron Storage Ring (LEP) above the LEP elements. It will use
superconducting magnets of a novel, compact design, having two horizontally separated
channels for the two counter-rotating bunched proton beams, which can collide in a maximum
of seven interaction points. Collisions between protons of the LHC and electrons of LEP are
also possible with a centre-of-mass energy of up to 1.8 TeV and a luminosity of up to
2 x 10 cm- s .
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1.

INTRODUCTION
This report describes the status of the work done for the Large Hadron Collider (LHC) in the LEP tunnel.

After the ECFA-CERN Workshop [1] in 1984, studies continued [2-4] within the framework of the Long-Range
Planning Committee chaired by Professor C. Rubbia.
This continuation of the work has made it possible to single out the most promising options as far as the
parameters and the development work are concerned. The study has concentrated on the pp and the ep modes of
operation, promising top performance. The report explains the reasons for other choices made, it gives the updated
performance figures, and it presents the research and development work for the superconducting magnets which are
the most critical components of LHC.
For proton-proton collisions, two proton beams of 8 TeV nominal energy circulate in opposite directions in
two separate magnetic channels, which are side by side in the horizontal plane, 0.9 m above the median plane of
LEP (see Fig. 5.4); the horizontal separation of the two channels is 180 mm. Since the circumference of the LHC
orbit is fixed by the LEP tunnel, the magnetic field in the guiding dipoles must be as high as possible because it
determines the top energy. Therefore the nominal level is chosen to be 10 T, which seems technically attainable and
economically feasible provided a vigorous R&D programme is undertaken.
The superconducting coils providing equal but opposite magnetic field in the two beam channels have a
common iron yoke and force-retaining structure, the whole being housed in one cryostat. This 'two-in-one' solution
allows the highest possible field in the restricted space above LEP, which has not only the advantage of
compactness but also of lower cost, compared with that of two independent rings with separate cryostats. The
disadvantages seem acceptable: i) the field distortions due to the coupling of the two magnetic channels must be
attenuated by proper coil design; ii) the two channels can operate at two different field levels up to only a moderate
field, which is however sufficient for the storage of the first injected beam at an intermediate energy level, should
this be required during the injection of the second beam.
The beam orbits, separated in the arcs and over most of the long straight sections, are combined in a single
channel just in the region of the experiments, so that the counter-rotating bunches collide only in seven interaction
points at a maximum. The eighth long straight section is reserved for the beam-dumping system, where the beams
do not interact.
33
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The nominal peak luminosity is 1.4 x 10 cm~ s~ ' at 8 TeV beam energy with 3564 bunches per beam. This
implies that there are bunch collisions every 25 ns per interaction point, yielding an average of 3.6 events per bunch
collision for a total cross-section of 100 mb. The peak luminosity can be increased for certain experiments, as
requested [5], by lowering the /3 values at the crossing points, by decreasing the bunch spacing, or by increasing
the bunch intensity and simultaneously exploiting less collision points. It is believed that a peak luminosity of
34

10 c m

- 2

1

s " can be provided by a specific combination of these measures, tailored to the constraints of the

experiment. It should be pointed out that these measures imply respectively: moving the quadrupoles closer to the
interaction point and a higher number of events per bunch collision; a time interval shorter than 25 ns between
bunch collisions; a higher number of events per bunch collision. Changing the bunch spacing or the bunch intensity
will affect the experiments in all the interaction points.
The existing CERN 450 GeV Super Proton Synchrotron (SPS) will be used as the injector for the LHC. Since
it can fill both LHC rings in a few minutes and since the ramping time of LHC is only 20 minutes, frequent fills of
the LHC are possible, resulting in an average luminosity very close to the peak luminosity.
The SPS can also provide ions as well as protons for the LHC, where they can be accelerated to an energy per
nucléon equal to half the energy of the protons, which would open up a new field of research. For example, the
luminosity for O

s +
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collisions is expected to be L = 2.5 x 10 c m

- 2

s" ' at a centre-of-mass energy of 128 TeV.

This estimate is based on the present performance of the injector chain, but substantial improvements may be
expected over the years to come, resulting eventually in a much increased ion-ion luminosity in the LHC with a
possible extension to heavier ions.

2

The proton-antiproton option [3, 6] requiring only one magnetic channel has also received quite a lot of
attention. However, since the pp peak luminosity would reach only 10 cm" s~ — a factor of 100 below the pp
luminosity—pp collisions are favoured [5]. Furthermore, the saving of one coil package compared with the
'two-in-one' pp option would be partially offset by the cost increase due to the larger aperture required for bunch
separation in the unwanted crossings, and by the cost of the sophisticated bunch separation system itself. If the
operationally tricky bunch separation were not provided, the luminosity would drop by another factor of 4. The
ratio of average-to-peak luminosity would never reach the ratio obtainable for protons, because it takes about one
day to collect the required antiprotons whereas the protons are always available.
Of course, it is always possible to have proton-antiproton collisions in the two-channel ring by injecting both
kinds of particles into one of the channels, provided the necessary injection system is built. The luminosity will be
low, around 10 c m s~ \
A far more attractive option is the possibility to collide the 8 TeV LHC beam with the LEP electron beam. In
the most promising configuration, the electron beam is deviated upwards and collides head-on with the proton
beam located 0.9 m above the LEP median plane. The powerful superconducting LEP radio-frequency system can
be used either to maintain the electron beam at its highest energy (100 GeV) for collisions at maximum
centre-of-mass energy of 1.8 TeV, or to increase the electron beam current at lower energy. The luminosity is
10 c m s" ' with the electrons at 100 GeV, and it exceeds 10 c m s~ ' with the electrons below 65 GeV.
The exploitation of the LHC and LEP (e e"), the latter operating then at 100 GeV per beam, can be made
possible by proper scheduling. The LEP detectors, being in the even interaction points, are withdrawn into their
garage position during pp or ep operation, and the proton beams pass through the even areas in removable vacuum
pipes. During LEP operation, the LHC detectors are withdrawn. It is not inconceivable that some of the LEP
detectors will be later adapted for pp or ep and will stay in their present areas after having been lifted by 0.9 m.
The experimental areas of the LHC have been studied in parallel with the machine. The status of these
investigations is given in a separate report [5]. In order to avoid the need for very large experimental caves at the
LHC, due to the requirement of two possible positions for the detectors, the idea of a bypass was recently put
forward [5]. The bypass would connect with the ends of the arcs and be parallel to the LHC over the full length of a
straight section on the outside, with a horizontal separation of about 20 m. A later study will deal in detail with the
effect on the beam optics because of the much shorter straight section in the bypass. The bypass also affects the ep
mode because the synchronism between the proton bunches in the LHC and the electron bunches in LEP is upset
owing to the change in the LHC circumference. This aspect also will have to be scrutinized.
31
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Section 2 gives the detailed performance predictions for the pp and ep mode, and discusses the performance
limitations. Scenarios are presented showing how the LHC could be operated in the pp mode and how it would run
together with LEP for the ep mode. A parameter list for pp and ep is given in Appendix 1.
Section 3 deals with the lattice geometry and the beam optics. After a study of the influence of field errors on
the dynamic aperture, it was decided to assume that the dipoles would be sorted in order to reduce the effect of the
random sextupole component. The cell length chosen was 100 m, striking a compromise between the sensitivity to
field errors and the maximum energy. The new cell length allows for eight 9.5 m long dipoles per cell and a
maximum energy of 0.8 TeV per tesla. The low-beta insertion with ± 10 m for the detector is presented in detail.
The design for ± 20 m exists but is not yet fully checked out.
Section 4 deals with the collective effects which turn out to be not very critical in this machine, provided the
necessary precautions are taken at the design stage.
The magnet system is described in Section 5. The inner coil diameter of 50 mm was chosen after it turned out
that the design and the fabrication of the 40 mm inner diameter coil would be more difficult, and that the reduction
in material cost would be partially offset by the increased cost of the more complicated conductor. Furthermore, in
a 50 mm diameter coil the field errors are reduced in the part of the aperture occupied by the beam, which is
especially large in the ep mode. Since the beam is smaller in the pp mode, the resulting aperture margin will speed
up the pp running-in and will make it easier to eventually reach a higher than nominal pp luminosity.

3

The work concentrated on the dipole magnet design based on NbTi cooled to 1.8 K by Hell because this is the
option yielding the highest chance of success, although it is the most demanding in terms of cryogenic design. In
collaboration with European industry and laboratories, research into conductors has been initiated, and 1 m long
models for 8 T and 10 T are being built to get experience at more than one field level. The design for a 10 m long
prototype using HERA-type coils has been started.
Although the NbTi line has been emphasized, the design of dipoles employing NbsSn at 4.5 K has not been
neglected. Conductor development is continuing and a 1 m long 10 T model is being built, again in collaboration
with European industry. Tests facilities for the models are in preparation at CERN and CEA-Saclay.
In parallel with the magnet system, the 1.8 K Hell cryogenic system has been studied. Section 6 gives a
possible conceptual design and some details of technical solutions.
The concept of the vacuum system described in Section 7 has been updated taking into account the new
developments in the magnet and the cryogenic system.
Section 8 deals with the RF system which, however, has hardly changed for the pp option, compared to the
description in the previous report [1]. The design considerations for feedback systems against multibunch
oscillations have been added. For the ep option, more RF voltage might be needed; this would be provided by
cavities which have a lower broad-band impedance than the septum cavities used for pp. Since these cavities are
wider, encroaching on the space of the second pp ring, they are installed only during the ep mode and removed
during pp operation.
The new, more compact design of the beam-dumping system, presented in Section 9, now allows for
installation of the dumping equipment for both beams in the same long straight section.
The injection process for the pp mode described in Section 10 is virtually the same as described before [1],
showing that the LHC can be filled within a few minutes. Since the filling of the SPS takes longer in the ep mode
owing to the different bunch-to-bunch spacing, the injection into the LHC takes 20 minutes in this mode. The
filling of LEP is performed during the ramping of the LHC. It is obvious that the operation of the LHC will fully
benefit from the existing CERN synchrotrons being well-understood machines of high reliability and excellent
performance.
The transfer of protons to the LHC has been studied in detail. In the favoured variant the protons are
extracted in the SPS straight sections LSS1 and LSS5, whence they are transferred to LSS1 of the LHC in transfer
lines using superconducting dipoles of 5 T. The polarity of the SPS must be reversed during filling of the
counter-clockwise beam of the LHC. The two injection points in the LHC are sufficiently far from crossing point 1
at a location where the LHC orbits are still separated; the injection appears compatible with an experiment in this
point 1 which requires not more than 10 m free space on both sides of the crossing point.
Radiation-protection aspects are dealt with in Section 11. It is shown that the LEP tunnel is sufficiently deep
underground to prevent there being any radiation problems at the surface.
A list of LHC notes is given in Appendix 2.

4

2.

PERFORMANCE PREDICTIONS

2.1

Proton-proton performance
2.1.1

Specific assumptions for pp performance

The only hadron collider which has so far been operated close to the beam-beam limit is the SPS pp Collider
at CERN. Since it uses tightly bunched beams, colliding head-on, the experience gained with this machine is very
relevant to the LHC design.
Systematic studies based on six interaction points per turn [7] have shown that, for beam-beam tune-shift
parameters £ > 0.003, betatron resonances of order 12 or less produce a significant diffusion of large-amplitude
particles into the tails of the beam distribution. This leads to losses which decrease the useful beam lifetime and
create background in the interaction regions. The diffusion rate is enhanced by tune modulations due to
synchrotron oscillations and power supply ripple. An inspection of the tune diagram shows that resonances of order
12 or less can be avoided only if the tune spread AQ in the beam is smaller than about 0.02. For k interaction
x

regions, the total tune shift experienced by low-amplitude particles is
AQ = k £ ,
x

while large-amplitude particles suffer almost no tune shift. Dividing the total permissible tune spread equally
between the beam-beam effect and all other phenomena causing a tune spread, and assuming that there will be four
pp interaction regions, the maximum permissible beam-beam tune shift becomes £ = 0.01/4 = 0.0025, which will
be used as the standard design parameter.
Apart from the beam energy, the most important parameter, from the user's point of view, is the luminosity
L, given by
2

L = Np fk /(4ira ).
b

Here N is the number of particles per bunch, f is the revolution frequency, kb is the number of bunches in each
p

beam, and a is the r.m.s. beam radius at the crossing points. The normalized emittance t has a well-defined lower
limit of the order of few units in it /im, given by the injector chain. If it is defined by
2

e = 4ir70 //3*,

where /3* is the beta value at the crossing point, the important beam-beam tune-shift parameter £ becomes simply
£ = N r /e .
p

p

Here y is the usual relativistic factor and r is the classical proton radius. Combining these equations, the luminosity
p

becomes
L = N fk £/(r 0*).
p

b7

p

The average number of events (n) in a single beam-beam collision and the bunch spacing in time units T are
x

of considerable interest for the experiments at the LHC. They are related to the total pp cross-section, E = 100 mb,
by the following equation which shows that it is impossible to impose conditions simultaneously on L, (n), and T :
x

(n) = LET = LE/(k f) .
X

b

5
The preceding equations imply the following emittance e
2

e = <n}r&37( £ £) •
7

An upper limit on the stored energy U in the beam might arise from the increasing difficulties of dumping the
beams, whilst an upper limit on the synchrotron radiation power P might arise from the heat load on the cryogenic
s

system. These quantities are given by the following expressions
U = NpEkb,

3

P = 47rer BoN cfkb7 /3 .
s

p

p

Here, E is the particle energy, c is the velocity of light, e is the elementary charge, and Bo is the magnetic field in the
dipoles.
The beam-beam collisions occur at a small angle <f>, so that the two beams are well separated where the first
unwanted bunch-bunch collisions would occur. At T

x

= 25 ns this would happen ±3.75 m away from the

interaction point, i.e. well inside the drift space £ = ± 10 m or ±20 m. Collisions at a small angle are known to
x

drive synchro-betatron resonances, the relevant parameters being the synchrotron tune Q and the ratio a /2a <£,
s

x

s

where a is the beam radius and a is the r.m.s. bunch length. In the LHC, these parameters are similar to the ones
x

s

in the Superconducting Super Collider (SSC), where computer simulations [8] have shown satellites of resonances
of order up to three but no higher. As in the case of the SSC, it should be possible to avoid these resonances by the
choice of the tune.
Avoiding the crossing angle requires either a horizontally deflecting field in the detectors so that there is
sufficient beam separation at 3.75 m for T = 25 ns, or an increase in T so that the first unwanted collision occurs
x

x

inside the quadrupole triplet [9] or even in the separating magnets.
2.1.2 Results for pp performance
The nominal LHC parameter set is based on a bunch spacing T = 25 ns, which was adopted after discussion
x

10

with the experimenters, and on the number of protons per bunch N = 2.6 x 10 , so that the beam-beam limit
p

£ = 0.0025 is just reached. The number of bunches, kb = 3564, is one of the magic numbers permitted by the
LHC, SPS, and PS circumference ratios, (297/7) : 11 : 1. The rise-times of the injection kicker and of the dump
kicker require some spacing between the four bunch trains, which are injected one after the other. This will reduce
the number of bunches by about 7% (see subsection 10.2). Since this reduction is small and not very well
determined, it is preferable to quote the luminosity for the full number of bunches without gaps. The normalized
beam emittance is assumed to be the smallest one that can be obtained from the injector chain. The total beam
current results in acceptable values for the stored energy in one beam, U = 117 MJ, and for the synchrotron
radiation power from both beams, P = 3.93 kW. A summary of our assumptions and the resulting LHC nominal
s

performance is shown in Table 2.1.
33

With the nominal luminosity of 1.42 x 10 c m

- 2

s" \ the average number of events per crossing is (n) =

3.55. For those experiments which cannot operate with such a high value of (n), the luminosity can be reduced by
increasing the /S at the relevant crossing points. In this way (n) can be adjusted from 3.55 to 0.89. To reach lower
luminosities, the machine must be operated at reduced beam intensity.
A substantial increase in luminosity is conceivable for special experiments that can cope with a higher number
of events per bunch crossing and/or a smaller bunch spacing:
i) The 0 values at the crossing points can be made smaller than 1 m, in particular, if the quadrupoles near the
collision point are moved closer to it. The potential gain factor is 2-3, implying that the experiment would have
to cope with (n) of about 10.

6
Table 2.1
The LHC pp performance

Number of bunches

3564

Bunch spacing

25 ns

Number of interaction points

4

|8 values at interaction points [/3*]

lm

1

Normalized emittance [A-nyo /fi*]

5ir /ita

r.m.s. beam radius [a]

12.11 /tin

Full bunch length [4<r]

0.31m

Full crossing angle [#]

96 /trad

Maximum energy

8.000 TeV

s

Circulating current

164.3 mA

Particles per bunch

2.56 x 10

10

Beam-beam tune shift

2.5 X 10"

3

Stored beam energy

116.88 MJ

Luminosity

1.42 x 1 0 c m s ~

33

_2

Luminosity per collision

3.55 X 1 0 c n T V

(n) at E = 100 mb

3.55

2 5

l
l

ii) The bunch spacing can be reduced from 25 ns in steps of 5 ns down to the minimum of 5 ns. The gain in
luminosity is inversely proportional to the bunch spacing and, hence, can reach a factor of 5. The number of
events per bunch crossing is not increased but the detector must have a 5 ns resolution.
iii) The number of collision points k simultaneously exploited could be reduced, for instance in special runs, and
x

the number of protons per bunch N could be correspondingly increased. In the extreme, with only one collision
p

point, the number of particles per bunch could be increased by a factor of 4. However, the emittance of these
intense bunches would certainly be blown up and beam stability problems in the injectors and the LHC will
reduce the potential gain factor of 16 to something of the order of 5 to 10.
Since these individual measures are, in first approximation, independent from each other, one could be
35

tempted to multiply all these potential gain factors, which would lead to a luminosity of 10 c m

- 2

s" '. However,

increasing the number of bunches (ii) and the bunch intensity (iii) implies a higher stored-beam energy and
enhanced synchrotron radiation, which has repercussions on the cryogenic system and the power consumption.
Beam stability becomes of concern at high beam intensities and, in case (i), the luminosity lifetime is decreased.
Hence, a more moderate luminosity increase should be expected and, therefore, it appears reasonable to assume
that a luminosity of 10

34
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cm" s

_ 1

can be achieved in runs for special experiments by applying a suitable

combination of the measures enumerated above.
2.1.3

Operational procedures

a) Luminosity

lifetime

The main cause of luminosity decay during a physics period is the beam-beam collisions themselves. The
initial characteristic decay-time of the beam intensity, due to this effect, is
No
LEkx '

7

where No is the initial total number of particles in the beam, L is the initial luminosity, E is the total cross-section
for pp collisions (we assume E = 1 0 cm at 8 TeV), and k is the number of interaction regions which are active
at the same time.
Other causes of beam loss are the scattering of particles on the residual gas and the beam-beam effect. With a
nitrogen equivalent pressure of 10~ mbar or less, the effect of scattering on the residual gas can be ignored. The
beam-beam effect is known, from experience with the SPS pp Collider, to produce a diffusion of particles into the
far tails of the transverse distributions. The diffusion rate cannot be predicted accurately since it is extremely
sensitive to machine imperfections. In the SPS it is responsible for a beam lifetime (inverse decay rate) of the order
of 50 hours.
The luminosity is also influenced by the evolution of the transverse emittances. These tend to increase owing
to intrabeam scattering, but in the LHC this effect is more than compensated by synchrotron radiation damping, so
that a net decrease of the emittances should occur during a physics period.
For simplicity, we suppose in the following that synchrotron radiation damping just compensates the
influence of the beam-beam effect and of intrabeam scattering, leaving only the beam-beam collisions as a source
of luminosity decay. Under these conditions the initial characteristic decay-time of the intensity in each beam is
T = 44.6 hours with k = 4 active interaction regions. The luminosity half-life is ti/2 = T(V2 - 1) = 18.5 hours.
-25

2

x

9

x

b) Filling time
Although the time it takes to transfer eight batches of protons from eight successive SPS cycles into the two
LHC channels is only about 4 minutes, the total filling time will be considerably longer. After the old beams have
been dumped, the currents in the magnetic systems have to be lowered to the injection values. This may take about
10 minutes and will be followed by a programmed check of the main systems (about 10 minutes) and then by fine
tuning of the transfer and capture processes using pilot beams of low intensity (20 to 30 minutes). After the final
transfers have been done, the beams will be accelerated from 450 GeV to 8 TeV in approximately 20 minutes.
Another 20 to 30 minutes will probably be needed for fine tuning of the beams in collision and the setting up of the
physics detectors. In total, these operations will take approximately 1.5 hours.
The optimum duration of a physics period depends both on the luminosity lifetime and on the time it takes to
refill the machine [10]. With a filling time of 2 hours the ratio (L)/L of the average luminosity (L) to the initial
luminosity L is maximum if the physics period lasts 9.4 hours. In this case (L)/L reaches a value of 0.68, and a
refilling of the LHC about twice per 24 hours would be required.
2.2 Electron-proton performance
2.2.1 Specific assumptions for ep performance
The parameters of the electron and proton beams are adjusted [11] so that the beam-beam tune shifts for the
protons do not exceed the limit discussed in sub-subsection 2.1.1, namely £ = 0.0033 with three interaction
regions, and that the beam-beam tune shifts for the electrons do not exceed the LEP design value scaled to three
interaction regions, which yields £ = 0.04.
Adequate RF power is available from the LEP RF system to compensate the synchrotron radiation losses for
an average circulating current of 5 mA at 100 GeV [12]. It is assumed that the beam current scales as E~ at lower
electron energies. The average current is distributed over a number of bunches so that the proton beam-beam limit
is not exceeded. This is possible up to a maximum of 540 bunches [13], where the bunch spacing becomes 52.3 m.
This is the smallest bunch spacing which is simultaneously a multiple of the LEP and the SPS RF wavelengths, and
is also larger than the length of the common trajectory of electrons and protons next to the interaction point. The
gaps due to the kicker rise-times are also ignored here, as in sub-subsection 2.1.2.
The beam-beam limit for the electrons £ and the limits on the total proton current discussed in sub-subsec
tion 2.1.1 both allow more intense proton bunches since their number is also at most 540. We therefore have
p

e

4

c
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designed the ep insertion for a proton intensity of N
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p

= 3 x 10 per bunch and a normalized proton beam

emittance e = 20-TT /un. Both figures are close to those obtained in the SPS pp Collider.
The proton emittance e = 2Û7T pm assumed for ep collisions is four times the value assumed for pp collisions,
and doubles the beam size which has to be stored in the LHC. Since this larger beam for ep is more demanding in
terms of magnetic field quality and aperture (see sub-subsection 3.3.3), a very welcome margin is created for pp,
which will facilitate the boosting of the pp performance as discussed in sub-subsection 2.1.2.
2.2.2

Results for ep performance

With the assumptions and the optimization procedures described above, the luminosity obtained in ep
collisions depends strongly on the energy of the electron beam. This variation is shown in Fig. 2.1 for the insertion
with a free space of ± 3.5 m (see sub-subsection 3.2.3). In each ring, the jSy is kept at its minimum value and the jSx is
adjusted so that the beam-beam limit is not exceeded. In order to provide more space for the detector, an insertion
with ± 10 m has also been designed; this insertion has a dipole field at the interaction point (IP) (see sub-subsection 3.2.3). The parameters at 50 GeV electron energy for both insertions are given in Table 2.2.
Table 2.2
The LHC performance for two typical ep interaction regions
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Operational procedures

a) Beam lifetime
Both the luminosity and the total cross-section are one order of magnitude smaller for ep collisions than for
pp collisions, therefore particle losses due to luminosity are no longer a limiting effect.

9
The lifetime limitation of the electron beam due to longitudinal effects is determined by the RF voltage in
LEP. At a LEP energy of 50 GeV, the circumferential voltage needed for compensation of the synchrotron losses is
1/16 of the maximum possible at 100 GeV. Therefore the longitudinal beam lifetime can be made as large as is
needed by adjusting the RF voltage. Equally, the lifetime limitation due to transverse effects is long, because
particles with amplitudes up to 10a are stable.
The lifetime of the proton beam is limited by the diffusion of particles to large amplitudes because of the
beam-beam effect. Taking the same beam-beam parameter as the one for the SPS pp Collider (i.e. 6 times 0.003),
the lifetime is 50 hours. The smallest intrabeam-scattering time constant for emittance growth is the horizontal one,
which is 81 hours under physics conditions. As the relevant synchrotron radiation damping time is 17 hours, all
possible sources of beam blowup are more than compensated by it.
Hence the beam lifetimes are quite large for ep collisions, and the duration of the run will be determined by
practical considerations rather than by beam dynamics.
b) Filling time (see subsection 10.7)
The time needed for injection of one proton beam is 20 minutes. This is considerably longer than in the pp
option, because in the ep case the PS can accelerate only one bunch per cycle, so the filling of the SPS takes longer.
Since the electron injection into LEP and the ramping of LEP are done during the ramping of the LHC, the
electron injection does not influence the total filling time. Adding to the proton injection time the other
manipulations discussed under sub-subsection 2.1.3, yields a total ep filling time of about 2 hours.
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3.

DESCRIPTION OF THE LHC LATTICE

3.1

Overall lattice geometry and symmetry
The design of the LHC and the shape of the LEP tunnel in which it is to be installed impose several

constraints:
i) There have to be eight arcs, and eight long straight sections of about 500 m length. The assignment of the
straight sections for various functions has not yet been finalized. A possible assignment is shown in Table 3.1.
Definite arrangements for verifying the beam dynamics had to be decided upon; they will be described in the
appropriate sections,
ii) The average curvatures of the LHC and LEP must be very similar in order to avoid radial translations beyond
a few tens of millimetres between the orbits of the two machines. The bending radii in the LHC should be as
large as possible so as to achieve a high maximum energy for a given dipole field. It is a straightforward matter
to fulfil these conditions for the arcs, but more difficult in the dispersion suppressors (see sub-subsec
tion 3.2.4).
iii) Because of the two-in-one magnet design with horizontal beam separation in the arcs, and because the
colliding beams are bunched, the circumferences of the two rings have to be made rigorously the same. This is
achieved by changing from the outside arc to the inside arc (and vice versa) eight times around the
circumference, thus maximizing the number of possible interaction points,
iv) The insertions are designed for round beams and equal values of the horizontal and vertical /î-functions at the
interaction points. We have adopted for each ring an antisymmetric design in which corresponding
quadrupoles have equal and opposite strengths on either side of an interaction point, i.e. if the n * quadrupole
on the left of an interaction point is horizontally focusing (defocusing) then the equivalent n* quadrupole on

Table 3.1
Assignment of interaction regions

Collision type
Interaction

Electron-

Electron-

Proton-

zone

positron

proton

proton

1

-

exp 2

exp 2

2

RF, exp 1

-

exp 3

3

-

Dump

Dump

4

RF, exp 1

-

exp 3

5

-

exp 2

exp 2

6

RF, exp 1

-

exp 3

7

-

exp 2

exp 2

8

RF, exp 1

-

exp 3

Explanation of the symbols:
RF
: accelerating cavities in LEP 200;
Dump : dumping facility for proton beams;
exp 1 : experiments with e e"" collisions only, at the energies of
LEP 200;
exp 2 : experiments with ep or pp collisions, position of IPs same for
both;
exp 3 : modified and mobile experiments: different positions of pp
ande e" IPs.
+

+
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the right of an interaction point is horizontally defocusing (focusing). Since the first triplets on either side of
the interaction points are common to the two rings, they focus in one ring and defocus in the other. The same
has to hold for all other quadrupoles in the two rings where they are radially separated,
v) We have decided to install an odd number of quadrupoles between successive interaction points, and therefore
an odd number of half-cells in the arcs. In an LHC with eight low-/8 insertions, this leads to two identical
machines, and to a superperiodicity of eight, neglecting the small perturbation due to the separating magnets.
There are 49 standard half-cells per octant.
3.2 Lattice modules
3.2.1 Standard cells
The beam dynamics and the design of separated-function cells are dominated by just three parameters: phase
advance, cell length, and cell layout. In the LHC, most of the chromaticity problems originate from the systematic
and random sextupole component of the dipoles in the arcs, which are due to the persistent currents at low energy.
This makes clever schemes such as achromats [14] ineffective. The maximum momentum spread given by the height
of the RF buckets is relatively small, and the remaining tune spread (due to d Q/dô , the dependence of Q on the
relative momentum error 5) is sufficiently small so that a simple chromaticity correction with two sextupole families
is adequate [15]. At a given cell length, the dynamic aperture is higher with a 90° phase advance than with 60° [15].
Therefore, a high phase advance (90°) has been chosen as the nominal value. Small deviations from the nominal
value will be used to scan the tune space (Qx,Q ) in order to optimize the working point. It has not yet been decided
whether this is better achieved by means of independent tuning quadrupoles or by powering the focusing and
defocusing quadrupoles separately from the dipoles.
2

2

y

The length of the standard LHC cells which occupy most of the circumference was arrived at iteratively. The
cells should be long because this keeps the ratio between average radius and bending radius small, and increases the
maximum beam energy which can be reached for a given dipole field. On the other hand, the dynamic aperture,
expressed in r.m.s. beam radii, decreases with the cell length, whilst the tune shift with amplitude increases [16].
The cell length should also have a value that brings the dipole length close to the maximum permitted because of the
diameter of the access pits and because of the stored energy in their magnetic field. In contrast to the earlier LHC
study, we no longer require that the LHC cell length be a multiple of the LEP cell length, i.e. 79 m.
On the basis of tracking results with only random and systematic sextupole components in the dipoles, a cell
length of 120 m was found to have an adequate aperture. When higher-order multipole components and alignment
and excitation errors were included, the aperture dropped below the critical value of 5a to 6a [17] at the large proton
beam emittance, e = 20T /an, required for ep operation. Therefore, the cell length was reduced to about 100 m.
Subsequent tracking studies have confirmed that the aperture is indeed adequate.
The layout of the cells is shown later in Fig. 5.1. It includes the free spaces needed between the magnets for
cryogenic equipment, and a short straight section next to the quadrupoles for diagnostic and correction equipment.
Since the quadrupoles focus in opposite directions in the two rings, each pair of side-by-side correction dipoles must
correct the horizontal orbit in one ring and the vertical one in the other ring, and vice versa. There are four dipoles
between the quadrupoles. The gradients of the quadrupoles are close to its maximum permissible value of 250 T/m;
this is obtained by adjusting their lengths.
3.2.2 Low-/3 pp insertions
Starting at the interaction point, the Iow-/3 insertions for pp collisions contain a drift space of £ = ± 10 m (or
±20 m, see below) for the detectors, a triplet for focusing the beams down to |S* = 1 m in both planes, groups of
separating magnets to obtain the horizontal separation of 180 mm between the two beams. A sequence of drift
spaces and four quadrupoles matches the orbit parameters to the values at the entrance of the dispersion
suppressors and allows for adjusting the phase advances through the insertions. During injection and energy
x
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ramping, the configuration can be changed so that 0* = 4 m in order to reduce the beam size in the triplet. The
layout of the low-0 pp insertions and the optical functions are shown schematically in Figs. 3.1 and 3.2.
The recent request for more free space around the interaction points, made by the experimenters, will be
satisfied in the next low-|3 insertion design by increasing £ to + 20 m. In this case, if j3* is maintained at its present
x

value, the j3 x in the triplets increases from 1150 m to 1927 m under these conditions. The chromatic aberrations
ma

are still tolerable, but it remains to be checked whether the multipole errors will be small enough when the
quadrupole triplet has the standard aperture.
3.2.3

Low-/S ep insertions

In the ep insertion, the LHC beam stays at its normal vertical level, whilst the LEP beam is bent vertically to
reach the level of the proton beam. Weak bending magnets are included in the vertical bends in order to minimize
synchrotron radiation effects. The e and p beams have a common trajectory between the electron quadrupole
doublets on either side of the interaction point, thus permitting head-on collisions. The e beam is bent into and out
of the LHC plane by vertically displacing the electron quadrupole doublets [9], which are also the only elements
common to the two rings. The proton quadrupoles operating as triplets are at £ = ±60 m, so that the electron
x

beam misses them completely. A schematic layout of the low-/3 ep insertion with ± 3.5 m free space [18] is shown in
Fig. 3.3; the optical functions are shown in Figs. 3.4 and 3.5. For the ep insertion in LEP, it is assumed that its
+

contribution to the vertical chromaticity, which is dominant, is the same as the contribution of an e e~ insertion.
During pp operation the low-/3 values at the idling ep crossing point(s) are not required and the insertion is
tuned to |3* = 6 m in both planes (Fig. 3.6). With this /3*, the maximum /3 in the quadruplet is the same as in a pp
insertion with |3* = 1 m.
Recently, a layout providing ±10 tn free space at the interaction point was proposed; this seems to be
preferred by the experimenters [5]. An example of the performance with such an insertion is given in Table 2.2. The
separation of the electron and proton beam was done with a dipole field at the interaction point, which seems to
create difficulties for the detector. Hence a new design for the ± 10 m insertion must be initiated.
3.2.4

Dispersion suppressors

The dispersion suppressors are placed between the low-/3 insertions and the regular arcs in order to match the
dispersion between them. Their design is an adaptation [19] of an earlier design [20] to the present cell length. They
consist of four groups of dipoles and four quadrupoles. The positions of the dipoles are adjusted to minimize the
geometrical differences between the shape of LEP and that of the LHC. The quadrupole strengths follow from the
conditions that the dispersion vanishes at the intersection points and has the standard-cell value at the beginning of
the arcs. The design adopted has a slightly larger bending radius than the standard cells, and therefore does not
imply a reduction of the maximum beam energy. There have to be two dispersion suppressors with a small
difference in the quadrupole excitation, depending on the polarity of the separating dipoles. Their schematic layout
is included in Figs. 3.1 and 3.2. Since the length of the individual dipoles in the dispersion suppressors has not yet
been decided, the dipoles are presented only schematically in the two figures, each dipole group presented as two
dipoles.
3.2.5

Beam-dumping insertion

One long straight section is reserved for dumping both beams, where they cross when going from the inside
ring to the outside ring. This is achieved by a pair of separating dipoles which leave about 260 m free space (see
Section 9). Bunch collisions should be avoided in the centre of the dump insertion. To this end, an asymmetry can
be introduced in the crossing geometry of the two beam trajectories so that bunches miss each other, but this does
not yield a sufficient transverse distance between bunch centres, and it is proposed to add a vertical separation using
small dipoles. In order to provide the maximum free space for the extraction system (Section 9), the insertion
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contains a minimum number of quadrupoles. The optical matching is done by two quadrupole doublets and by
appropriate tuning of the quadrupoles in the dispersion suppressors. A schematic layout and the optical functions
are shown in Fig. 3.7.
3.2.6

Injection insertion

In the standard low-/? insertion (see sub-subsection 3.2.2), a straight section of only 90 m is available for
injection equipment between the separating dipoles and the nearest quadrupole. The present layout of the injection
system (subsection 10.6) assumes a straight section of 120 m. A rearrangement of the quadrupoles will be studied in
order to accommodate the injection equipment.
3.3

Lattice imperfections
3.3.1

Field-shape imperfections

We have concentrated our efforts on evaluating the consequences of field-shape errors in the dipoles, as the
dipoles occupy most of the LHC circumference, and their field-shape errors are likely to produce the dominant
effect. The assumed errors are given in Tables 5.4 and 5.5. Both systematic and random field errors are expected.
The chromaticities due to the systematic and random sextupole components of the dipoles are corrected at all field
levels by the sextupoles installed next to the quadrupoles in the arcs. Later on, the effects of the random sextupole
component may be reduced by sorting the dipoles, and higher-order multipole components may be compensated by
exciting appropriate multipoles in the correction elements.
3.3.2

Alignment and excitation errors

We assume that the alignment and excitation errors in the LHC are similar to those expected for LEP, but
errors in the correctors are neglected. The assumed error distribution is a Gaussian truncated at two times its r.m.s.
value. The r.m.s. values are given in Table 3.2.
Table 3.2

Table 3.3

Alignment and excitation errors (r.m.s. values)

Closed-orbit errors
after correction (in mm)

Dipoles

Quadrupoles

Monitors

x (mm)

0.14

0.14

0.6

K) =0.4065 ± 0.012

z (mm)

-

0.14

0.6

(x) =1.435

±0.16

0.24

0.24

-

(y) =1.266

±0.07

-

-

(ff > =0.4114 ± 0.012
x

a (mrad)
AB/B

5 x HT

AK/K

-

4

5 x 10"

4

-

The resulting distortions of the closed orbit are measured by beam-position monitors and reduced by
correction dipoles. There are a horizontal (vertical) correction dipole and a horizontal (vertical) beam-position
monitor next to each horizontally (vertically) focusing quadrupole. The average residual r.m.s. orbit distortions (a)
and the average remaining maximum orbit distortions after correction are listed in Table 3.3 for a sample of ten
machines.

3.3.3 Aperture criteria
An adequate LHC design must satisfy the following criteria for particles with initial betatron amplitudes
corresponding to at least four r.m.s. beam radii at the ep beam emittance e = 20TT /tm at 450 GeV, and with initial
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relative momentum errors up to the bucket height, in the presence of the field shape errors shown in Tables 5.4 and
5.5 and of the alignment and excitation errors shown in Table 3.2 after orbit correction.
i) The dynamic aperture must be large enough for the particles to survive at least 100 turns in a tracking program
which has physical aperture limitations with 20 mm radius in all lattice quadrupoles.
ii) The tune spread due to the second-order chromaticity d Q/dô and due to the betatron amplitude must not
exceed a total of AQ = 0.01.
2

2

3.3.4 Aperture results
Tracking was done [19] for an LHC lattice with four superperiods and eight low-|3 insertions in which the
value of /3* at the interaction point is increased from 1 m to 4 m in order to simulate the injection conditions. The
dynamic aperture obtained for each machine of a sample of ten, at vanishing relative momentum error ô = 0, is
shown in Fig. 3.8. There is little variation between the machines. Therefore the variation of the dynamic aperture
with the momentum error was studied for two 'typical' machines. The result is shown in Fig. 3.9. It may be seen
that it satisfies the first criterion. The tune spreads due to momentum errors up to the bucket height, 5 = ±0.0012,
are AQ < 0.0098 and AQ < 0.0082. The tune spread with amplitude is still under consideration.
X

y
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4.

COLLECTIVE EFFECTS
The effects considered in this section [21] are important only for high-intensity beams. Most of them are

collective instabilities which result from the interaction of the beam with its surroundings. In structures with low
quality factors Q, the electromagnetic wake fields induced by the passage of the short LHC bunches have time to
decay in between bunches, and therefore can generate only single-bunch effects. On the other hand, high-Q
structures such as the accelerating cavities can give rise to coupled bunch instabilities. Since the LHC has a large
number of bunches, these last effects, which involve a coherent motion of the whole beam, are dominant and
require adequate damping. However, single-bunch effects play an important role in determining tune shifts and
Landau damping. A special case of short-range effect is the space-charge detuning—a truly local interaction.
Another effect to be considered is the parasitic beam energy loss which heats up the vacuum chamber; some
of this happens in the cold parts and contributes to the cryogenic load. In order to evaluate this effect as well as the
beam instabilities, we must first calculate the coupling impedance of the machine.
Still another intensity-dependent effect is intrabeam scattering, which causes a growth of the emittances. A
dilution of the longitudinal density of the bunches is necessary in order to reduce the growth rates to acceptable
values. This dilution also helps in fighting beam instabilities.
4.1

Intrabeam scattering
This phenomenon produces a growth of both longitudinal and transverse emittances at a rate proportional to

the six-dimensional phase-space density of the bunches [22]. Whilst the transverse emittances and bunch intensity
are fixed by luminosity and beam-beam considerations, the longitudinal emittance chosen can be such as to ensure
a sufficiently small growth rate. A value of 2.5 eV • s corresponds to growth times in excess of the synchrotron
radiation damping time and should therefore be sufficient to avoid dilution in storage at high energy. At injection
energy the SPS can provide bunches with 1 eV • s emittance, and this is amply sufficient to eliminate any problems
due to intrabeam scattering during injection and ramping. A longitudinal emittance increase by a factor of 2.5 is
needed during acceleration.
4.2

Space-charge tune shift
The electromagnetic field generated by the beam produces a defocusing force which changes the tune of the

single particles. For ultrarelativistic beams, the effects of the electric and magnetic fields almost cancel, and the
resulting detuning is, for a round beam,
N r
p

p

7 Be
where N is the number of particles in one bunch, r the classical proton radius, the invariant emittance e =
p

p

2

47T7o //3. The bunching factor B is for a Gaussian bunch V2Tff /(27rR), where a is the r.m.s. bunch length and 2xR
s

s

3

is the LHC circumference. In the LHC this tune shift amounts to 10" at the 450 GeV injection energy, and 5 x
6

10" at 8 TeV; these values are small enough not to cause any problem. On the contrary, since particles in the core
of the bunch are affected more than particles with large amplitudes, about 3/4 of this effect represents a tune
spread which can help stabilize the beam.
4.3

Impedance estimate
The coupling impedances used in the calculation of instabilities are related to the Fourier transform of the

wake fields which are induced by the beam in the different vacuum chamber structures. The retarding voltage seen
by the particles across a section of the accelerator is V = Z I , where I is the beam intensity and ZL is the
L

longitudinal impedance. If the beam is displaced from the centre of the pipe by an amount x, the integrated
transverse deflecting force is proportional to XIZT, where Z is the transverse coupling impedance. Both ZL and ZT
T

are complex quantities: their real parts give instability growth rates, whilst their imaginary parts cause frequency
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shifts of the coherent modes of oscillation. The real part of the longitudinal impedance also determines the parasitic
energy loss.
In the LHC the main contributions to the coupling impedances come from the resistivity of the beam pipe and
from the cross-section variations of the vacuum chamber. Among these, the elements which dominate are bellows,
RF cavities, beam-position monitors, and injection and abort kickers.
4.3.1

Resistive wall

A vacuum pipe of infinite conductivity would introduce no perturbation except for a small modification of
the space-charge detuning. When a finite resistivity Q is introduced, the coupling impedances of a smooth beam
pipe of radius b are
Z (o>) = (1 + j)R /(bÔ),
L

e

2

ZT(CO) = (2c/ub )Z (co),
L

1/2

where S = (2Q/HO<^)

is the skin depth. These impedances are important in the LHC because of the large

circumference and the small beam pipe radius (b = 2 cm). They can only be minimized by choosing for the beam
pipe a material with low resistivity, such as copper or aluminium. In the following, it will be assumed that the beam
pipe is either made of copper or of copper-coated stainless steel.
The resistivity of copper at liquid-helium temperature is lower than at room temperature by a large factor, the
4

residual resistance ratio (RRR). In very pure laboratory samples, the RRR of copper can reach 10 or higher, but it
may be difficult to achieve such values in accelerator vacuum chambers. This would be unnecessary anyway, since
in the presence of a magnetic field the effective resistance increases (magnetoresistance effect). The LHC
3

resistive-wall impedances have been calculated by assuming for copper a moderate RRR of 10 and taking due
10

account of the magnetoresistance effect. At injection energy this gives a resistivity Q = 0.5 x 1 0 " 0 • m and at top
10

energy g = 4 x 10~ Q-m.
The transverse impedance peaks at low frequencies, and the lowest frequency of interest in the LHC is
(k - Q)coo/27r = 3.3 kHz, where too is the angular revolution frequency and k is the nearest integer above the tune Q.
At this frequency the skin depth of copper is 0.06 mm at injection energy and 0.17 mm at top energy. A copper
layer of 0.1 mm thickness is therefore sufficient. Over about 1 km of the 26.6 km machine circumference the
vacuum chamber is at room temperature. This part does not contribute to the heat load of the cryogenic system but
must be taken into account for instabilities. It is usual to quote the value of the longitudinal impedances as Zi.(aj)/n,
where n is the frequency divided by the revolution frequency. At co/27r = 3.3 kHz the total resistive-wall impedance
is Z / n = 0.7(1 + j) Î2 at injection energy and 2.7(1 + j) Q at top energy.
L

4.3.2

Bellows

Bellows are necessary in order to absorb the thermal contraction of the vacuum chamber during cool-down. A
total length of bellows equal to about 1.2% of the machine circumference (270 m) is necessary. The coupling
impedances of this structure have been computed with a newly developed frequency-domain program [23]. They
can be approximated by a broad-band resonator of resonant frequency 12.5 GHz and quality factor Q = 1.4. Well
below the resonant frequency the impedance is ZL/n = jO.6 Q. Since this is the dominant impedance in the LHC, it
is envisaged to shield the bellows from the beam by using sliding contacts, a technique which has already been used
in colliders at room temperature. It is believed that a reduction factor of 10 can be achieved in this way.
The transverse coupling impedance can be obtained from the longitudinal one by using the same relation as in
the case of the resistive wall, although for any structure other than a smooth pipe this relation is only approximate:
2c

Z T = —

Z

5

L

— .

coot) n
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4.3.3 RF cavities
The LHC RF system consists of 8 five-cell 400 MHz cavities (see Section 8). At frequencies well below
4.6 GHz, which is the cut-off frequency of the 5 cm diameter drift tubes, the impedance of these cavities consists of
sharp resonances corresponding to the fundamental and higher cavity modes. In this frequency range the bunches
induce wake fields which ring for a long time, causing bunch-to-bunch coupling. Coupled-bunch instabilities may
arise if one of the longitudinal cavity modes coincides in frequency with an harmonic of the revolution frequency
(longitudinal instability) or if a transverse cavity mode coincides with a harmonic of the betatron frequency
(transverse instability). Since there are many cavity modes between 400 MHz and 4.6 GHz, such a coincidence has a
high probability and therefore all the coupled-bunch modes which cannot be suppressed by Landau damping
require an active feedback damping.
The effective low-frequency broad-band impedance of the RF cavities for the LHC bunch is estimated to be
Z / n = jO.3 Q.
L

4.3.4 Beam-position monitors
Monitors are provided close to each quadrupole to measure the horizontal and vertical beam positions [24].
Each monitor has a length of 30 cm and consists of two strip lines, each subtending an azimuthal angle of * =
110°. With 500 monitors per ring, the low-frequency impedance of this system amounts to ZL/n = jO.l fl. The
influence of the shallow cavities which house the strip lines can be approximated by a broad-band resonator with a
quality factor Q = 1, a resonant frequency û>/27r = 6 GHz, and ZL/n = 0.04 ÎÎ. The resistive part of this
broad-band impedance contributes to the cryogenic heat load if the monitors are at low temperature.
r

4.3.5 Injection and abort kickers
Following calculations made for the SPS [23], the contribution of these objects to the low-frequency inductive
part of the LHC impedance is evaluated to be ZL/n = jO. 112.
The total impedance of the LHC is summarized in Table 4.1.
Table 4.1
LHC coupling impedance ZL/n (in fi)

Broad band:
RF cavities

0.3

Bellows (unshielded)

0.6

Monitors

0.15

Kickers

0.1

Total

1.15

Resistive wall at
a!/27r = 3.3 kHz:

0.7(1 + j) Q

at 450 GeV/c

2.7(1 + j) a

at 8

TeV/c

In the following, these impedances will be used to compute the threshold intensities corresponding to the more
dangerous instabilities.
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4.4 Longitudinal instabilities
Two types of longitudinal instability are potentially dangerous in the LHC: the microwave instability which
affects single bunches, and the coupled-bunch instability. The microwave instability is induced by the resistive part
of the broad-band coupling impedance. It produces a fast increase of the momentum spread when the bunch
intensity goes beyond a threshold value which is proportional to the square of the momentum spread. In the LHC
the threshold intensity for the microwave instability corresponds to N = 7 x 10 particles per bunch. The
longitudinal coupled-bunch instabilities are driven by the high-order longitudinal modes of the RF cavities. The
resistive-wall impedance, which is peaked at low frequency, does not contribute significantly to this effect, because
the spectrum of even the lowest-order longitudinal mode—the dipole mode—has a very small amplitude in this
frequency range, in contrast to the case of transverse oscillations. The low-frequency part of the broad-band
coupling impedance, although it cannot induce any growth of the oscillations, must be taken into account because it
can suppress Landau damping by shifting the frequency of the coherent modes out of the band of the single-particle
frequencies. When this happens, all the possible coupled-bunch modes are potentially dangerous since any small
growth rate eventually leads to the destruction of the beam. In the LHC such a situation occurs for a bunch
population larger than 5.6 x 10 , which is more than twice the nominal intensity. Below this value a large growth
rate is necessary in order to overcome Landau damping, and therefore only a limited number of modes can be
unstable. These must be damped with an active feedback (see subsection 8.4).
11

p

10

4.5 Transverse instabilities
The dominant single-bunch instability in the case of transverse oscillations is the mode coupling instability in
which two head-tail modes of the bunch are coupled by their wake fields. Since at low intensity the frequencies of
the oscillations of two adjacent modes differ by an amount equal to the synchrotron frequency f, the interaction
must produce a betatron frequency shift at least equal to f for this instability to occur. In the LHC this
corresponds to a threshold of N = 2 x 10 per bunch. Detailed calculations, taking into account both the
frequency dependence of the coupling impedance and the bunch spectrum, give a threshold intensity as high as
7 x 10 . The transverse-mode coupling instability is therefore not dangerous in the LHC.
Transverse-coupled bunch instabilities can be induced by the resistive-wall effect and by transverse modes of
the RF cavities. The resistive-wall instability is usually most dangerous at low frequency: the e-folding time is 0.5 s
for the lowest frequency coupled-bunch mode of the LHC at 3.3 kHz, and increases as <j at higher frequency.
However, since the bunches are short compared with the inter-bunch distance, the real tune shift due to the
inductive part of the broad-band coupling impedance dominates the resistive-wall effect, and is determinant for
Landau damping. As a consequence, the thresholds for Landau damping do not depend on frequency. Stability can
be ensured at 450 GeV with a tune spread in the beam of the order of AQ = 3 x 10" . This spread can be provided
by a system of octupolar lenses, which is not yet incorporated in the design.
s

s

11

p

12

I/2

3

As in the longitudinal case, a few transverse modes of the RF cavities may induce instabilities in spite of
Landau damping: these have to be suppressed by feedback systems (see subsection 8.4).
4.6

Vacuum-chamber heating by the beam
The power dissipated by the wall currents in an impedance with a resistive component R(n) is
CO

P = 2k

b

S

2

R(n)H (n),

n=0

where H(n) is the bunch intensity spectrum. This can be written
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P = 2kb(
v
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The factor F depends on the impedance considered and on the bunch length.
Table 4.2 shows the power losses from the two counter-rotating beams averaged over the machine
circumference, and expressed in dissipated power per unit length. The broad-band impedance contribution comes
from the bellows and the monitors.
Table 4.2
Power lost by the beam
per unit length (mW/m)

Resistive wall
Broad band

4.7

4.5
0.7

Synchrotron radiation

234

Total

249.2

Collective phenomena of ep option
11

In the ep option of the LHC the proton beam consists of 540 bunches of 3 x 10 particles each. This is more
than ten times the bunch intensity of the pp version. However, the phase-space density is about the same in the two
cases, since the more intense bunches of the ep option have larger transverse emittances. As a consequence, the
effect of intrabeam scattering is comparable in the ep and the pp versions.
However, coherent single-bunch effects which depend on the peak line density are more pronounced in the ep
option. The thresholds for both the microwave instability and the transverse-mode coupling instability are higher
n

than 3 x 1 0 particles per bunch, and these effects pose no problems. The inductive-wall effect, on the other hand,
produces frequency shifts which suppress Landau damping in both the longitudinal and transverse cases.
In the longitudinal case the coherent dipole mode is unstable for N

p

> 2 x 10

11

at 450 GeV/c and

10

N > 5.6 x 10 at 8 TeV/c. The higher-order modes (quadrupole, sextupole, etc.) tend to be damped more easily
p

by the spread in the single-particle frequencies, although their thresholds are difficult to evaluate since they depend
more and more on the real distribution in the bunch. Whereas dipole and quadrupole modes can be suppressed by
feedback systems — as has been done in the CERN ISR and the SPS pp Collider—the active damping of
higher-order modes is more difficult since it would require the use of very high frequency systems. It is preferable to
design the LHC so that the sextupole and higher-order modes are suppressed by Landau damping. To this end we
recommend that the bellows be shielded in order to reduce the coupling impedance. Even in this case it is not
excluded that some increase in RF voltage and longitudinal emittance will be necessary in the ep mode. The voltage
increase can be achieved by adding a few large-diameter single-bore cavities on the proton ring which is used for the
ep option. Such cavities are more efficient and present a much smaller coupling impedance to the beam than that
presented by the small septum cavities which are necessary in the pp mode. It would be even more advantageous to
use superconducting cavities for this purpose.
In the transverse case the head-tail mode m = 0, which is the rigid-dipole mode, can be easily damped with a
feedback system. However, as in the longitudinal case, the active damping of higher modes is more difficult, and a
suppression of these modes by Landau damping should be assured. With shielded bellows a tune spread of
3

6 x 10" across the beam distribution is sufficient for this purpose. This amount of non-linearity is tolerable for
single-particle dynamics.
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5. MAGNET SYSTEM
5.1 Description of the magnet system
5.1.1 Layout, number, and types of magnets
The regular lattice consists of a FODO structure with 100 m long periods allowing for 8 TeV per beam at 10 T
in the dipoles. A typical half-cell layout is shown in Fig. 5.1. It consists of a quadrupole (strength 770 T), a tuning
quadrupole (strength 86 T), and a combined sextupole (strength 1000 T/m for the focusing, 4000 T/m for the
defocusing type), and correction dipole (strength 1.5 T • m) followed by a string of four dipoles (strength 95.4 T • m).
The dipoles as well as quadrupoles of the two rings are combined into 'two-in-one' units, each pair having a
common yoke and cryostat. Each focusing quadrupole in one ring is paired with a defocusing quadrupole in the
other ring. The strength of the tuning quadrupoles is about 10% of the main quadrupole strength. Sextupoles and
correction dipoles, which are cos nd type superconducting magnets, are assembled concentrically around a common
beam pipe. There is no magnetic coupling between the two rings as far as the sextupoles, correction dipoles, and
tuning quadrupoles are concerned. The horizontal beam spacing between the rings is 180 mm and the coil winding
diameter is 50 mm.
In each ring the dipoles and regular lattice quadrupoles are powered in series by means of superconducting
busbars. The correction dipoles are excited independently and have low-current leads in each short straight section.
The sextupoles and tuning quadrupoles are subdivided into two families: each family is connected in series by
superconducting busbars.
There are 49 regular arc half-cells in each octant of the LHC. The regular arcs contain in total 1568
twin-aperture dipoles, 392 twin-aperture quadrupoles, tuning quadrupoles, correction dipoles, and sextupoles.
Taking into account the rest of the machine, i.e. dispersion suppressor regions and long straight sections, the
total number of dipoles is approximately 1760 and the number of quadrupoles 568. Table 5.1 gives a summary of
the magnet parameters.
Table 5.1
General characteristics of the regular arc cell magnets

Magnetic
Strength

length
(m)

Dipoles

95.4

Quadrupoles

770

Tuning quadrupole

86

SF sextupole

1000 T/m

T-m

9.54

Bo = 10 T

T

3.08

G = 250 T/m

T

0.72

G = 120 T/m

1.10

d B/dx = 910 T / m

2

2

2

2

2

SD sextupole

4000

T/m

1.10

d B/dx = 3640 T / m

H correction dipole

1.5

T-m

1.10

Bo = 1.36 T

V correction dipole

1.5

T-m

1.10

Bo = 1.36 T

2

5.1.2 Design criteria
The design of the dipole magnets is based on the following:
- Field range: 8 to 10 T.
- Twin apertures in a common magnetic circuit and cryostat according to the so-called two-in-one concept.
- Inner coil diameter: 50 mm.
- Inter-beam distance: 180 mm.
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- Use of NbTi conductor at 2 K, or of Nb Sn at 4.5 K.
- Two-shell coils with graded current density, surrounded by aluminium alloy or stainless-steel collars and
vertically split cold iron to form the so-called 'mechanically hybrid' structure [25] (see Fig. 5.2).
A 10 T nominal induction (Bo) is certainly an ambitious goal, but one that does not appear to be out of reach in the
not too distant future in industrially produced magnets, provided the already started development program can be
pursued with adequate means. From recent optimization work on the coil geometry, it appears that the peak field in
the windings can be kept below 10.5 T. In comparison with the previous design [1], based on 11 T peak field and a
corresponding critical current density j = 1300 A/mm in the superconductor, this allows the percentage of
stabilizing copper in the wire cross-section to be increased from 50% to ~ 61% in the first layer and to ~ 64% in
the second layer, which will surely benefit the operational reliability.
The design is based on two known technologies: NbsSn (or other A15) superconductors operated around
liquid-helium temperature, and NbTi, cooled by superfluid Hell at 1.8 to 2.0 K. The above-mentioned critical
current density has been confirmed with sufficient safety margin for NbTi at 2 K and also for NbsSn at 4.5 K—at
least for one, still experimental, production method. Although NbîSn (or similar materials) may have a greater
potential for future developments, most of the magnet studies have been concentrated around the NbTi, 2 K
version, because it is the most demanding in space and cryogenics and the more straightforward in magnet
fabrication technology. Most of the information reported here refers, therefore, to this version. The NbîSn line is,
however, being pushed forward in parallel, with conductor development and construction of the model magnets
being done in collaboration with industry.
3

2

c

Recently, the development of composite, ceramic materials with high critical temperature (> 77 K, liquid
nitrogen) has been reported. It is too soon to assess its potentials for application to the LHC magnets for which fine
filaments and high current density are mandatory. Of course, this interesting development will be followed with
great attention by the LHC Study Group.
The 50 mm coil aperture has been adopted as a compromise between the cost and the field quality needed for
beam optics and stability, taking into account the large proton emittance needed for the ep mode.
Among a number of possible options for the LHC magnets (e.g. separate beam channels, horizontally or
vertically spaced), the preferred solution is the twin-aperture configuration with a common magnetic circuit
according to the two-in-one concept. This solution—the most compact and economical for two beam channels—is
the only way to reach a field as high as 10 T in two dipole apertures within the space available in the existing LEP
tunnel. The horizontal spacing between the two beam channel axes was set at 180 mm for the purpose of the present
study and, with the present two-shell coil design, is mainly determined by the size of the correction magnets for each
beam, which have to be magnetically uncoupled. Perhaps it could be reduced to 170 mm after prototypes of the
main and correction magnets will have been built and measured.
One of the first steps in the R&D programme was to investigate the possibility of making the magnet coil in
only two layers, using high-current, large-aspect ratio (width/thickness) cables never previously tried. Experimental
production of such cables in European industry has been successful, and small-scale winding tests have shown that
they can be bent around a radius of curvature corresponding to the first turn of our inner coil shell. The two-shell
coil construction has therefore been adopted.
Concerning the field quality, the most worrying error component at injection field is the sextupole produced
by persistent currents in the superconductor. Obviously, the best way of reducing this error is to cut it at the source
by using a conductor with a small 'effective' filament diameter, and this is part of the development programme in
industry. There are, however, technical difficulties (antidiffusion barriers, rupture of filaments) in the industrial
production of conductors with < 5 /an diameter filaments, as well as physical limitations (tunnelling) arising from
proximity effects between closely packed fine filaments in high current density conductors. In addition, the
optimum for economical production is probably to have conductors with 10-15 /im diameter filament, and the cost
increment for producing the very small filament conductors might be higher than the cost of distributed correction
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windings. These latter are not included in the present design, which is based on 5 pm diameter filaments, but the
possibility of installing them remains open and will be further studied. It is clear that for equal costs, the solution of
having correction windings would offer the additional advantage of a better flexibility in the operation of the
machine. Another possible way of compensating the systematic error is to use small, permanent sextupole magnets
[26] which would be located in the junction boxes between the dipoles (Fig. 5.3).
5.1.3 Cryomagnets in the LEP tunnel
The general design of the magnets in their cryostats is to a great extent dictated by the limited space available
in the tunnel above the LEP magnets. As the LHC and LEP do not have the same cell length, some LHC dipoles
will be located above the LEP quadrupoles, which are higher than the LEP dipoles. Hence the limiting space in the
arcs is above the LEP quadrupoles.
A preliminary design of the cryostats has been made, showing that it is possible to accommodate all the
equipment necessary for the 2 K version, which is more demanding in cross-sectional space. The reference
temperature of the local cryogenic station is 1.8 K. Figure 5.2 shows the cross-section of the 10 T dipoles in their
cryostat, in which the different pipe lines for helium distribution and recovery are enclosed.
Figure 5.3 shows a longitudinal view of the connection region between two dipoles. Figure 5.4 illustrates the
position of the dipoles in a regular cross-section of the LEP tunnel, and Fig. 5.5 the short straight section.
In the interconnection region between dipoles there should be sufficient space to locate safety valves and
boxes for cold diodes, as well as for a permanent sextupole to partially compensate the sextupolar effects of the
persistent currents.
The short straight section consists of the quadrupoles, the correcting elements, and the beam observation
equipment working at 1.8 K, all in one cryostat which includes a local refrigeration station equipped with control
valves. If the cold diodes should turn out to be unreliable, safety leads could be installed every half-cell. All this
equipment is housed in a cryostat of = 1.10m diameter.
5.2 Dipoles
5.2.1 Main features of present design
As mentioned in sub-subsection 5.1.2, the dipole magnets of the LHC have a common magnetic circuit
according to the two-in-one concept (Fig. 5.6). The coil consists of two layers, each wound with a different
high-aspect ratio superconducting cable made of NbTi composite operating at 2 K.
a) Current density in NbTi
As a basis for the magnet design, a current density of 1300 A/mm at 11 T and 1.8 K, and an effective upper
critical field B 2 of 13.7 T at 1.8 K, have been taken. Scaling to 4.2 K, this corresponds to a current density of
1060 A/mm at 8 T and 4.2 K, and 2450 A/mm at 5 T and 4.2 K, with the corresponding effective B of 10.7 T.
The current density at 5 T and 4.2 K in the NbTi superconducting accelerator projects is at present based on a
current density of about 2500 A/mm in 10-14 ftm filaments for HERA and 2750 A/mm in 5 /im filaments for the
SSC. Values as high as 3400 A/mm have been obtained on a laboratory scale. These conductors have been
specifically optimized for attaining high current densities in the 5-6 T range and do not necessarily have the high
current density in the 10 T range. A current density of 1085 A/mm at 8 T and 4.2 K has already been measured on
an industrially produced conductor optimized for high-field appUcations. No basic objection has been raised, up to
now, against the desired current density of 1300 A/mm at 11 T and 1.8 K for NbTi superconducting wires.
2

C

2

2

c2

2

2

2

2

2

b) Cables and coil structure
A two-layer magnet would seem to be simpler and more economical than a three-layer one if the problems
related to the fabrication and the winding of a high-aspect ratio cable can be solved. In order to obtain a 10 T
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nominal magnetic induction (Bo) with superconducting cables of a reasonable width, e.g. 17 mm, the two layers are
graded in current density, although the cables carry the same current [27]. The cable of the outer layer is designed
for the maximum field occurring in this region, which is 84% of the central field. The increase in current density in
the outer layer is, however, limited by the necessity to have more copper for protection in case of quenching in the
outer layer, which has a smaller mass in which the stored energy can be dissipated, and by the requirement that
excessive compressive stress be avoided at the median plane. The present design is based on a copper-tosuperconductor ratio of 1.6 and 1.8 for the inner cable and the outer cable, respectively. The characteristics of the
two cables in the present design are listed in Table 5.2.
Table S.2
Characteristics of the two cables for the 10 T dipole

Cable 1

Cable 2

inner layer

outer layer

Strand diameter (mm)

1.29

0.84

Copper-to-superconductor ratio

1.6

1.8

26

40

Number of strands
Dimensions of trapezoidal cable (mm )

2.06/2.50 x 17.0

1.3/1.67 x 17.0

Number of turns on one beam channel

2 x 13

2 x 24

373

556

2

Overall current density at 10 T
2

in compressed and insulated cable (A/mm )
Operational current density j in NbTi at 2 K (A/mm )

1200

1960

Peak field in windings at B = 10 T (T)

10.2

8.4

2

0

0

Critical current density j at 2 K (A/mm )

1560

2400

jo/j at 2 K

0.77

0.82

Temperature margin (K)

0.90

0.63

2

c

c

In the present design, which in the outer layer makes use of the strands developed for HERA, the overall current is
15650 A at 10 T. This overall current could be reduced by using smaller strands in the outer layer, whilst keeping
the mechanical stability of the cable. Fabrication and winding tests with the outer cable, which has the higher-aspect
ratio, have shown that the mechanical stability can be easily obtained by soldering the cables, and that soldered
cables do not open at the ends during winding. The present design is therefore based on the use of soldered cables
having 2% to 4% porosity to allow the penetration of superfluid helium into the cable and thus bring about an
improvement in its enthalpy reserve. A conductor development programme is providing better knowledge of the
mechanical properties, degradation, anisotropy, and stability of the cables.
c) Design of the twin-aperture dipole
The distance between the coils and the iron yoke results from a compromise between the enhancement of the
central field, the space constraints in the cryostat, and the need to avoid excessive multipolar field components due
to iron saturation.
As shown in Fig. 5.6, the coil support structure is formed by
- a twin collar made from a non-magnetic alloy (aluminium alloy or stainless steel) in which the coils are assembled
and moderately prestressed at room temperature;

24

- an iron yoke split into two parts at the vertical symmetry plane of the twin-aperture magnet; the two iron inserts
(shown in Fig. 5.6) between collars and yoke serve to reduce the quadrupole component due to saturation [see
sub-subsection 5.2.2 Ça)];
- a stainless-steel or aluminium-alloy shrinking cylinder around the yoke.
At room temperature there is a gap between the two parts of the yoke. This is so adjusted that a prestress is
established on the coils, and compression is produced on the faces of the yoke parts after the cool-down. If the
mating compressive force between the yoke parts is equal to or larger than the maximum horizontal resultant of the
magnetic forces, the gap stays closed under all operational conditions of the magnet. The mechanical structure is
very rigid and therefore has negligible displacement. Once the gap is closed with the mating faces under suitable
compression, the split iron and its shrinking cylinder behave, in fact, as a solid body. Moreover, when the inward
displacement of the iron in the horizontal direction is larger than the corresponding shrinkage of the collared coils
during the cool-down, an additional prestress is introduced on the coils at low temperature. The relative amplitudes
of the coil prestressing and the mating force during cool-down depend on the choice of the various materials
constituting the mechanical structure (collaring alloy and shrinking cylinder material). The difference between the
required prestressing of the coils under operating conditions and the preloading by the cool-down of the structure
determines the preloading to be provided at room temperature by coil collaring and the assembly of the iron on the
collars.
The choice of the different materials depends also on the requirement that the longitudinal contraction of the
various parts should match, and that the volume of superfluid He in the magnet be kept as small as possible.
In the solution presented here (Fig. 5.6), the coils are collared with aluminium alloy laminations. The
laminated steel yoke has a global longitudinal thermal contraction equivalent to that of stainless steel, achieved by
filling the space between the laminations with a material of high thermal contraction (» 1.5%). An advantage of
this solution is that the volume of He II is kept to a minimum. The shrinking cylinder made from stainless steel
forms the outer wall of the He II vessel. Stainless steel end-plates are welded onto the shrinking cylinder and take
most of the axial magnetic force on the coil ends (Fig. 5.3).
d) Parameters of the dipole
The parameters of the twin-aperture dipole are given in Table 5.3.
Table 5.3
Dipole parameters at 2 K

Nominal field B (2 K)

10

T

Coil inner diameter

Excitation per dipole

1158

kA

Distance between beams

180

mm

15650

A

Coil outer diameter

122

mm

0

Operation current
Stored energy for both channels
combined
Quenching current

684

kJ/m

16600

A

the first coil quadrant
227.6

t/m

E F , 1st layer

-23.4

t/m

E F , 2nd layer

-98.0

t/m

x

y

y

mm

Horizontal distance between iron and

Resultants of magnetic forces in
E F

50

coils
Weight

39.4 mm
» 18t
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5.2.2

Field quality

The multipole field components are defined by
CO
n

B + iB = Bo S (b„ + ia„) (^-) "
y

1

x

1

Rr

where
Bo

= magnitude of dipole field in the y (vertical) direction,

b

n

= normal multipole coefficient,

a

n

= skew multipole coefficient,

n

= 1,2,3

Z

= x + iy,

R

= reference radius (R = 1 cm in this report).

r

r

In a single dipole, it is possible to eliminate the 6-, 10-, 14-, and 18-pole components by an appropriate choice
of the angles of the six blocks in the two layers, which have two different current densities. The two-in-one
geometry introduces further field components, especially a quadrupole component due to the flux linkage between
the twin dipoles. This quadrupole component can be eliminated at low field levels, either by shaping the iron or by
introducing a non-symmetric wedge in the conductor distribution. Variation of multipolar field content during
excitation originates from
- persistent currents in the superconductor,
- iron saturation,
- coil deformation under electromagnetic forces.
A summary of the systematic components is given in Table 5.4 and a summary of the random components is given
in Table 5.5.
Table 5.4
Summary table of systematic multipole components for conductors with
4

5 /un 'effective' filament diameter (normalized for R = 1 cm, in 10~ units)

Bo(T)

1

0.5

2

6

10

8

a

2

±0.6

±0.6

±0.6

±0.6

±0.6

±0.6

b

2

±1.6

±1.6

±1.6

- 0 ± 1.6

- 1 . 4 ± 1.6

- 7 . 5 ± 1.6

a

3

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

b

3

- 3 . 7 ± 0.35

- 1 . 5 ± 0.35

- 0 . 5 ± 0.35

0.68 ± 0.35

1.2 ± 0.35

1.6 ± 0.35

a4

±0.03

±0.03

±0.03

±0.03

±0.03

±0.03

b

4

±0.05

±0.05

±0.05

- 0 . 1 ± 0.05

- 0 . 2 ± 0.05

- 0 . 4 ± 0.05

a

5

±0.03

±0.03

±0.03

±0.03

±0.03

±0.03

b

5

0.45 ±0.11

0.18 ± 0.11

0.06 ± 0 . 1 1

-0.02 ± 0.11

-0.03 ± 0.11

-0.05 ± 0.11

a

7

±0.01

±0.01

±0.01

±0.01

±0.01

±0.01

b

7

±0.03

±0.03

±0.03

±0.03

±0.03

-0.007 ±0.03

a

9

±0.001

±0.001

±0.001

±0.001

±0.001

±0.001

b

9

±0.01

±0.01

±0.01

±0.01

±0.01

±0.01
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Table 5.5
Summary table of random multipole components for conductors with
5 IITO. filament diameter, and for 5% random variation of superconductor magnetization
(r.m.s. for R = 1 cm, in 10" units, at injection field)
4

Main contributions
Fabrication
tolerances,

Persistent

alignment errors,

current

Total

etc.
ai

5

5.0

bj

5.4

5.4

a

2

1.7

1.7

b

2

1.2

1.2

a3

0.5

0.5

b

1.5

3

0.20

1.7

a4

0.20

0.20

b

4

0.15

0.15

a

5

0.07

5

0.20

b

0.07
0.022

0.22

a?

0.04

0.04

b

7

0.02

0.02

a

9

0.002

0.002

9

0.005

0.005

b

a) Multipoles due to persistent currents
The multipole components due to persistent currents depend on the 'effective' diameter of the filaments and
on the critical current density of the superconductor at the considered field.
- Systematic multipole components
The systematic multipole components are given in Table 5.6 at injection for increasing field. The couplings in
the strands and in the cable are not taken into account in these estimations. Thefiguresare based on the assumption
Table 5.6
Relative field errors due to persistent currents at Bo = 0.5 T (injection field)
normalized for R = 1 cm, in 10" units
4

Filament 0 = 10 pcm
b

3

b

5

-7.2
0.84

Filament 0 = 5 /tin
-3.6
0.42
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that no correction is made. Various methods of correction may be envisaged as for other projects. In addition, a
sextupole correction system has been studied, based on permanent magnets concentrated at one end of each dipole
unit. The permanent magnet sextupole could be made of such a magnitude that it would compensate the persistent
current sextupole at injection, but, of course, it would remain constant for the whole excitation cycle.
- Random variation
The only significant data are those from the Tevatron magnets, for which a 9% random variation of
magnetization field is quoted. Probably in a more closely controlled production this value can be kept lower,
perhaps about 5%.
b) Systematic multipoles due to saturation of the yoke
The magnetic flux pattern is shown in Fig. 5.7. The saturation of the yoke at high field generates a
non-linearity in the excitation of the dipole (Fig. 5.8) and of the multipolar components, mainly the quadrupolar
and sextupolar ones (Fig. 5.9). A shaping of the internal surface of the iron can greatly reduce the saturation effects
on the quadrupole component, which, however, can be corrected by the tuning quadrupoles. The mismatch
between dipoles and quadrupoles due to the saturation effects is also taken care of by the tuning quadrupoles.
c) Systematic multipoles produced by coil deformation due to the electromagnetic forces
The coils elastically deform under the action of the electromagnetic forces, the deformations corresponding in
first approximation to an ovalization of the coil bore. Although the final structure has not yet been tested, it is
Table 5.7
Multipole errors due to design limitations and fabrication tolerances

Systematic multipole components

Random variation of multipoles

(Absolute values)
4

(normalized for R = 1 cm, in 10~ units)

4

(r.m.s. for R = 1 cm, in 10~ units)
a, = 5.0
bi = 5.4

a = 0.6

a = 1.7>

b = 1.6

b = 1.2

a = 0.1

a = 0.50

b = 0.35

b = 1.5

04 = 0.03

04 = 0.20

b = 0.05

b = 0.15

a = 0.03

a = 0.07

b = 0.05

b = 0.20

a = 0.01

a = 0.04

b = 0.03

b = 0.02

a = 0.001

a = 0.002

b = 0.01

b = 0.005

2

2

3

3

4

5

5

7

7

9

9

a) Without correction

a

2

a)

2

3

3

4

5

5

7

7

9

9
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assumed to have a 0.05 mm increase of the inner coil radius at the median plane and a 0.05 mm azimuthal
compression of the coils at Bo = 10 T. This would produce the following multipoles:
b

3

= 1.2

b

5

= -0.06.

These field errors vary proportionally to Bo.
d) Multipoles due to design limitations and magnet fabrication tolerances
The values that are given in this section result from combinations of various design limitations (Table 5.7,
first column) and construction tolerances on the magnet components and on their assembly (Table 5.7, second
column). More will be known in this domain when models and prototypes become available.
5.2.3 Energy deposition in dipoles
The localized energy deposition in the superconducting coils due to an interacting proton in the vacuum
chamber has been estimated to be 700 GeV/cm and 12 GeV/cm for a proton of 8 TeV and 0.5 TeV, respectively.
Assuming that 1% of the superconducting cable is filled with liquid helium, a 10 m long dipole can absorb without
quenching the energy deposited by 2.5 x 10 interacting protons of 8 TeV and 7.4 x 10 interacting protons of
0.5 TeV distributed over the length of the magnet in a time interval of ~ 300 /ts. Assuming a heat pulse of 300 /ts
per second for the cooling system of the coils and keeping the surface temperature of the superconductor at T\
(critical transition temperature of He II), a 10 m long dipole magnet should be able to accept 10 interacting protons
per second at 0.5 TeV and 3 x 10 interacting protons per second at 8 TeV. If the beam losses are uniformly
distributed all over the ring and uniformly distributed during the ramping time of 20 min, it then results that the
energy deposited in the complete magnet system by 2 x 10 interacting protons on the vacuum chamber could be
absorbed without quenching. But this number reduces to 1.2 x 10 , which is 1.3% of the beam intensity per ring,
if the mean cryogenic load has to be kept at » 0.04 W/m during ramping.
3

3

6

s

8

6

13

12

5.3 Quadrupoles
5.3.1 General
The configuration satisfying the space constraints as imposed by the LEP tunnel is the two-in-one, FocusingDefocusing arrangement with magnetic-flux coupling between the adjacent quadrupoles acting on the two beams.
The quadrupoles of each ring are powered in series with the corresponding dipoles. The present design
features two-shell windings with graded current densities, which results in more efficient and economical magnets as
compared to a design using the same conductor in both coil layers, but requires four supplementary junctions
between the two different conductors. Although these junctions could be made with very low resistance, they may
represent a non-negligible load for the cryogenic system. The choice between graded and non-graded current density
designs will, therefore, require further studies. The detailed mechanical design has yet to be made, but no major
problems are expected, because the field and force levels are reduced as compared to the main dipole magnets.
5.3.2 Cross-section of active part and main parameters of the quadrupole
Figure 5.10 shows the cross-section of the active part of the quadrupole, consisting of the windings of the leftand right-hand units, the common clamping collar, the common split yoke, and the outer retaining cylinder.
The winding has two layers per pole, wound with two different, slightly-tapered NbTi cables with different,
graded current densities, and matched to the nominal dipole magnet current. The design is based on 25 mm
coil-yoke distance and a 6 cm thick iron yoke. At 15650 A the nominal field gradient is G = 250 T/m. The
n
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configuration shows good linearity between injection (Gi = 12.5 T/m) and nominal field gradient G„ (Fig. 5.11)
with 1.35 x 10~ maximum deviation. The main parameters are given in Table 5.8.
Figure 5.12 shows the field harmonics at an aperture radius of r = 1 cm. The mutual interference results
mainly in a dipole harmonic, which varies between injection and nominal gradient by |2.7%o|. By asymmetric
coil-shimming one can vertically displace the AB1/B2 curve, without modifying the peak-to-peak deviation.
3

5.4 Combined sextupoles and correction dipoles
Sextupoles are necessary for the correction of the lattice chromaticity and also to compensate for unavoidable
sextupole errors in the dipole magnets. Correction dipoles are needed to make orbit corrections. It is interesting to
combine the two magnets in the form of two coaxial coils mounted inside the same magnetic circuit (see Fig. 5.13).
The disadvantages are that the inner coil is in the field of the outer coil and therefore can be operated only up to the
correspondingly reduced current density, and that the common yoke causes a link between the strength of the two
superposed fields, especially when iron approaches magnetic saturation. These disadvantages are, however,
negligible in our case and are largely offset by the gain of space in the lattice. The dipole coil is taken as outer coil
and the sextupole coil is placed close to the centre in order to minimize the necessary excitation. Another reason is
that the dipolar field does not create such intense fields in the inner sextupole coil as would be the case if their
positions were inversed. Vertical correction dipoles are paired with horizontal ones in the other ring and a gap has
been left between the yokes of the twin magnets in order to avoid magnetic cross talk. The conductor is made of
NbTi and the design parameters of the magnets are given in Table 5.9.
5.5 Tuning quadrupoles
It is required that the tune of the machine can be varied by ±2 units. For this purpose special quadrupoles
will be installed in the straight section of each regular cell (Fig. 5.1). In addition to their tuning function, these
quadrupoles will also be used to compensate the quadrupole error caused by iron saturation in the dipoles at high
field (Fig. 5.9).
The paired tuning quadrupoles, which are located in the common straight section cryostat, will have a
separate magnetic circuit for each beam channel and will be excited independently in the two machines. They will be
arranged in two separately-powered families per machine. Their main parameters are presented in Table 5.10.
5.6 Magnet protection
The protection of the superconducting magnets is based on the use of heating strips in close thermal contact
with the coils [27]. In the case of a quench of the magnet, the heaters are fired so that the stored energy of the
magnet is spread over the whole volume of the magnet and excessive temperatures and overvoltages are avoided.
This active system has the advantage that the maximum temperature and voltages depend less on the origin of the
quench in the magnet and on the cooling conditions. In the cell with several superconducting magnets in series, the
quenching magnet is bypassed by cold diodes during its discharge on its own internal resistance. The high-current
cold-diode system, consisting of two or three diodes in parallel, has to be developed. It is foreseen that, when one
dipole of a ring quenches, the whole twin-aperture magnet quenches.
5.7 Powering and discharge of the machine
It is assumed that each machine will be independently powered in series by eight power supplies of about
200 V and 17 kA each. By increasing the output voltage of the individual power supplies (up to 1600 V for one
power supply per ring) a smaller number of power supplies could be envisaged. The regular part of each octant
includes, for each machine, 196 dipoles and 49 quadrupoles and has a self-inductance of 6.56 H. With a ramping
time of 600 s, charging of one octant requires 186 V (or about 1 V per dipole).
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Table 5.8
Main parameters of the quadrupole magnets
Nominal gradient

250

T/m

Peak field in the coil
st

- 1 layer
- 2

Coil inner diameter

50

mm

Inter-beam distance

180

mm

7.0

T

Magnetic length

6.3

T

Weight per unit length

st

480

A/mm

2

n d

710

A/mm

2

15650

A

195

kJ/m

n d

layer

3.08
= 0.7

m
t/m

Current density (averaged over the
coil cross-section)
- 1 layer
- 2 layer
Nominal current
Stored energy for both channels
combined

Table 5.9
Design parameters of the combined sextupole-correction dipole

Sextupole
4000 T / m

Magnetic field
2

Dipole
2

1.5 T

Current density (A/mm )

480

675

Ampere turns per pole (kA)

92

100

Coil inner diameter (mm)

50

70

Coil outer diameter (mm)

69

74

Yoke inner diameter (mm)

84

Yoke outer diameter (mm)

170

Effective length (m)

1.0

Overall length (m)

1.25

Table 5.10
Main parameters of tuning quadrupoles
Nominal strength

86 T

Coil inner diameter

50

Nominal gradient

120 T/m

Magnetic length

0.72 m

mm

In the case of a quench in one or more magnets the stored energy of the quenching magnet is discharged over
the internal coil resistance. The power supplies will be switched off and the current dumped into equally distributed
resistors at room temperature by forced commutating thyristor switches or fast mechanical current breakers.
Each power supply must be equipped with suitably dimensioned freewheeling diodes or thyristors for a safe
discharge. The number of dump resistors and their value is governed by the maximum acceptable voltages on the
magnets (or interconnections) and by the required time constant for the discharge, and will be chosen such as to
prevent a propagation of the quench to the still superconducting magnets through the helium distribution system.
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6. CRYOGENICS
6.1 Generalities
Possible schemes of LHC cryogenics have been described earlier for the conventional-helium (4.5 K) [1] and
superfluid-helium (1.8 K) [28] options. Both solutions appear to be feasible and compatible with the constraints and
boundary conditions of the LHC.
Here, only the main features of the superfluid option (which, of the two, is the most complex one from a
cryogenics point of view) will be summarized. It is worth noting that the proposed solution has been worked out
mainly for the purpose of showing that a cooling system using superfluid helium is technically possible. The
solution presented here has not yet been optimized.
6.2 Magnet cryostat
Figure 5.2 shows the cross-section of a possible magnet cryostat. In this magnet cryostat there are three
temperature levels, i.e. 90 K, 4.5 K, and 1.8 K. In steady operation, coils, magnet collars, iron yoke, and shrinking
cylinder are kept at 1.8 K by the static pressurized superfluid helium contained between the vacuum chamber and
the He II vessel. Heat is intercepted at 4.5 K in the supporting rods. The inner radiation shield forming the beam
pipe is also maintained at 4.5 K (see Fig. 7.2).
The purpose of this radiation shield is to intercept, at 4.5 K, the losses produced by the circulating proton
beams. The beams in the LHC produce synchotron radiation in the ultraviolet (UV) range (the critical energy of the
spectrum is 71 eV at peak beam energy), induce electrical image currents in the conducting walls of the beam
channel, and lose energetic particles by interactions with the residual gas or with the beams themselves. The first
two processes have been estimated to dissipate up to a maximum of 0.3 W/m, which can easily be intercepted by the
inner metallic shield at the cost of a slight reduction in useful aperture. As for the effect of particle losses, first
estimates, based on crude assumptions, show that very little power would be deposited in the cryostats.
The outer radiation shield, which is kept at 90 K, has the purpose of reducing the radiation losses between the
elements at 1.8 K and the vacuum vessel at room temperature. Inside the outer radiation shield, which is cooled by
circulating liquid nitrogen, are located all the pipes required to distribute the cryogenic power along the machine
ring. The calculated heat loads of the cryostat in steady operation are summarized in the Table 6.1, which (for
comparative purposes) also gives the heat loads of a conventional-helium cryogenic system.
Table 6.1
Calculated steady-operation heat loads (in W/m) (no contingency)
(Heat loads due to current leads do not appear in this table)

Superfluid-helium

Conventional-helium

cryogenic system

cryogenic system

90

4.5

1.8

90

4.5

Radiation

5.0

0.02

0.08

5.0

0.1

Temperature (K)

Conduction through residual gas

0.1

0.01

0.01

0.1

0.02

Conduction along supports

1.5

0.15

0.01

1.5

0.1

Valves and piping

0.04

0.16

0.01

0.04

0.16

0.29

0.01

0.3

Resistive joints

0.05

0.15

Current feedthrough

0.01

Beam-induced losses

Total

7.0

0.7

0.2

7.0

0.9
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6.3

General principles of the refrigeration scheme
6.3.1

Tasks

The refrigeration scheme will provide means:
a) to produce the required cooling power,
b) to distribute the cooling power required by the magnets in steady operation,
c) to cool down the magnets from room temperature to the final operation conditions,
d) to recool rapidly a short string of magnets after a quench.
The cryogenic system at 1.8 K should comply with the same basic principles as applied in the 4.5 K option:
i.e. flow of two-phase fluid over long distances should be avoided; the magnet cryostats should not be at
subatmospheric pressure; and some cooling redundancy should be provided.
6.3.2

Steady operation at 1.8 K

Superfluid helium has an extremely high thermal conductivity. This property of superfluid helium can be used
to cool elements located at some distance from the cold source simply by heat conduction through a static column
of helium. Macroscopic helium fluid is not required.
Basically the refrigeration by conduction is schematized in Fig. 6.1. The cold sources C are connected to the
magnets through pipes containing static superfluid helium.
Since the thermal conduction of superfluid helium is large but finite, the system can be used in practice only to
cool magnet strings with a length of a few times ten metres, i.e. half, or at the most one, machine cell ( = 100 m).
For example, assuming a power input of 0.2 W/m, a cold-source temperature of 1.8 K and a string length of 100 m,
a column diameter of approximately 70 mm is required to maintain the temperature of the warmest point of the
string below 2 K.
In practice, the cold sources indicated in Fig. 6.1 are heat exchangers, transferring to the short strings of
magnets a fraction of the cooling power produced by larger plants concentrated at the eight access points.
Figure 6.2 illustrates the basic cooling scheme in steady operation. Single-phase subcooled liquid helium,
produced by the octant refrigerators, is distributed along the machine ring (line j3) and expanded in the pots P,
which are filled with boiling helium at 1.8 K at the corresponding pressure of about 16 mbar. The cold pumping line
(a) is connected to cold centrifugal pumps in the cold boxes of the octant refrigerators. The heat exchangers in the
pots transmit the cooling power at 1.8 K to the magnet cryostats, which are filled with superfluid helium at 1 bar
pressure.
6.3.3

Initial cooling-down

The initial cooling-down of the machine, from room temperature to final operation conditions, requires the
addition of extra valves and pipes to the scheme of Fig. 6.2. The modified scheme is shown in Fig. 6.3. At the
beginning of the cooling-down, valves LCV are closed; a stream of progressively cold helium is introduced into the
magnet through valves V and returned through valves SRV. Valves SRV are non-return valves, which are also used,
in normal operation, as pressure relief valves in the case of magnet quench. When the magnet has reached the
temperature of 4.5 K, valves V are closed, valves LCV are opened, and the cooling-down to 1.8 K can be initiated.
The cooling-down time from room temperature to 4.5 K will depend mainly on the iron mass of the yoke.
The cooling-down time from 4.5 to 1.8 K will essentially depend on the installed refrigeration power and on
the amount of helium contained in the magnet cryostat and in the connecting piping. The mass of the magnet is of
secondary importance and it can be shown that very little or no time could be gained by a solution where the iron
yoke is kept at a temperature higher than the coil. Assuming a constant cooling power of 0.5 W/m in the range
4.5 to 1.8 K and a liquid helium content of 51/m (including piping), the cooling-down time from 4.5 to 1.8 K will be
about 6 h.
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6.3.4

Recooling after a magnet quench

More important than a fast initial cool-down is to minimize the time required to bring the accelerator back
into operating condition after a quench (and subsequent warming up) of one (or of a small number) of the machine
magnets. From the point of view of the machine operation, a recovery time, after a quench, of the order of 1 h
would be desirable.
In the scheme of Fig. 6.3 it will be possible to reduce the recooling-down time after a local quench by shifting
all the excess power available in a half-octant to the quenched magnet(s).
The octant refrigerators (for reasons of safety, redundancy, and initial cooling-down requirements) will be
sized to produce a peak cooling power well in excess of that required in steady normal operation.
6.4

Details of a possible refrigeration system
6.4.1

Cooling scheme

Here, additional details are given of a refrigeration system made following the general lines presented in
subsection 6.3. These details are illustrated in Figs. 6.4 and 6.5.
The elementary block of the refrigeration distribution system, which corresponds to a half-cell of the
accelerator lattice (50 m), is shown in Fig. 6.4. The magnet coils are immersed in static superfluid helium at
temperatures of 1.8 to 2.0 K and atmospheric pressure, through which heat is transported by conduction to local
refrigeration stations (one per half-cell). Each refrigeration station consists of a cryostat where subcooled liquid
helium at 2.2 K, fed from line j3, is throttled down to 16 mbar, i.e. the saturation pressure at 1.8 K. The heat
conducted by the static pressurized superfluid helium is absorbed in the refrigeration station by vaporization of
saturated superfluid helium, the level of which is maintained constant by a level-controlled valve LCV. The cold
helium vapour, produced by the throttling process and the refrigeration load, is returned to the octant refrigerator
via the low-pressure line a.
Monophase helium at 4.5 K and 3 bar, tapped from line ô through valve TCV, is expanded through the
cooling channels of the inner radiation shield installed in the vacuum chamber (see Figs. 5.2 and 7.2) to intercept
synchrotron radiation and other beam-induced heating. The same helium flow intercepts the heat conducted along
the magnet supports before returning to the octant refrigerator via line y. Line y, which is maintained cold during
operation of the system, is also used to recover helium discharged from the magnet cryostats in the case of a
quench, through the relief valves SRV.
Quench propagation from one magnet string (4 magnets) to the adjacent ones is nearly excluded because the
1.8 K cooling systems of magnet strings are not hydraulically connected and thermally buffered by the local
refrigeration station.
As mentioned previously (subsection 6.2), in the refrigeration distribution scheme, three temperature levels
are used, namely, 1.8, 4.5, and 90 K. The choice of the 4.5 K temperature level to cool the beam pipe and the heat
intercepts of the cryostat does not correspond to the thermodynamical optimum. From this point of view, a higher
temperature (in the range of 10 to 20 K) would be preferable. However, the 4.5 K level was chosen because (a) this
low temperature is very useful for the initial cooling-down and the recooling after a quench, before the 1.8 K
refrigeration is started, (b) quadrupole and correction magnets could probably be operated at 4.5 K.
Cool-down and warm-up of a magnet string are achieved by forced circulation of gaseous helium, tapped
from line 5 through valve CDV and returned to the octant refrigerator through valves SRV and line 7.
The general refrigeration flow scheme in one octant is schematized in Fig. 6.5: the octant refrigerator
normally serves the two adjacent half-octants. It could be sized for 50% overcapacity providing redundancy in the
case of failure of an adjacent octant refrigerator, the load of which could then be shifted to the neighbouring plants
using the octant sector valves. The cold end of the octant refrigerator appears in Fig. 6.5. A notable feature is the
array of cold rotary compressors raising the pressure of the return helium vapour to about 100 mbar before entering
the refrigerator main exchange line.
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6.4.2 Calculated performance
Superfluid refrigeration performance of the design detailed in sub-subsection 6.4.1 is illustrated in Table 6.2
for several modes of operation.
In steady operation, with a specific heat load of 0.2 W/m, 300 W of refrigeration at 1.8 K are produced by
pumping a vapour flow of 15 g/s per half-octant. The corresponding pressure and temperature drops result in a
maximum magnet temperature of 1.81 K. In these conditions, the static superfluid helium ducts are sufficient to
conduct the heat load in the steady operation over 100 m, which is twice the normal distance, in order to cope with
the failure or unavailability of one local refrigeration station out of two.
The total installed refrigeration power at 1.8 K has been taken as 750 W per half-octant, in order to absorb
0.5 W/m and thus permit machine cool-down from 4.5 to 1.8 K in about 6 h. Again, the limiting factor is the
installed power, and not the conduction through the static superfluid helium.
However, the latter is exploited integrally for recooling a four-magnet string after a quench; a maximum of
1.5 W/m can then be extracted from the quenched magnet string, which yields a recooling time (4.5-1.8K)of ~ IV2I1.
The heat loads and required grid power in steady operation, as well as the installed cryogenic (at the three
levels of temperature) and grid power per octant are listed in Table 6.3. In the same table, for purposes of
comparison, the corresponding data for a conventional helium system are also given.
Table 6.2
Calculated refrigeration performance
Mode

Steady

Final

operation

cool-down

10

Recooling after
quench of half-cell
C)

Heat load (W/m)

0.2

0.5

1.5

Refrigeration power per station (W)

10

25

42.5

Refrigeration power per half-octant (W)

300

750

365

He flow per half-octant (g/s)

15

37.5

18.3

1.80

1.89

1.81

1.81

1.91

2.17

3

Max. refrigeration ' station temperature (K)
a)

Max. magnet temperature (K)

a) Assuming 15 mbar suction pressure at cold compressor and 2 mK/W thermal resistance at the refrigeration station.
b) Corresponding to maximum installed power, c) Limited by conduction in static superfluid helium.

Table 6.3
Estimated electrical power consumption
Conventional He system

Superfluid He system
Temperature (K)
Steady heat load (W) and

90

4.5

1.8

90

4.5

23300

2400

600

23300

3000

liquid requirement (g/s) per octant
Installed cryogenic power (W) and
liquid production (g/s) per octant

6

6
35000

6000

1500

35000

7500

15

15

Steady operation grid power per octant (MW)

3.1

2.6

Installed grid power per octant (MW)

7.8

6.5
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6.5

Safety
The essential safety problem associated with the LHC refrigeration system is the presence of large quantities
of cryogenic fluids in the machine tunnel. These fluids, if released accidentally, can create hazards of asphyxiation
by exclusion of air and, to a lesser extent, of injuries to personnel and damage to equipment due to low
temperature. Safety strategies will probably use the following lines of defence:
a) Magnets designed in such a way that a simultaneous quench of many units (the most probable cause of massive
helium release) is not likely to occur accidentally.
b) Minimization of the helium and nitrogen inventory of the cryostats and distribution lines.
c) Proper positioning of the cryostat emergency exhaust vents in the tunnel, taking into account the gas
stratification (helium at ceiling, nitrogen at floor level).
d) Provision of personal protection facilities against cold and against lack of oxygen; protection of critical
components against cold.
It is hoped that by these means the overall risk can be kept at an acceptable level.
The other safety problems of the LHC cryogenic system can be assumed to be of a classical nature and can be
solved by proven methods of engineering.
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7.

VACUUM SYSTEM

7.1

Design of the vacuum system
A schematic view of the LHC vacuum system in the cold sectors is given in Fig. 7.1. Its main features are as

follows.
7.1.1

Vacuum chamber

The vacuum chamber will be a tube of circular cross-section of 45 mm inner diameter. Stainless steel is chosen
as the chamber material for ease of welding and in order to match the thermal expansion coefficient of the magnet
cryostat. Since the cooling of the magnets will require several days, it may be assumed that at any time the
temperature of the vacuum chamber and that of the helium vessel of the magnet will be the same. The choice of the
same material for these two parts will remove the need of bellows to compensate their differential thermal
expansion. One bellows, however, is needed for the beam vacuum chamber in the inter-magnet gap, where it must
compensate the contraction of the inner cold chamber with respect to the warm external wall of the magnet
cryostat. This bellows will be properly shielded to ensure beam stability and minimize local power dissipation by RF
heating.
The circular vacuum chamber will be at 1.8 K. In order to avoid the heat load coming from the beam-image
current and the synchrotron radiation, an elliptical inner screen of dimensions 41 mm x 31 mm will be mounted
inside the vacuum chamber and act as the real beam pipe (see Fig. 7.2).
Two helium pipes fixed to the screen provide cooling at 4.5 K and remove any heat deposited; suitable spacers
support the screen and avoid direct contact with the tube at 1.8 K. Holes are provided in the screen in order to
maintain the same vacuum inside and outside, which avoids any risk of excessive forces due to an accidental
pressure difference and allows the screen to be kept thin. It will be made either of copper sheet or stainless steel
plated with copper. It is worth mentioning that copper shows, in a magnetic field of 10 T, a resistivity [29] of 4 x
10

1 0 " Q • m (see sub-subsection 4.3.1).
Communication between the inside and outside of the inner screen will render the surfaces at 1.8 K accessible
for pumping more effectively any He entering from leaks. Furthermore, it will improve the vacuum stability by
pumping gases on surfaces which are not exposed to the beams and therefore cannot undergo ion bombardment
(see Fig. 7.2).
This feature is naturally enhanced by the lower temperature of the protected wall of the vacuum chamber,
particularly if the latter is kept colder already during initial cooling.
7.1.2

Sectorization of the main vacuum system

Vacuum sectors will be 1.6 km long in order to coincide in the arcs with cryogenic sectors. Sectorization will
be obtained by means of all-metal valves at ambient temperature and precautions will be taken to avoid the risks of
air leaks from these warm parts. Each sector will have about 25 lateral outlets to which will be connected sputter-ion
pumps and five valves for roughing, as explained below.
Any cold-to-warm transition on the beam chamber brings about many inconveniences. First, baking may be
required to ensure the necessary vacuum stability. Baking a part of a vacuum chamber while cooling another part is
always problematic because, at the end of the bakeout, molecules may migrate back from the cold part and spoil the
surface cleanliness provided by baking.
Furthermore, air leaks may develop, which may result in a layer of frozen air thick enough to produce
pressure spikes in the presence of circulating beams (see subsection 7.2). The only remedy would then be to warm up
the sector.
Finally, these transitions will cause a heat load by radiation and conduction, which will be worsened by any
low-resistivity coating.
Therefore, these transitions are reduced to a very limited number of places, i.e. at the ends of the vacuum
sectors.
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7.1.3

Room-temperature lateral connections

A certain number of lateral connections at room temperature are needed on the main vacuum chamber for
initial pumpdown, leak detection, sputter-ion pump connection and pressure measurements (see Fig. 7.1).
These connections will be obtained by tubes linking the main vacuum chamber to the external wall of the
magnet cryostat in the inter-magnet gap. To fulfil their vacuum function, these tubes may be of small diameter (10
to 20 mm) and they will be flexible in order to facilitate the initial assembly of the cryostat and to permit relative
movement of the inner cold vacuum chamber with respect to the outer wall of the cryostat. Their geometry and
material (stainless steel of low thermal conductivity) will minimize thermal conduction. Since this cold-to-warm
transition would not be on the beam path, it would not necessarily require baking; however, baking would enhance
the sensitivity for leak monitoring [see sub-subsection 7.2.1, point (c)].
Three advantages will be obtained by thermally linking these tubes to the inter-magnet liquid-helium transfer
line (see Fig. 6.4, line 5) inside the cryostat. The first is that any air leaking in from room temperature via this lateral
connection will be trapped before reaching the beam vacuum chamber, avoiding the risk discussed before.
Secondly, during cool-down the helium transfer line will cool more quickly than the main vacuum chamber, and
consequently the lateral tube will act as the initial cryopump for the residual gases. Lastly, the pressure at the warm
end of the lateral tube will be reduced quickly to values low enough to switch on the sputter-ion pumps, which may
then be used to monitor the pressure during cool-down and detect in time any helium leak which occurs.
The distance between lateral connections on the machine has been derived from their various functions as
described below.
a) Leak detection during assembly
Localizing a leak is problematic if the distance between leak and detector is too large. According to
experience, it is reasonable to provide lateral connections for leak detection at 100 m intervals, i.e. one per cell.
b) Initial pumpdown
Initial pumpdown will be carried out by means of turbomolecular pumping stations. They will be linked to the
lateral connections via valves, which will permit them to be removed after initial pumping. A reasonable distance
between these points is 500 m, i.e. five cells.
c) Pumping of non-condensable gases and pressure measurements
Some pumping for helium must be provided to cope with possible leakage into the main vacuum from the
insulation vacuum of the cryostats. This pumping will be provided by sputter-ion pumps connected to the roomtemperature outlets. Owing to the strong conductance limitation imposed by the vacuum-chamber geometry, it is
sufficient to consider pumps of nominal speed lower than about 30 1/s. In addition to the pumping function, these
9

pumps will also be useful to monitor pressure rises above about 10" Torr. A reasonable resolution for pressure
monitoring will be obtained by installing pumps at 100 m intervals. Some ionization pressure gauges will provide
higher sensitivity for low-pressure leak monitoring. A few pressure gauges (Pirani type) will also be installed to
3

provide information in the range from atmospheric pressure to 10" Torr.
7.1.4

Insulation vacuum

To minimize the effect of possible leaks into the main vacuum system from the insulation vacuum, the latter
7

should be as good as possible. A reasonable target for the insulation pressure is 10" Torr. The likelihood of such
leaks is given by the combined probability of having simultaneously a leak from the helium vessel to the insulation
vacuum and another leak in the main vacuum chamber. A helium leak in the insulation vacuum may also be
detrimental to the thermal losses of the cryostat.
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To reduce the consequences of helium leaks in both respects the insulation vacuum will be separated into
sectors of 50 m length each. To limit the helium pressure rise in the insulation vacuum if a leak occurs, one
cryosorption panel per magnet will be installed, which will be kept at magnet temperature. In the presence of large
leaks, these panels will saturate, and continuous pumping via the magnet cryostat roughing valve by a
turbomolecular pumping station may be required.
7.2 Expected vacuum performance
7.2.1 Static vacuum
a) Pressure requirements
Interaction with residual gas molecules via nuclear scattering and multiple Coulomb scattering results in the
loss of circulating protons and the decay of beam intensity. Theoretical estimates [30] and past experience with the
operation of the SPS pp Collider show that an average nitrogen pressure of about 5 x 10" Torr is required to
yield a beam lifetime of more than 24 h. The same gas density inside a vacuum chamber at 4.5 K corresponds to a
pressure of 6 x 1 0 " Torr when measured with a room-temperature connection. Owing to the smaller
cross-sections, a helium pressure of about 3 x 10" Torr and a hydrogen pressure of about 6 x 10~ Torr would
be tolerable, both measured at the room-temperature end of a lateral connection.
10
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b) Pumpdown procedure and ultimate pressure
A pressure lower than 1 Torr will be obtained within 1 h of pumping from atmospheric pressure, for instance
by means of rotary pumps with 10 m /h pumping speed, located at 500 m intervals behind the turbomolecular
pumps. Below this pressure the cooling may start, resulting in a fast cool-down of the traps on the lateral
connections of the main vacuum system. These traps, which are spaced at 100 m intervals, ensure an efficient
pumping of water vapour and other condensable gases which desorb from the still-warm beam chamber. It may be
assumed that an average pressure of 10~ Torr is reached within 24 h, when about 10 molecules per cm of water
vapour remain on the vacuum-chamber walls. At this pressure the sputter-ion pumps may be ignited, which allows
the pressure evolution to be monitored during the cool-down of the magnets. Experience gained with the ISR 'coldbore' section [31] shows that upon cooling to liquid-helium temperature without bakeout, a pressure lower than
3 x 10~ Torr (mainly H2) may be obtained, measured at the room-temperature end of a lateral connection. This
pressure is about 2 orders of magnitude lower than required.
3

5

15

2

12

As far as the warm extremities of the vacuum sectors are concerned, efficient pumping will be supplied by the
adjacent cold regions if the warm length is kept below 2 m. The long pumping time made available during the
cooling of the magnets will permit them to reach the specified pressure even without baking. For longer warm
sectors, additional pumping and/or baking would be considered.
c) Leaks
Vacuum leaks may have serious consequences: one single large leak may necessitate warming up a complete
sector. Therefore, the probability of such an event will be minimized by following correct design principles. Inside
the helium vessel of the magnet cryostat, leak tightness can be virtually guaranteed by avoiding welds on the beam
vacuum chamber. In the inter-magnet gap the effect of any possible leak will be minimized by the insulation
vacuum of the cryostat: leaks 10 orders of magnitude larger than usually specified according to ultrahigh vacuum
standards will be rendered harmless by a good insulation vacuum. Air leaking in from the lateral connections will be
prevented from reaching the beam chamber by the interposed cold traps. Only leaks located on the warm sections of
the beam chamber may present a real danger, which will be reduced by keeping these regions short and taking all
possible precautions for the selection and assembly of the warm vacuum components.
If, in spite of the protection offered by the insulation vacuum, helium leaks into the main vacuum system,
pressures higher than the average pressure specified before may be tolerated over a reduced length of the machine.
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For instance, an average pressure of about 10" Torr is tolerable in the 100 m interval between two adjacent
sputter-ion pumps. Although attenuated by an order of magnitude because of the restricted conductance and the
pumping speed of these pumps, this pressure would be high enough to provide a detectable signal on the pump
current. On the other hand, these pumps can withstand pumping helium at this pressure almost indefinitely.
7.2.2 Vacuum in the presence of beams
a) Synchrotron-radiation-induced gas desorption
Properties of the synchrotron radiation spectrum in the LHC (for convenient formulae see elsewhere [32]) are
summarized in Table 7.1, which lists values of critical energy and linear power density over the beam energy range
from 0.5 to 10 TeV. Synchrotron radiation from 3564 bunches of 2.6 x 10 p/bunch at 8 TeV will amount to
117 mW/m, with a critical energy of about 69 eV. Figure 7.3 shows the total number of photons per ampere, per
second and per metre as a function of the beam energy. The curves correspond to different values of the lower
photon energy cut-off.
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Table 7.1
Critical energy E and radiation power as a function of beam energy
c

E

Ec

P

(TeV)

(eV)

(W-m-'-A" )

0.5

1.68 x 1 0 -

1

2

1.1 x 1 0

- 5

- 4

1

0.13

1.7 x 1 0

2

1.08

2.8 X 10~

4

8.6

4.4 x 1 0

6

29.0

2.2 x 10~

8

68.8

7.1 x 1 0

10

134.4

3

- 2

1

_ 1

1.7

2

A photon energy of 3 x 10" eV corresponds to the experimental threshold for H2 desorption from cold
metal surfaces [33]. In the case of leaks, adsorbed helium and/or condensed air may be present on the walls of the
vacuum chamber for which the threshold energy and desorption characteristics are not known. Gas desorption by
photoelectrons from stainless steel would have a threshold energy of about 5 eV. Even on the assumption that the
gas-desorption rate from unbaked surfaces is proportional to the total radiation power (and neglecting effects due
to the change of spectrum) the high linear pumping speed of — 10 1 • s" ' • m" for N2, provided by the cryosurfaces
of the beam pipe, will limit any pressure rise to values about 6 orders of magnitude lower than those observed in
e e" machines (PETRA, for instance) so that it is completely negligible.
4

1

+

b) Ion-induced gas desorption
Ions produced by the interaction of circulating protons with residual gas molecules will be accelerated towards
the vacuum-chamber wall by the positive beam potential, producing there degassing which may yield a finite
pressure increase or trigger an avalanche process which finally results in a pressure runaway and in the loss of the
beam. This process has been studied thoroughly in the ISR [34-36].
The ISR cold-bore section was run cold and unbaked for 19 days with circulating beams of up to 38 A [37]; no
pressure instabilities were noticed. In another experiment [38] the specific desorption (•>;) was increased to
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4 X 10 by condensing a few monolayers of H2 on the cold section; also in this case the pressure was stable for
circulating beams of 40 A. Since for the LHC the average beam current is 0.1 A and r\ < 100, a safety margin for
H2 larger than 4 orders of magnitude exists for pressure stability, even when taking into account the smaller
2

perimeter of the LHC beam pipe compared to the elliptical ISR cold-chamber profile of 50 x 150 mm . An
additional safety margin is provided by the presence of the inner elliptical screen. In the case of a pressure rise, gas
will migrate from the screen, where it is exposed to ion bombardment, to the region between the screen and the
beam pipe, where it cannot be reached by impinging ions. In view of this large safety margin, considerations about
the precise energy of the impinging ions or the values of ionization cross-sections do not present any practical
interest.
Also helium leaks will not affect the stability of the LHC pressure. The ISR test section was stable with a
15

2

helium coverage of 10 molecules per cm , i.e. much larger than the coverage in the LHC corresponding to
10

3 x 10~ Torr, and with beams 400 times more intense [39].
Air leaks showed a different behaviour in the ISR [31]. In experiments with condensed layers of air pressure,
spikes were observed which were attributed to electrical breakdown across the condensed air layer as a consequence
of its charging by impinging ions. Precise quantitative information on the process is still lacking; however, the
obvious conclusion is to stress once more the importance of the leak-tightness of the LHC vacuum system.
c) Beam neutralization, electron clearing
In a coasting proton beam electrons created by ionization of the residual gas accumulate in the potential well
of the beam and cause deterioration of the beam stability due to the neutralization Q-shift or due to coupled ep
instabilities. Electrodes for electron clearing were therefore required in the ISR. In a bunched-beam machine the
electrons created by ionization of the residual gas experience the field of the repetitive passage of the bunches and
may gain sufficient energy to reach the vacuum chamber. For the SPS pp Collider this effect has been studied for
the case of positive ions [40]. For the present study of the LHC machine this computation has been adapted to
electrons in a bunched proton beam. The program assumes the creation of an electron at a given initial radial
position, n , inside an 'ionizing' bunch of radius rb, and subsequently calculates the trajectory of the electron
resulting from the kicks of successive bunches. Trajectories may be confined to the beam or alternatively may lead
to the vacuum-chamber wall. In that case the electron is considered to be cleared.
The result of the computation which applies to the case of magnetic-field-free regions is shown in Fig. 7.4.
3

The value of the r.m.s. beam radius which has been used is 10" m. The minimum number of particles per bunch
necessary to clear electrons with initial radial positions n = rb and ri = 0. ln> is plotted as a function of the number
5
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of bunches, k. Also shown are the lines corresponding to a constant average beam current of 10" and 10" A,
4

respectively. It can be seen that at k = 3564, about 10" A are necessary to start clearing. Since the nominal current
(82 mA) exceeds this limit by a large factor, self-cleaning of the beam can indeed be expected.
Further studies will be necessary, which should include the effect of the magnetic field to see whether higher
currents are required than in field-free regions.
d) Electron multipactoring
In the ISR a bunched-beam-induced pressure rise has been observed in a vacuum section made of aluminium.
This effect has been attributed to electron multipactoring driven by the electric field of the passing proton bunches
[41]. The process is similar to the mechanism of beam self-clearing in so far as electrons receive repetitive kicks
from the particle bunches and, if a resonance condition is fulfilled, these electrons may traverse the vacuum
chamber between bunches with sufficient energy to liberate secondary electrons on the opposite wall. In the case
where the overall electron multiplication of this process is larger than unity, multipactoring occurs and the pressure
in the system increases rapidly owing to electron-induced desorption.
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The threshold currents for multipactoring are in the range of beam currents foreseen in the LHC.
Nevertheless, to decide whether multipactoring might occur, a more detailed analysis is required including, in
particular, a good knowledge of the secondary electron yield from the cold vacuum-chamber surface. Experience,
not only from the ISR but also from laboratory experiments simulating the bunch-induced multipactor process,
indicates that a material having a low secondary electron yield should be used, for example copper. Further studies
will be necessary to study the effect of condensed gas on the vacuum chamber or to define a suitable method of
surface preparation.
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8.

RADIO-FREQUENCY SYSTEM

8.1

Basic parameters and assumptions
The RF frequency of the LHC is essentially determined by technological considerations and the requirements

imposed by the injector.
A common RF system for both beams is undesirable in pp twin rings. Firstly, additional RF noise problems
are created by a common RF system coupling the two beams, which are exposed to different magnetic field
perturbations. Secondly, threading separated beams off-centre through a common cavity exposes them to magnetic
deflection, external and beam-driven. For these reasons we propose the use of completely separate acceleration
systems for the two beams. At the assumed beam separation of 180 mm, this requires specially-designed copper
cavities, working at a sufficiently high frequency in order to obtain a reasonable shunt impedance. It should be
mentioned that at the present state of the art, a superconducting cavity with its almost spherical shape and a radius
smaller than 180 mm would resonate at much too high a frequency.
At, or in the neighbourhood of, the LEP frequency (352 MHz), RF power can be made available at low
capital cost from very-high-power klystrons, to deal with the reactive beam loading. Moreover, this installed power
can be readily increased in stages should the beam current increase at a later stage. This would suggest the use of the
same frequency in the LHC and in LEP, with the obvious advantage of an already-existing hardware for generating
and distributing RF power. It would also make ep collisions possible with a very large number of bunches. The
choice of the LHC frequency is, however, restricted by requirements connected with the transfer of bunch trains
from the SPS to the LHC and from the PS to the SPS, as described in Section 10. In order to permit the proper
transfer of a large number of bunches, the proposed RF frequency in the LHC is
400.8 M H z ,
i.e. twice the present SPS frequency. This choice yields a large number of possible values of bunch spacing, ranging
from 5 ns to more than 100 ns .
Relatively little development cost and effort will be needed to scale the existing klystron designs and the RF
distribution system from 352 MHz to 400 MHz. No change is required to the klystron power supplies and
high-voltage equipment.
In order to obtain a good intrabeam scattering lifetime, it is proposed to blow up the bunch area from the SPS
value of about 1 eV • s to 2.5 eV • s during acceleration and to keep the latter value for colliding beams at 8 TeV. This
results in e-folding times of 44 h for transverse emittance and 59 h for the longitudinal one (at 8 TeV, for 3564
bunches), to be compared with 17 h and 8 h radiation damping times, respectively. To ensure a good lifetime
against RF noise excitation, the RF system will be designed for a bucket area of 7.5 eV-s (for stored beams at
4

8 TeV). At 400 MHz and a momentum compaction of 3.035 x 10~ , this leads to the requirement of
V R = 11.85MV
F

peak RF voltage per revolution and per beam.
With respect to this, the synchrotron radiation loss at 8 TeV, which amounts to 12 keV per turn, is completely
negligible. Even during ramping (20 minutes from 0.45 TeV to 8 TeV) the necessary energy gain per turn is only
0.5 MeV. The synchrotron phase angle thus remains very small and the bucket area during acceleration is more than
sufficient.
It can be shown that, in a hadron machine, the installed RF power is essentially governed by the need to
correct transient beam loading, which will occur owing to non-uniform distribution of charge around the
circumference, injection transients, or beam instability [42, 43]. This is merely reactive power, the average part of
which is usually compensated by the cavity tuner. For electron machines with their inherent beam damping , this is
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sufficient, but hadron colliders require, in addition, fast beam-loading correction which can only be provided by the
RF power source. For a cavity tuned at zero beam current, the generator power needed is given by
P = 2

I R F V R F >

g

where IRF is the RF component of the beam current (IRF = 2 IDC = 0.33 A in the LHC case). However, if the cavity
tune is properly adjusted to compensate the average beam loading, the installed RF power can be reduced by a
factor of 2, which, for the assumed LHC parameter, corresponds to P = 0.95 MW.
This power can be made available from klystrons without difficulty. The beam loading presents a complex
and variable load to the generator. However, at the frequency chosen it is easy to protect the generator by means of
a ferrite circulator which deviates the reflected power into a dummy load.
For the ep option, it might be necessary to increase the longitudinal emittance and, consequently, the RF
voltage in order to ensure beam stability (see Section 4). In this case, additional RF power will be necessary to cope
with the increased RF voltage and the increased RF beam current. However, small-diameter cavities are no longer
necessary as there is only one of the proton rings used: one could therefore consider optimum diameter cavities
(possibly superconducting), which would be more efficient and would also contribute less to the broad-band
impedance. Those cavities would have to be installed for the ep runs and removed for the pp runs because they
encroach on the space required by the second proton ring.
g

8.2 Accelerating structure and high-power radio frequency
The problems of building accelerating cavities for separate but closely-spaced beams have been discussed
elsewhere [44]. To place cavities side by side at the 180 mm spacing of axes seems excluded (and similarly common
cavities at the En mode). However, if the cavities for the two beams are staggered along the circumference, 'septum
cavities', as shown in Fig. 8.1, become possible. With 180 mm beam separation and 50 mm beam aperture the
performance is quite satisfactory. Computations with SUPERFISH [45] give a shunt impedance (voltage squared
over power) of:
6.9 MQ per cell,
including an assumed reduction to 85% of the theoretical value for copper, to allow for coupling slots and other
losses. The corresponding unloaded Q-factor is 1.8 x 10 . Even with 165 mm beam separation and 35 mm beam
aperture, the figures are very similar (7.0 Mfi and 1.7 x 10 ).
The minimum total structure length will be limited by the maximum tolerable dissipation per cell. A
preliminary analysis has shown that, with direct water cooling of the inner conductor, a dissipation of 22 kW per
cell can be reached, which corresponds to a maximum accelerating gradient of 1.05 MV/m for the structure
represented in Fig. 8.1. The resulting choice for the cavity system is the following:
4

4

eight five-cell •* mode cavities per beam ,
having a total length of 15 m and a maximum accelerating voltage of 15 MV (limited by the cavity dissipation:
890 kW total). The corresponding total impedance is very close to the optimum 4 V / I R F [42], for detuned cavities.
At the operating voltage of 11.85 MV (for pp operation) there is ample safety margin, as the power dissipated in the
structure is only 500 kW.
The installed power (~ 1 MW per beam) will be delivered by one LEP-type klystron, modified to operate at
400.8 MHz, through four stages of hybrid dividers. If, at a later time, it should become necessary to cope with a
RF
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larger beam load, two klystrons can be installed, without any change in the accelerating structure, by removing one
stage of hybrid dividers.
In a situation where the purpose of most of the generator power is to cover transient beam loading, it is
necessary to insert a ferrite circulator between generator and cavities in order to deviate the reflected power into a
dummy load. A 1 MW circulator as used in LEP is foreseen for this.
Thus the grand total for both beams is 30 m of active structure length and two klystrons, each klystron
feeding eight five-cell cavities through four stages of hybrid dividers.
To cope with the beam loading we propose to use a 'feed-forward' scheme. A signal derived from a beam
pick-up electrode is passed through the main amplifier chain and fed into the cavities at an appropriate time delay
so as to compensate the RF beam current in phase and amplitude. Such a scheme has been used for the CERN PS
[46], ISR [47] and, in a modified way, for the SPS [48]. The loaded Q-factor of the cavities is only about 8500, i.e.
their bandwidth is about 40 kHz and the filling time about 8 /is, which is short compared with the revolution period
of 89 /xs. Therefore, the feed-forward chain up to the cavity input has to be relatively fast. The klystron bandwidth
of at least 1 MHz (specified for a 1 dB drop in output power) is well suited for this.
8.3

RF noise
As shown by experience at the SPS, beam diffusion due to RF noise is of concern for hadron colliders.

Compared to the case of the SPS, where RF noise-limited lifetime is in the 100 h range [49], the situation in the
LHC will be different owing to the smaller synchrotron frequency (18 Hz compared with 180 Hz) and the larger
number of bunches (3564 compared with 3 to 6 per beam).
For a given electronic noise spectral density, the equilibrium lifetime is inversely proportional to the square of
the synchrotron frequency. A large factor is therefore gained on the RF noise-limited lifetime because of the low
synchrotron frequency in the LHC. The two important contributions to the electronic noise are the noise of the
main phase discriminator and that of the slow loop which controls the frequency [49]. Although the measured
phase discriminator noise increases slightly at low frequency, this effect is far outweighed by the decrease of the
synchrotron frequency.
The contribution of the frequency loop is related to the spectral purity of the reference generator and to the
cut-off frequency of the loop. Magnetic field noise can be assumed to be unimportant owing to the very long time
constant of the superconducting magnets. Unless one considers very low modulation frequencies (below 1 Hz), the
frequency noise of high-quality signal generators is approximately constant (phase noise falls at a rate of 20 dB per
decade). Consequently, the contribution of the frequency loop is governed by the ratio of the loop cut-off
frequency to the synchrotron frequency. This ratio is more favourable for the LHC case than for the SPS (for the
same radial and phase errors) [50].
The noise generated in the RF system at multiples of the revolution frequency comes essentially from the main
oscillator (neglecting the effect of the multibunch feedback system). Compared to the SPS the situation is also more
favourable as fewer revolution lines are concerned, owing to the much narrower bandwidth of the accelerating
cavities.
Following the experience at the SPS pp Collider, where individual damping of bunches (dipole and
quadrupole mode) is provided, we propose also to damp the LHC bunches individually. Real-time digital
techniques already offer simple and economic solutions for feedback systems [48]. The drawback of digital
_B

processing is that it introduces quantization noise into the system (r.m.s. relative amplitude = 2 / V J , where B is
the number of bits) [51]. For phase damping, one can calculate [52] the corresponding equilibrium lifetime as a
function of B (T

eq

= 40 x 2

2 B

s for the LHC). The result shows that seven bits are sufficient to ensure a

comfortable lifetime.
Blowup of the longitudinal bunch area from 1 to 2.5 eV-s will be done during ramping by injecting phase
noise in the RF system. There is plenty of time to do that (20 min) and therefore no harmonic RF system is needed.
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8.4

Multibunch feedback
Although the machine parameters have been chosen such that Landau damping is not removed by the tune

shifts generated by the broad-band impedances, the amount of damping might be insufficient to suppress all
coupled-bunch instabilities excited by the narrow-band resonators. Even if the bunches are made stable at the start
of a coast by Landau damping, experience with the SPS pp Collider shows that slow instabilities may develop later
on, leading to a large blowup of longitudinal beam emittance and corresponding increase of RF noise diffusion.
With a much larger number of bunches, the risk of coupled-bunch longitudinal instabilities will be higher and we
consider independent damping of bunches already at the initial stage of the design.
Radio-frequency feedback at multiples of the revolution frequency will also be useful for damping injection
oscillations. Since long bunch trains are injected from the SPS, the required bandwidth is only a few times the
revolution frequency, and the main RF system will be used as feedback with the advantage that there is almost no
power limitation.
For bunch-by-bunch damping, however, the required bandwidth is of the order of the inverse of bunch
distance, and a special broad-band cavity should be used. The required power is determined by the quality of the
detection of bunch oscillations, or, in other words, by the quantization noise. The broad-band voltage to be
B

delivered by the damping system is of the order of V R F / 2 , which, for B = 8, leads to about 50 to 100 kV per turn
over a maximum bandwidth of ~ 40 MHz for a 25 ns bunch-to-bunch distance.
This voltage could be provided, for instance with a 400 MHz travelling-wave structure derived from the
septum cavities described above. With a proper cell-to-cell coupling, which remains to be studied, large-bandwidth
cavities could be built, similar to the travelling-wave structures used in the SPS for proton acceleration. A
broad-band power amplifier or several stagger-tuned narrow-band amplifiers could be used to drive the feedback
cavity (or cavities).
Damping of transverse injection oscillations is very likely to be necessary in order to keep low transverse
emittances. The required damping time is linked to machine non-linearities, which are not yet fully estimated. We
shall assume, in the following, that a damping time of 10 revolution periods should be adequate. With an estimated
injection error of ±0.5 mm (i.e. comparable to the r.m.s. beam size at /3 ax) the required deflection at the kicker
m

7

becomes XR = 5.9 x 1 0 " r a d a t j3 x.
ma

In a classical transverse feedback system (bunch to bunch), the bandwidth extends from the first betatron line
up to the bunch frequency (fb = 40 MHz). For the LHC, the relative frequency range is exceedingly large, owing to
the very low revolution frequency. It seems more attractive to operate the transverse feedback around the RF
frequency. This is possible, because the beam is always kept bunched; it has the advantage that the same RF
broad-band power amplifier could be used for longitudinal and transverse feedback systems.
Amongst the possible RF deflecting structures, TEM wave kickers have the smallest transverse dimensions
and would fit easily within the 180 mm beam separation. A total of N kickers will be necessary to achieve the
required deflection, each kicker being composed of a series of X/4 plates (Fig. 8.2). The total deflection is given by:
xiî =

EL 2

N,

P 7T

where E is the transverse electric field, L the total length of the kicker (twice its active length with this geometry), p
the particle momentum (in eV/c units). The factor 2/TT results from the length of the individual kicker plates (X/4 at
400 MHz). The total length of the kicker is limited by the required bandwidth to about c/4fb, i.e. 2 m in the LHC
case.
Following the SPS experience for such a multi-plate TEM structure (a 3 m long 460 MHz structure has already
been built and tested), a maximum voltage of 1 kV per plate in a 50 0 system is chosen, leading to a power of
20 kW per kicker. The full aperture of the kicker is assumed to be 40 mm. It follows that four kickers are necessary
to achieve the estimated deflection, having a total installed power of 80 kW and a total length of 8 m, per plane.
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At 8 TeV, this system would be used against beam instabilities. The required Xk can be reduced by a large
factor, because the detected position error (limited by the quantization of the digital signal-processing electronics)
can be made much smaller (for instance ±0.05 mm instead of ±0.5 mm injection error) and because one can
certainly accept somewhat longer damping times (say 20 machine turns). Thus, in spite of the much stiffer beam at
8 TeV than at injection, the RF power requirements will be comparable.
Tetrode RF power amplifiers working at 352 MHz and having a relatively large bandwidth are being
developed at CERN at present. Their design could certainly be scaled up to 400 MHz.
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9.

BEAM-DUMPING SYSTEM
The maximum stored beam energy in one of the LHC rings is about 120 MJ (200 MJ in case of ep), nearly two
orders of magnitude higher than in the SPS. It is shown in sub-subsection 5.2.3 that the local loss of only a very
small fraction of this beam is sufficient to induce quenches in the superconducting magnets. Higher losses will lead
to direct damage or destruction of ring components. It is therefore essential that a beam-dumping system exists,
which quickly and safely removes the beams from the machine in the event of equipment malfunction or at the
slightest indication of abnormal behaviour of the beam. This same system will also be used during normal
operation, for example to end a storage or a study cycle.
9.1 General description and layout
Deflecting this very narrow and powerful beam onto an 'internal' dump, placed at the edge of the machine
aperture, as done, for example, at the SPS, is not possible. The energy-deposition densities and resulting
instantaneous temperature rises would be orders of magnitude too high for any solid material to resist. Moreover, it
would be nearly impossible to operate such a system with the necessary efficiency to avoid magnet quenches at each
dumping action. Therefore, it is proposed to extract the beam over one single turn and to transport it onto an
'external' dump, placed sufficiently far away from the machine to allow for beam blowup. To avoid deflecting
particles during the rise of the kicker, a gap must be left in the train of circulating bunches. A gap of 2 /is, having a
negligible effect on the luminosity, is assumed. As the kicker can only be fired at the passage of this gap and taking
into account the time for signal transmission around the ring, the delay between the request for beam dumping and
the start of extraction will in the worst case be two machine turns.
Each ring must have its own beam-dumping system. Whereas in the earlier study [1] it was assumed that the
two systems are placed in two different straight sections, it is now proposed to install them in one single straight
section as shown in Fig. 9.1. The layout of the two systems is entirely symmetric. The extracted beams are directed
towards the outside of the tunnel. In order to provide maximum free space for the extractions, a special insertion
with only one pair of quadrupoles at each end of the straight section is foreseen (see sub-subsection 3.2.5). The
inside/outside orbit crossing is done by two dipoles placed optimally between the two pairs of quadrupoles. To
avoid the bunches meeting at the intersection point, a small vertical separation of the orbits will be provided. The
maximum value of the ^-functions will be about 1000 m and that of the dispersion about 3 m. The layout requires
that the protons enter the straight section in the inner of the two rings.

The horizontally-outward-deflecting extraction kickers are placed within the pairs of quadrupoles. By
choosing the downstream quadrupole to be horizontally defocusing a kick enhancement of more than 309b is
obtained. The kickers are made strong enough so that the beam clears the downstream elements after a free length
of about 350 m. No septum magnets are used. Because of the orbit crossing they would have to be placed so far
downstream that they would no longer be effective.
The insertion quadrupoles will be superconducting; the ones downstream of the kickers must have an enlarged
aperture. The relatively weak dipoles for the orbit crossing are assumed to be classical. To protect the quadrupoles
from beam losses in the dipole region due to incorrect functioning of the kickers, a number of collimators will be
installed.
Since it is foreseen to install the beam-dumping system at intersection point 3, under the Jura, where
excavations are most expensive, the extra tunnelling work must be minimized. Therefore it is proposed to place the
dump at the earliest possible position. This is about 650 m downstream of the kicker, where the extracted beam is
separated from the main ring by 3 m. This distance is considered to be the minimum in order to install the large and
heavy dump block, taking into account space for handling and adequate shielding of the machine components and
of the personnel against residual radiation. In this region, the existing tunnel will have to be enlarged to about 9 m
(see detail in Fig. 9.1). An alternative, which requires more tunnelling work, would be to place the dump 100 to
150 m further downstream in an isolated cave into which the beam enters via a separated tunnel.
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As discussed in more detail in sub-subsection 11.3.1, graphite is chosen as the main absorbing material of the
dump. It is shown there that, at the proposed position of the dump, 650 m downstream of the kicker, the
instantaneous temperature rises are still far too high and that considerable further widening of the beam is required.
Since defocusing quadrupoles are not efficient within the available length, beam-deflecting devices must be used. A
linear sweep of 500 mm at the face of the dump would be necessary to stay safely below 2000°C. Since such a sweep
would require extra aperture of the external beam line and also considerably larger dimensions of the dump, it is
preferred, following a proposal for the SSC [53], to deflect the beam so that it makes a 3-turn spiral with a
maximum radius of 50 mm. Such a spiral will be produced by a pair of kickers, one deflecting horizontally and the
other one vertically. The kickers are energized by damped sinusoidal currents of about 27 /ts period length and with
a phase difference of 90°. To have the longest lever arm these kickers are installed in the ring immediately upstream
and downstream of the main extraction kicker.
The extracted beam runs through a straight vacuum pipe, which increases in size and which ends with a
vacuum window immediately upstream of the dump.
9.2 Kicker magnets
9.2.1 Extraction kicker
The extraction kicker must produce a nominal deflection of 0.41 mrad, which at the maximum beam
momentum of 8 TeV corresponds to an integrated field of 11 T • m. The field must rise within 2 /*s and stay constant
to few per cent over 90 jts. A kicker magnet aperture of 52 mm x 52 mm is provisionally assumed.
Because of the short rise-time of the kick, ferrite is chosen as the magnetic material, operating at its maximum
field of 0.28 T. The main parameters of one single magnet are given in Table 9.1. For the total strength of 11 T • m,
ten magnets are required which occupy an overall length of about 42 m. The magnets are installed in vacuum tanks.
Table 9.1
Extraction kicker magnet parameters

Rise-time of kicker pulse

2

flS

Magnet aperture

52 x 52

mm

Peak magnetic field

0.28

T

Peak pulse current

11.8

kA

Peak magnet voltage

47

kV

Magnet inductance

5

IxH

Magnet length

3.9

m

2

A different design using tape-wound steel cores with a ceramic vacuum chamber has also been studied. Such
magnets can, in principle, work at considerably higher fields. However, the operation at higher fields and the larger
aperture due to the ceramic vacuum chamber require current levels which are uncomfortably high for the thyratrons
and the power semiconductors of the puiser. Furthermore, the maximum allowable magnet inductance is so small
that serious difficulties arise for the design of the puiser. If the steel kicker would operate at twice the field of the
ferrite kicker, although being in total only half as long, the number of single magnets (and pulsers) would be more
than the double. Some of these disadvantages would disappear if a rise-time longer than the presently assumed 2 ^s
could be tolerated.
Each magnet has its own puiser, which will be installed in the tunnel close to the magnet. A puiser as shown
schematically in Fig. 9.2 is proposed. The fast current rise is obtained by discharging capacitor Cl into the inductive
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load of the magnet by closing the thyratron switch. When the current reaches its peak value the crowbar diodes 1
and 2 start conducting and the magnet current slowly decays. To compensate for this decay, current is delivered
from the low-voltage capacitor C2 via a thyristor. Since the range of voltages across the thyratrons is limited, the
tracking with beam momentum between injection and collision is done by charging the ten pulsers successively.
9.2.2

Spiral kickers

Each of the two spiral kickers, one deflecting horizontally, the other vertically, must produce an integrated
field of about 2.1 T -m. It is proposed to use the same magnets as for the main extraction kicker. Two magnets are
required per spiral kicker, and they can be powered from one single puiser. The operating parameters are given in
Table 9.2.
Table 9.2
Spiral kicker parameters

Period length of sinusoidal current

27

/IS

Magnet aperture (height x width)

52 x 52

mm

Peak magnetic field

0.26

T

Peak pulse current

10.9

kA

Peak magnet voltage

25

kV

Kicker inductance

2 X 5.0

/iH

Kicker length

2 x 3.9

m

2

The proposed puiser is shown schematically in Fig. 9.3 [54]. It consists of a pulse capacitor C connected in
parallel to the magnets without any current-carrying switch. The oscillation starts by resonantly charging this
capacitor from capacitor CI via thyratron 1 within a short time compared to the 27 |ts period. The damped
oscillation is stopped by discharging C back into CI via thyratron 2. An important advantage of this circuit of novel
design is that it avoids heavy-duty bidirectional power switches in the main resonating circuit.
9.3

Beam dump
Graphite is chosen as the principal energy-absorbing material because of its low atomic weight and its

excellent mechanical properties which subsist at temperatures up to 2500°C. Moreover, it is easy to obtain and to
handle, and it is cheap. Other light materials, such as liquid lithium or water, have been considered, but a practical
and safe design is considerably more complicated and expensive.
The design principle and preliminary dimensions of the dump block are shown in Fig. 9.4. The cylindrical
central graphite core is surrounded by heavier materials, aluminium and cast iron successively, to obtain sufficient
shielding against residual radiation at reduced overall dimensions. The aluminium will, at the same time, be used as
the container into which the graphite is shrink-fitted. The precompression provides good thermal contact for
cooling and keeps the material in place when cracks are developing. At the upstream end, where the beam enters,
the aluminium container is sealed by a titanium window to avoid contact of the graphite with air. The heat (less
than 100 kW average in the worst case) will be taken away from the dump by edge cooling.
The development of a shower in the dump block has been calculated and the fraction of the total beam energy
absorbed in each part is also indicated in Fig. 9.4. The longitudinal distribution of the energy integrated radially
over the graphite, aluminium, and iron cylinders is given in Fig. 9.5, and the radial distribution of energy densities
at the longitudinal peak is plotted in Fig. 9.6. These curves allow the thermally-induced strains between the
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different sections to be determined. The longitudinal distribution of star density averaged over the outer 10 cm of
the iron shield is given in Fig. 9.7. This would lead to a maximum dose rate from induced activity of 500 pSv/h,
assuming a cooling period of 1 d after 30 d of irradiation by one pulse of 10 protons at 8 TeV dumped every hour.
With these results the dimensions of the dump will be further optimized. In order to shield against the very intense
residual radiation at the front face of the central absorber, the aluminium as well as the iron protrude to form an
entrance cave.
The dump, which has a total weight of about 400 t, will be subdivided into modules compatible with the
available transport and handling facilities.
14
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10.

INJECTION SYSTEM

10.1

General description
The existing 450 GeV proton synchrotron (SPS) will be used as the injector for the LHC. It can already
11

provide proton bunches containing more than 10 particles and it copes with a total number of particles exceeding
13

3 x 10 . Its typical repetition time is about 10 s, which makes it easy to provide the particles required per ring, in a
very short time.
Figure 10.1 shows the position of the SPS relative to the LEP tunnel housing the LHC. The injector of the
SPS, the 28 GeV proton synchrotron (PS) is also shown with the existing beam transfer channels linking these two
machines. A number of variants to transfer the protons from the SPS to the LHC have been studied in detail. In the
favoured variant, as shown in Fig. 10.1, the protons are extracted from the SPS in straight sections LSS5 and LSS1,
from where they are transferred to straight section 1 of the LHC. The injection points are chosen far away from the
intersection point to keep open the possibility of also installing, in this intersection, an experiment that is not too
demanding in space. In order to fill the counter-clockwise beam of the LHC the polarity of the SPS must be
reversed. To inject in the reverse direction into the SPS a new link from the PS must be provided. It is proposed, as
is also shown in Fig. 10.1, to build a junction between the existing transfer tunnels TT10 and TT60 and to inject in
LSS6.
All the other transfer variants, among them variants which avoid polarity reversal of the SPS, imply the
construction of longer transfer tunnels and are therefore considerably more expensive.
It should be mentioned that the last part of the two LEP injection transfer lines, which encroach on the space
needed for the LHC main magnets, must be modified.
10.2

Injection process
Since the ratio of the circumference of the LHC to that of the SPS is 27/7, which is approximately 4, the LHC

can be filled by four SPS pulses. Each SPS pulse consists of a bunch train which is added behind the preceding one
already circulating in the LHC (box-car stacking). The bunch train is ejected from the SPS and injected into the
LHC using fast deflecting kicker magnets. The bunch-to-bunch distance is too small for the kicker field to rise
between two bunches at this energy. It is proposed to leave an azimuthal gap of 1 jts in the SPS beam, so that the
kicker field (ejection SPS, injection LHC) can rise in this gap without disturbing the preceding bunch, and provide
full field for the first bunch to be deflected. Thus the LHC beam will have four gaps, as shown schematically in
Fig. 10.2. Since the heads of these four bunch trains are equidistant and spaced by one quarter of the LEP
circumference, collisions at all eight interaction points will occur as required. The last gap must be about 2 ps long,
leaving enough time for the beam-dump kicker field in the LHC to rise without deflecting particles. This time
interval is longer because this kicker magnet must cope with the highest energy (see Section 9). The long gap also
accommodates the fall time of the LHC injection kicker after injection of the last SPS pulse. For the other SPS
pulses, the kicker field falls in the time interval which corresponds to the still-empty position of the next pulse to be
injected.
Gaps of about 0.15 /ts must also be left for the response time of the kickers used during the transfer from the
PS to the SPS. Thus, the bunch train in the SPS will have nine small gaps in addition to the gap for the transfer
from the SPS to the LHC. These 0.15 /is wide gaps, equidistant within the bunch train, are not indicated in
Fig. 10.2.
The luminosity suffers little from these gaps in the beam, which correspond to less than 10% of the
circumference. Increasing the number of particles per bunch by only 5% would compensate the loss of these few
bunches. The gaps provide periodic pauses for the detector, which may be useful for fast tests and check of the
equipment.
The bunch spacing within a train can be adjusted over a sufficiently wide range by suitable filling of the SPS.
Only certain discrete values of bunch spacing are possible because the spacing must be a multiple of the RF in the
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LHC and the SPS. Furthermore, the choice of this multiple must be such that the PS RF system, forming the
sub-trains of the final bunch train, will operate with an integral harmonic number.
For practical reasons, it would be preferable to have the same frequency in the LHC as in LEP (352 MHz) (see
subsection 8.1). Unfortunately, this frequency would not allow for more than 540 bunches in the LHC. The nearest
optimum value is 400.8 MHz, corresponding to the harmonic number 35640 and being exactly twice the frequency
of the SPS, which operates with the harmonic number 4620. With this frequency combination a wide choice of
possible bunch spacings T is obtained, as can be seen from Fig. 10.3. The nominal value is 25 ns, which would
correspond to 3564 bunches if the LHC were filled without any gaps.
If the bunch-to-bunch distance is equal to or larger than 100 ns, the existing tuneable PS RF system can
produce the required sub-trains of bunches, which are then stacked in the SPS in box-car fashion. However, for
each bunch spacing less than 100 ns, a different, dedicated RF system operating at fixed frequency is required in the
PS. The only exception is T = 5 ns, where the existing 200 MHz system is used. Thus the value of T cannot be
changed at short notice. Each dedicated RF system would occupy one or two straight sections of the PS and,
therefore, the flexibility for changing the bunch spacings is much reduced, given the limited space in the PS.
The bunch transfers corresponding to the nominal case, T = 25 ns, are discussed in more detail. The bunch
train is formed at top energy in the PS by a dedicated RF system operating at 40.1 MHz. There, the beam is
debunched, rebunched, and each of the 84 bunches is compressed in length to fit into the 200 MHz buckets of the
SPS. After box-car stacking of 10 PS pulses in the SPS, the beam containing 2.4 x 10 protons distributed over
924 bunches (gaps ignored) is accelerated to 450 GeV and is then transferred to the LHC. This is repeated four
times. The filling process takes about 2 min per LHC ring.
x

x

x

x
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10.3 Modifications and additions to the PS
The PS complex is easily adapted to its new function as the LHC particle source. No polarity reversal is
foreseen, the protons are extracted as usual in straight section 16 towards TT10. The assumed normalized transverse
beam emittance of e = 5ir /*m is based on actual measurements. The main modification would be the addition of
dedicated RF systems in the range between 13 and 100 MHz to generate the dense bunch trains. These RF systems
would occupy one or two short straight sections. For the bigger spacings, the existing equipment can fulfil the
requirements.
10.4 Modifications and additions to the SPS
10.4.1 Polarity reversal
Operating the SPS at two polarities should not pose any fundamental problems. However, a number of
hardware modifications or additions are necessary. Whereas most of the magnetic elements, such as orbit
correction dipoles, and chromaticity and stop-band correction elements, have bipolar power supplies, the power
supplies for the main dipoles and quadrupoles must be equipped with polarity-reversal switches.
Also the RF system must be provided with new coaxial power switches. The system can already be switched in
either direction because of the operation with antiprotons, but the hardware is made for only a very limited number
of switchings and is not suitable for the frequent operation as required for LHC filling.
For the counter-clockwise beam a new beam-dumping system, with the same capacity as the existing one, of
withstanding up to 4 x 10 protons, must be installed.
13

10.4.2 Injection
Injection in the clockwise direction is done as usual in LSS1. However, as shown later, major modifications
are necessary because of the accommodation of the equipment for reverse ejection in the same straight section.
Injection in the reverse direction takes place in LSS6 along the same path as normally followed by the
antiprotons. The antiproton injection kicker, which is made for injecting single bunches with large spacing, must be
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upgraded for a shorter rise-time and a longer flat-top time. For the magnets, this can be achieved with existing
components, but for the generators new pulse-forming networks are required.
The protons are transferred from the PS to LSS6 via a new tunnel, which branches off in the very upstream
part of TTIO and which joins TT60 somewhat upstream of the target and switchyard zone (Fig. 10.1). The new
tunnel has a length of about 200 m and bends by about 120°. The dipoles, which at a beam momentum of 26 GeV/c
must provide a total integrated field of 182 T-m, are of standard design and can, as the quadrupoles, to a large
extent, be recuperated from redundant installations. In TT60, over most of the distance, the protons will pass
through the existing beam line. For this, a number of magnet power supplies must be equipped with
polarity-reversal switches.
10.4.3

Ejection

Two new ejection systems must be installed, one in LSS5, ejecting the protons in the normal sense, the other
in LSS1, operating in the reverse direction. Assuming that the UA1 detector is removed, the installation of the
ejection elements in LSS5 is straightforward. The kicker is positioned in the upstream gap of dipoles, a string of
septum magnets in the first half-period and a series of special narrow C-magnets in the second half-period of the
straight section.
The implementation of the reverse ejection in LSS1 is more difficult and not possible without seriously
affecting the existing proton-injection and beam-dumping systems. A complete rearrangement as shown in Fig. 10.4
is proposed. The extraction elements are placed in the usual order, occupying most of the first two half-periods of
the straight section. The injection septum magnets must then be squeezed between the extracted beam and the
machine orbit. The injection septum magnets must have a much thinner septum so that only 2/3 of the modules of
the injection kicker are needed. The latter can stay at the same place as before but must be turned around to let the
extracted beam pass. No space is left for the existing beam dump. This system will be displaced to LSS4, where also
the new reverse dumping system will be installed.
For both extractions existing kickers will be used. These kickers were used in the past to provide fast-extracted
beams for the experimental areas. Some modifications will be necessary to their pulse generators to improve the
flat-top ripple of the kick pulse.
The septum magnets for both extractions and the modified injection as well as a number of special dipoles
must be built. The former will be constructed following the well-proven design of the existing SPS extraction
septum magnets.
10.5

Beam transfer Unes from SPS to LEP
As shown in Fig. 10.1, two transfer lines must be built to transfer the protons from the SPS to the LHC, one

starting in LSS5, the other in LSS1, and both ending in LHC straight section 1. Because of the relative positions of
the SPS and LEP, the two beam lines are not symmetric. Their overall lengths are 800 and 1000 m and their total
required deflection 70° and 58 °, respectively. The geometry is chosen such that each beam line is composed of
straight lines and curved parts of always the same bending radius of 400 m. This radius is the largest possible to join
LSS5 with the injection point in straight section 1. The relatively small bending radius implies that, at a transfer
momentum of 450 GeV/c, superconducting dipoles must be used. Assuming a FODO structure with a period length
of 50 m, the longest possible to obtain sufficient overall phase advance for dispersion matching, a dipole field of at
least 5.1 T will be necessary. To gain in length and for practical reasons, the regular quadrupoles and the necessary
correction elements are also assumed to be superconducting. The quadrupoles of the straight parts, which also serve
for optical matching and therefore require individual powering, as well as a number of special magnets at the
interfaces with the ejection and injection channels, will be classical. The vertical deflection, necessary to overcome
the difference in height between the SPS and the LEP tunnels, of more than 40 m, is provided by tilting the
superconducting main transfer dipoles. The resulting maximum slope of the tunnels will be 10%.
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Concerning the construction of the superconducting beam-transfer magnets, the same techniques as
developed for HERA at DESY will be used because of their very similar field levels. An adaptation of the cryogenic
part will be necessary because of the slope of the tunnel.
The excavation of the transfer tunnels will be done starting from vertical pits, positioned optimally along the
beam lines. At the junction the LEP tunnel must be enlarged to about the double of its diameter. The junction with
the SPS tunnel will be made via small-diameter beam holes.
10.6

Injection into the LHC
10.6.1 Layout
Injection into the LHC takes place in straight section 1. In order to keep open the possibility of also installing

an experiment, the beams must be injected at the extreme ends of the straight section. The proposed layout, entirely
symmetric for the two injections, is shown in Fig. 10.5. The beams are approaching the LHC from the inside. After
deflection by a series of special bending magnets, necessary to join up with the transfer lines, the beams are
deposited on their orbit by horizontally-deflecting steel septum magnets and vertically-upwards-deflecting kickers.
The beam direction in the inner and outer of the two LHC rings is chosen consistently with the beam-dumping
system installed in straight section 3. The strength and the exact position of the septum magnets and the kickers are
determined by the free length between the outer quadrupoles and the orbit recombination dipoles of the insertion
(see sub-subsection 3.2.6). This length is assumed to be about 120 m, although no final optics design has yet been
made. In order to be able to protect efficiently the superconducting low-|8 focusing triplet from injection errors by
collimators and to adjust the injection trajectory, the kickers are placed about 40 m upstream of the recombination
dipoles. These latter dipoles are classical magnets.
10.6.2 Kicker magnets
Because of the short available free length the injection kicker must be relatively strong. Its nominal deflection
is assumed to be 1.2 mrad, corresponding to an integrated field of 1.8 T-m at 450 GeV/c beam momentum. As
discussed earlier (subsection 10.2) the rise-time must be less than 1 /ts, the flat-top duration 22 /is, and the fall-time
3

less than 2 /is. The relative flat-top ripple must be less than a few times 10" to avoid emittance blowup of the
injected beam.
A design very similar to the existing kickers for the extraction from the SPS is chosen. Each injection kicker
consists of four magnets powered by their own pulse-forming network. The magnets are made of several cells of
C-shaped ferrite cores, matched to the impedance of the pulse-forming network with capacitors, placed outside the
vacuum tank. The main parameters are given in Table 10.1.
Table 10.1
Injection kicker magnet parameters

Rise-time

1

lis

Flat-top time

22

/IS

Fall-time

< 2

IIS

Magnet aperture

52 x 52 mm

Impedance

5

Q

Peak charging voltage

60

kV

Peak current

6

kA

Peak magnetic field

0.145

T

Magnet length

3.2

m

2
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10.6.3 Steel septum magnets
These magnets must provide a nominal deflection of 7.5 mrad, corresponding to 11.3 T-m. It is proposed to
use three 4 m long units, operating at a field slightly below 1 T. The cross-section is shown in Fig. 10.6. A gap of
35 mm is assumed. The circulating beams pass unaffected through two 180 mm distant holes in the lower part of the
yoke. A construction with laminated cores is foreseen.
Upstream of the steel septum magnets, where the beam is already close to the machine orbit, three special 4 m
long laminated C-magnets are required. The design of these magnets assumes a minimum beam separation of
120 mm. The gap height is 35 mm and the operating field 1.2 T.
10.7 Injection for ep mode
The SPS will first fill the LHC with protons and then, during the 20 min long ramping of the LHC, supply
electrons to LEP. In order to avoid destructive beam-beam effects, the electron beam is separated from the proton
beam in the ep interaction point by a local vertical orbit bump provided by either the vertical bending magnets or
small vertical correctors in the ep insertion. The bunch spacing in the LHC beam would allow for 540 bunches, but
the kicker rise-times (subsection 10.2) impose gaps reducing their number to 510. The bunch intensity is 3 x 10 .
Four trains are injected from the SPS as for pp collisions: three trains of about 129 bunches and one train of
about 123 bunches. The bucket spacing in the SPS would allow for 140 bunches if no gaps had to be left.
The PS with the present injection and RF systems cannot produce pieces of this bunch train with the required
spacing. Hence, it must accelerate each bunch separately to 26 GeV/c and the SPS must wait at this energy until all
129 bunches are injected. Since a PS cycle is 2.4 s long, the SPS filling takes 5 min. Adding 9.6 s for acceleration to
450 GeV/c and transfer to the LHC of each bunch train yields a total LHC filling time of 21 min. The fall time of
the SPS injection kicker of about 0.7 us requires that successively arriving bunches are deposited in the SPS one
behind the other.
11
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The total number of particles per SPS train is 3.9 x 10 . The SPS RF system can easily cope with the beam
loading owing to this high average current that is only 11% higher than the maximum achieved, when 3.5 x 10
particles in 4620 bunches were accelerated. Single-bunch and multi-bunch effects are governed by the peak current,
which is a factor of 2 above the value occurring during the present pp operation. If it is required, the Landau
damping can be increased by the higher-harmonic cavity already installed in the SPS. If this is not sufficient,
feedback systems can be added to provide further damping.
During ramping of the LHC to full energy, which takes 20 min, the electrons are injected into LEP. The ratio
of the required maximum bunch intensity of 8.2 x 10 in each of the 510 bunches to the nominal intensity per
electron bunch (8 x 10 ) in the SPS shows that the number of SPS bunches to be accumulated per LEP collecting
bucket is 10/r/, where rj < 1 is the efficiency of injection and accumulation. Since the SPS operating in dedicated
mode can provide eight electron bunches every 1.2 s, the total filling time is 13/JJ min. Given the ramping rate of
LEP (0.5 GeV/s), it will take in addition 1 min to accelerate the beam to 50 GeV. In order to accommodate LEP
filling and ramping in the LHC ramping time, ij has to be better than 70%. If LEP operates at an energy higher
than 50 GeV, the injection time decreases strongly because the required electron current drops with E owing
to the limited RF power in LEP.
13
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9

- 4

The present LEP injection kicker (rise-/fall-time 3.2/7 jts) can be used. The number of kicks that an already
stored bunch will suffer, mainly owing to the duration of the kick being much longer than the bunch-to-bunch
distance of 0.17 /is, is about the same as during a normal LEP injection. Since an injection efficiency of 30% is
expected even for the initial operation of LEP, it is very likely that later during LHC injection an efficiency of 70%
can be obtained. It is also probable that the SPS will be able to accelerate more intense electron beams by that time,
which will also contribute to shortening the filling time.
Once LEP is operating, tests can be conducted to verify this assumption. If they reveal an insufficient
efficiency, a new kicker with a rise-time and fall-time of 0.17 /ts could be built for LEP, providing virtually loss-free
injection.

56
11.

RADIATION PROTECTION CONSIDERATIONS

11.1

Introduction
The present section assesses the radiological consequences arising from the installation of an 8 TeV pp collider

(LHC) in the LEP tunnel. The radiological impact on the local environment was considered in a earlier report [55].
It was shown that only a very small increase could be expected over and above the very small levels from LEP
exploitation. In a subsequent report [56] consideration was given to radiation problems which might involve
exposure of CERN staff, together with implications for machine operation and the choice of materials and
components. The estimates and calculations given here are based on these reports, updated by new LHC
performance data when necessary.
All radiation exposures of personnel must be planned such that they are within the CERN reference levels,
which are about one third of the legal dose limits in the two Host States [57]. Operation and maintenance of the
machine must be planned so as to remain within these limits. It is assumed here that 5 mSv for a full-beam loss and
10 mSv/a for maintenance operation should not be exceeded.
14

Most predictions in this section are based on a beam intensity in one of the rings of 10 protons at 8 TeV. In
33

the interaction regions the luminosity is taken to be 1.5 x 10 c m

- 2

s~ '. Since these numbers may, and probably

will, change as the LHC project advances, conclusions drawn in this section must not be regarded as final design
figures.
11.2 Prompt radiation
11.2.1 Hadron shielding of an accidental full-beam loss
It was shown [58] that the radial variation of the longitudinal maxima of the star density in an end stop struck
by high-energy protons could be represented by the formula
2

H = (*/r )exp(-r- /X),

(11.1)

e

where H is the dose equivalent in sievert per incident primary proton at a radius r, * is a source term, Q the density
of the material, and X the absorption mean free path. It was found that the apparent absorption mean free path was
independent of primary proton energy in the range 10 GeV to 10 TeV. The values of X for concrete and iron are
2

1330 and 1640 kg/m , respectively. The energy dependence of * can be described by a simple power law of the form
8

* = ¥oEg- ,

(11.2)

where the constant ¥o is independent of target material and has the value
, 5

*o = 6.9 + 0.1 x 1 0 " ,

(11.3)

where H is to be expressed in sievert, r is measured in metres, and E is in GeV.
p

Replacing the r in the exponential term of Eq. (11.1) by x, the shield thickness, allows one to estimate the dose
equivalent in a target-in-tunnel geometry, where the target is sufficiently large to develop the cascade but provides
no lateral shielding.
This situation is the most relevant for calculating the dose equivalent to be expected from an accidental full14

beam loss. For the loss of 10 protons at 8 TeV and assuming an internal machine tunnel radius of 2 m, a shield
)

thickness of 4.5 m of concrete would be required to reach a dose equivalent of 5 mSv* . For an internal radius of

*) In order to better understand the flexibility of these shield estimations, the same calculations suggest that a reduction in shield
thickness by 1 m brings approximately a tenfold increase in dose equivalent.
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10 m, corresponding more closely to the size of an experimental area around a collision point, a shield thickness of
3.8 m of concrete is necessary. Extrapolation of shielding measurements at energies up to 800 GeV [59] leads to
almost identical shielding requirements.
This same shielding would give rise to a dose rate of 10 ftSv/h if the proton loss per hour were to be the
following fractions of the circulating beam: 2%o at 8 TeV, 1% at 1 TeV, and 2% at 450 GeV.
11.2.2 Hadron shielding of the intersection regions
Collisions of 10 x 10 TeV protons have been generated using the program PYTHIA, and a simulation of the
transport of secondary particles from these collisions through a concrete shield was made, using the program
FLUKA. At 90° to the beam, and assuming a 10 m internal shield radius, a concrete thickness of at least 3 m would
be required to maintain levels at less than 10 /iS\/h. This is less than the specification for an accidental full-beam
loss given in the previous section, which is thus predominant.
11.2.3 Muon shielding of the intersection regions
Pions and kaons from the collisions generated by the PYTHIA program were allowed to decay into muons in
the 10 m between the collision point and the shield wall. The mean dose rate would be reduced to less than 10 /iSv/h
by 2 m of concrete. Initial calculations suggest that muons from charmed D and B decays and those from direct
photon pair production will give a lower contribution than that from pion and kaon decay. Again the hadron shield
required for an accidental full-beam loss predominates.
11.2.4

Scattered radiation

Some components of the secondary radiation coming through an intersection-region shield, for example
neutrons of up to a few MeV energy, could diffuse to the surface by scattering in the access shafts. The attenuation
provided by the access shaft is identical to that estimated for electron-positron operation in LEP, i.e. an
3

2

attenuation factor of 5 x 10" given by the shaft and 10~ given by diffusion of neutrons at the surface (50 m to
5

the nearest fence). The estimated overall attenuation factor becomes 5 x 10" . The dose equivalent at the site
boundary due to a catastrophic loss would then be 250 nSv.
For 3500 h of operation, the yearly dose equivalent at the nearest fence can be calculated on the basis of the
following values:
Dose rate at the bottom of the shafts

< 0.1 mSv/h

Dose rate at the surface entrance to the shafts

< 0.5 /iSv/h

Dose rate at the nearest fence

< 5 nSv/h

Yearly dose at the fence

20 ^Sv

Since the dose rates at the surface are much smaller than the average natural background (850 /tSv/a), scattered
radiation can be neglected.
11.2.5

Muon-dump shielding

The profile of the ground surface has been carefully examined in order to find possible areas (near tangential
lines to the ring) which could be reached by muons. The shortest tangential distance to the surface from a LEP long
straight section is 6 km, and the shortest distance perpendicular to such a tangent is 30-35 m. Muons of 10 TeV will
have zero survival probability after 5 km of rock. Since a normal biological shield for muons has a length
corresponding to the range of a muon whose energy is about two thirds that of the primary proton, it will be seen
that no muons are expected to reach the surface of the ground near the accelerator in the forward direction.
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Preliminary calculations have shown that the lateral shielding is also more than sufficient to prevent muons
reaching the surface.
11.2.6 Environmental 'exclusion' zones
Even though the natural shielding around the LEP tunnel is more than sufficient to reduce the effects of beam
dumping in either the abort dumps (intentionally) or magnet system (accidentally) to insignificant levels at the
ground surface, nevertheless an exclusion zone may have to be defined around the LEP tunnel and downstream of
the abort dumps within which human activities (e.g. mining) must be forbidden. Around the tunnel, a primary
shield cylinder can be defined by considering the amount of molasse required to bring the neutron dose equivalent
to an acceptable level from accidental full-beam losses, assumed to occur once a year. An appropriate level could be
500 /*Sv, or one-tenth of the annual dose limit for a member of the population. Since the long-term future of the
installation is being considered it would be prudent to assume a higher proton intensity than is currently envisaged
14

(namely 5 x 10 protons). These considerations lead to a molasse thickness requirement slightly exceeding 7 m.
Another consideration comes from the muon 'tail' originating from such a loss which, since it can occur
anywhere around the ring, sweeps an annulus given by a tangent length of 600 m around the outside of the ring. The
width of this annulus is thus 40 m.
The volume of rock around the ring which might have to be under CERN's control is illustrated in Fig. 11.1.
Downstream of the abort dumps, cylinders of rock must be defined with the proton beams as their axes.
17

Based on dumping 5 x 10 protons per year in each dump, these cylinders would have a diameter of 15-20 m and a
length of some 3.5 km.
It should be noted that the definition of these exclusion zones is based on the work done at Fermilab [60]
which was used for a similar purpose in the specification of the primary shield for the SSC.
11.3

Radiation heating
11.3.1 The beam dump
Calculations of the energy deposition by 10 TeV protons have been made for a number of light materials, but

because of practical difficulties in using liquid lithium and water as dump materials and of the unacceptably high
values of energy deposition in aluminium, graphite was the only material retained for further study. Recently the
energy deposition calculations in graphite for beams of different diameters using the cascade codes of CERN
(FLUKA), Fermilab (CASIM) and Serpukhov (MARS) have been intercompared, and agreement on the peak
energy deposition to better than 10% obtained.
A FLUKA calculation for a pencil beam of 8 TeV protons gave the radial energy distribution shown in
Fig. 11.2 at the peak of the radially integrated energy distribution (depth 1.6-2.6 m). By folding Gaussian beams of
different radial sigmas with this distribution the variation of peak energy density with beam radius could be
determined; this is shown in Fig. 11.3. A separate FLUKA calculation was made for a beam of 0.4 mm radial
sigma, where the beam distribution was folded in at the start of the cascade calculation. The agreement between the
two calculational procedures is evident. It appears prudent to design the abort system so that the maximum
adiabatic temperature rise in graphite does not exceed 2000 °C. The average specific heat of graphite over this
14

temperature interval is taken to be 18 J/(mol-°C). For 10 protons this leads to a maximum tolerable energy
3

deposition density of 0.33 GeV/cm per proton, a value exceeded by all beams considered.
Since near the beginning of the cascade the secondary particles created are essentially collinear with the
incident particle, energy deposition can be determined by assuming that the cascade acts as a single particle of
2

dE/dx = 1 8 MeV • g~ ' • cm" . This means that close to the entry point the radius of the beam must be no less than
1.7 mm.
Both the peak and the entry energy deposition considerations lead to a requirement for significant geometrical
dilution of the beam from an r.m.s. beam radius of 0.4 mm to at least 15-20 mm before it strikes the beam dump
(see subsection 9.1).
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11.3.2 Beam losses in LHC magnets
In order to estimate the magnitude of tolerable beam losses in the superconducting magnets, FLUKA
calculations were made simulating the loss of pencil beams into the vacuum chamber on the horizontal axis at
injection energies and at 8 TeV. The incident grazing angle was 7 mrad. In the first series of calculations [55] the
deposited energy was scored in 6 mm x 6 mm x 20 cm bins at different depths into the magnet. At proton energies
3

of 10 TeV the maximum energy deposition density was 50 GeV/cm . In a later series of calculations, also at 10 TeV,
3

with bins of 1 mm x 1 mm x 10 cm, the peak-energy-deposition density was 3000-5000 GeV/cm ; this illustrates
the importance of defining the critical volume in a superconducting cable within which the energy deposited by
2

ionization may turn the conductor normal. Since in the present design of coils the strands ( = 2 x 2 mm ) are
symmetrically disposed above and below the horizontal plane, a bin height of 4 mm was selected. The minimum
horizontal bin size was taken to be one-tenth of the width of a cable (1.7 mm), but the energy deposited was also
scored in two bins of 17 mm width, equivalent to the inner and outer coils. A bin length of 10 cm was chosen after
the experience from the previous calculations concerning the longitudinal development of the cascade.
The peak energy densities at different radial depths in the coil in the 1.7 mm wide bins and the averages over
the inner and outer coils are given in Tables 11.1 and 11.2 for 8 TeV protons and 500 GeV protons, respectively.
The longitudinal FWHM of the distribution of deposited energy is also given in these tables. These distances enable
tolerable proton losses per unit orbit length to be estimated for distributed rather than point losses. It will be seen
that, as expected, the peak energy densities lie in between the values found in the initial FLUKA calculations for
larger and smaller bin sizes. The longitudinal distributions in the inner coils are also illustrated in Figs. 11.4 and
11.5 for 8 TeV and 500 GeV protons, respectively.
A discussion of the energy deposition in the dipoles is given in sub-subsection 5.2.3.
Table 11.1

Table 11.2

Energy deposition in superconducting coils

Energy deposition in superconducting coils

for 8 TeV protons

for 500 GeV protons

Radial bin

Peak energy

position

density

(mm)

(GeV/cm )

3

FWHM
(m)

Radial bin

Peak energy

position

density

(mm)

(GeV/cm )

0- 1.7

3

12

FWHM
(m)
0.40

0- 1.7

700

0.20

1.7- 3.4

300

0.45

1.7- 3.4

4.5

0.55

3.4- 5.1

100

0.60

3.4- 5.1

2.3

0.65

5.1- 6.8

30

0.65

5.1- 6.8

1.2

0.69

0.70

6.8- 8.5

0.7

0.72

6.8- 8.5

15

8.5-10.2

7.5

0.72

8.5-10.2

0.45

0.75

10.2-11.9

4.5

0.73

10.2-11.9

0.30

0.78

11.9-13.6

2.7

0.75

11.9-13.6

0.22

0.80

13.6-15.3

1.9

0.75

13.6-15.3

0.17

0.82

15.3-17.0

1.4

0.75

15.3-17.0

0.13

0.83

0-17.0

80.0

0.50

2.3

0.50

0.8

1.00

0.6

0.80

17.0-34

0-17.0
17.0-34
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Another problem, apart from quenching, is the total heat input into the superconducting magnets from losses
which are too low to quench the coil; these losses come either directly or via beam-gas scattering in a region of bad
5

vacuum. For a loss of 10 protons per second at full energy (corresponding to a gas pocket of 1 0

- 8

Torr over 5 m)

the maximum power input into the magnet would be 20 mW/m.
The heat load of the synchrotron radiation from electrons and positrons in LEP on the cryogenic system of
the LHC has not yet been considered in detail, but preliminary estimates suggest that this load is tolerable.
11.3.3 Heating by beam-beam interactions
33

2

Assuming a luminosity of 1.5 x 10 c m " s" ', the power dissipated in one intersection region will be nearly
400 W. Most of this is contained within forward cones of 5°. Thus superconducting elements close to the detectors
in the forward direction must be protected from the heat load.
Calculations have also been made of the power absorbed in typical vacuum chambers within the detectors
themselves. For 500 pan thick vacuum chambers of internal radius 1.5 cm, the power absorbed is less than
40 mW/m for a carbon-fibre vacuum tube, 30 mW/m for beryllium, and 500 mW/m for copper. The first two
materials would appear to be acceptable from this point of view.
11.4

Induced radioactivity
11.4.1

Global radioactivity estimates

The quantity of radioactivity in an accelerator structure is related to the total number of inelastic interactions
which can be produced by a high-energy proton. About one half of all interactions give rise to a radioactive isotope
with a half-life between a few minutes and a few years. The saturation activity of these isotopes was estimated from
14

calculations using the Monte Carlo hadron-cascade program FLUKA assuming that 2 x 10 protons are lost every
3 h. The results are given in Table 11.3.
17

Assuming that the number of protons lost per year in all operation modes is 3.5 x 10 , the long-term
saturation activity could be as high as 40 TBq, mostly concentrated in the areas around the dumps. This is about
one fifth of that calculated for the SPS and several orders of magnitude larger than that for LEP.
Table 11.3
Estimated total induced radioactivity from LHC operation
17

(total losses 2 x 10 protons in 3000 h of colliding-beam operation)

Proton energy

Total activity

(TeV)

(TBq)

0.45

4.6

1

11.4.2

8.8

5

36

10
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Remanent activity in the accelerator structure
13

On the assumption that injection/acceleration losses of 3 x 10 protons per hour at 5 TeV during machine
tests are distributed uniformly over the 27 km of ring magnets (assumed to have 15 cm radius) the remanent dose
rate due to induced activity would be 250 pSv/h. A continuous point-like loss of the order of l%o of the machine test
loss rate would lead to dose rates of 5 mSv/h.
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In subsection 9.3 estimates are given of dose rates to be expected in the dump region. In the case of necessary
maintenance work in this region quick connections and other dose-saving provisions have to be foreseen.
11.4.3 Radioactivity in soil, rock, and ground water
Most of the radioactivity produced will be contained in the magnets, dumps, and other parts of the
accelerator structure. Estimates of the fraction of interactions occurring in the shielding surrounding an accelerator
vary between 5 and 30%; it is assumed here that this fraction is 10%.
The rate of production also has some influence on the final level of radioactivity. For the structure, soil, rock,
and ground water, long-lived isotopes are the most important and so the overall annual loss rate of protons is
18

relevant. This is taken to be 2 x 10 TeV/a with 0.7 GeV required to produce a star. The star production rate in
12

soil, rock, etc., is thus 4.4 x 10 s" \
The main radiological impact of activity created in soil, rock, and ground water is given by those
radionuclides which can be leached out of the surrounding shield by ground water. These isotopes, in order of
22

3

7

45

M

importance are Na, H , Be, Ca, and M n . The latter three isotopes are unlikely to be a source of
7

contamination in any drinking water supply since Be is strongly re-absorbed by soil and rock, and the migration of
45

54

C a and Mn is very slow and they should decay before travelling any appreciable distance. It has been suggested
22

that 0.011 atoms of N a are produced per inelastic interaction (star), of which 20% can be leached out of typical
3

rock or soil. For H , 0.05 atoms are produced per star and the teachable fraction is taken to be 1.
12

9

With 4.4 x 10 stars per second produced in rock and soil the leaching rate is calculated to be 9.7 x 10 and
11

22

3

22

2.2 x 10 atoms per second of N a and H , respectively. This results in the leaching of 2.6 GBq of N a and
3

12 GBq of H from the soil and rock per year. If it is assumed that the above activity is diluted in a normal rainfall
2

7

3

of 1 m over 10 km of ground surface (volume of water 10 m ) the concentrations of radioactivity in water leached
3

22

3

out of the soil are 0.26 and 1.2 kBq/m of N a and H , respectively. These quantities, even though considerably
higher than for LEP operation, are still very small compared with the concentration limits in drinking water.
11.4.4 Radioactivity released by water
The fraction of the total number of interactions occurring in cooling water passing through various
accelerator components of the SPS was found to be less than 0.4%, similar to the 0.5% found for cooling water in a
target station. Even using the conservative value of 2%, it was shown [55] that assessing the radiological impact of
the isotope production via a simple pathway for the release of activity and possible incorporation into the human
body would give rise to extremely low dose-equivalent values connected with an accidental water release. The
13

U

7

3

following isotopes have been considered: N , C , Be, and H . Any external influence is extremely small and can
be disregarded.
11.4.5

Radioactivity released by air
n

If the number of stars per second created in the air of the LHC tunnel is assumed to be 3.2 x 1 0 , the
calculated specific activities at the air outlet which are given in Table 11.4.
The final column of Table 11.4 gives the reference concentrations of these isotopes in air taken from the Swiss
Legislation [61]. Exposure to these reference concentrations for 2000 h would give rise to the equivalent of 50 mSv
of external radiation.
The above outlet concentrations can be divided by 300 in order to obtain the highest concentration that could
exist over a period of 3 min in the air at ground level outside the fenced CERN sites. CERN policy requires that the
4

mean annual concentration at any point accessible to the public should not exceed 9 x 10" of the values given in
the final column of Table 11.4. Thus the environmental impact of gaseous releases can be assessed by summing the
ratios of the figures in columns 3 and 4 of Table 11.4 modified by the above factors. The value of 9 thus obtained
indicates by how much the instantaneous concentration could exceed the CERN reference concentration averaged
over the whole year.
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Table 11.4
Total activity and concentration of radioactivity
in the air of the LHC tunnel

Decay constant \

Radionuclide

3

C values '
a

chimney
3

1

(s" )
13

Concentration at
(Bq/m )

(Bq/m )

3

1.2 x 10~

3

2.3 X 10"

7.4 x 10"

o
"c

5.6 x 10"

3

2.1 x 10"

7.4 x 10"

5.7 x 10""

4.9 x 10"

1.1 X 10

7

1.5 x 1 0

N

15

3

Be

41

29

3.7 x 10"

9

1

3.7 x 10

1.1 x 10""

Ar

14

- 7

1.8 x 10~

H

3.8 x 1 0 "

C

5

12

1.0 x 10

5

7.4 X 10"

5

3.7 x 10

2
Total = 2 x 10

3

5

a) FromRef. [61].
However, various factors will reduce this impact. Firstly, the concentration has been calculated for machine
tests for 500 h: collider operation for 3000 h will give concentrations of a factor of 5 less; also the accelerator will
only operate for 3500 h, giving a down time > 5000 h. Thus the activity averaged over a year will be a factor of
8 lower than the machine test rate. Secondly the environmental conditions chosen represent those which maximize
the ground-level concentrations. Even normal wind direction variations in a 12 h period will reduce the above
concentrations by a factor of 3.5.
11.4.6

Tritium production in helium

Beam losses on the vacuum chamber will cause a hadron cascade to develop in the magnet structure; some of
the inelastic events of the cascade will occur in the helium, causing the formation of tritium and other hydrogen
isotopes. It will be assumed that the majority of inelastic events occur inside a hollow iron cylinder of 15 cm outer
diameter and 4 cm inner diameter. The cooling capacity required means that there will be about 2 kg of helium per
metre of magnet length in the cryostat. Assuming that this helium is distributed uniformly throughout the steel
26

26

cylinder, then there will be 3 X 10 atoms of helium compared to 13 x 10 atoms of iron per metre. From the
ratios of the approximate cross-sections, it can be shown that for each inelastic interaction in iron there will be 0.01
interactions in helium giving rise to a tritium nucleus.
13

There are 3.8 x 10 stars per second occurring in the accelerator structure averaged over a calendar year.
19

Assuming that all of this is contained in the magnets, then for 3500 h of operation there will be 1.2 x 10 atoms or
21 GBq of tritium produced per year. This is some seven times higher than the annual limit of tritiated water intake
5

3

for a single man [62] and if mixed with the total volume of air ~ 2.7 x 10 m in the accelerator tunnel would give
3

a concentration of 79 kBq/m . Using the same arguments as in the previous section, venting of this into the open
atmosphere would give rise to instantaneous concentrations of not more than 0.8 times the CERN reference
3

concentration of H .
11.5

Radiation damage and radiation-produced noxious compounds
For the purpose of keeping radiation heating in the superconducting magnets low, the proton beam losses and

consequently the dose to materials and components must be small. If this is the case, the restriction of material
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selection for the LHC clearly depends on the frequency and energy of operation of the LEP machine, which is a
strong source of synchrotron radiation, rather than on the operation of the LHC. As regards the energy of LEP the
damage to the radiation-sensitive items must be considered negligible for the 50 GeV stage, moderate for the
86 GeV stage, and severe for the 100 GeV stage [56]. Hence the installation of highly radiation-sensitive items, such
as electronics and optical-fibre cables, is not recommended for the LHC.
The dump area specially built for the LHC has to be considered as a high-radiation area where only highly
radiation-resistant materials, mainly inorganic, should be used, as is the case in the target and dump areas of the
existing CERN proton machines.
Ionization and excitation of molecules of the air in the tunnel by the loss of protons will induce chemical
n

reactions giving ozone and various oxides of nitrogen. The 3.2 x 1 0 star production rate in air during machine
3

tests would indicate a rate of energy deposition of 4.2 GeV/s or 2.5 x 10" W/m. The energy deposition in air
from the synchrotron radiation of LEP operating at 100 GeV will be 0.34 W/m [63]. It was shown that this gives
rise to an insignificant effect on the environment [64]; the LHC will have even less effect.
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APPENDIX 1
LIST OF LHC PARAMETERS
LHCpp

PERFORMANCE

Number of bunches

3564

Bunch spacing (ns)

25

Number of interaction points (IP)

4
1

0 value at interaction points [/3*] (m)
z

Normalized emittance [4Trya /p*] Otm)

5ir

r.m.s. beam radius [a] (jim)

12.11

Full bunch length [4a ] (m)

0.31

Full crossing angle 0*rad)

96

Maximum energy (TeV)

8.0

s

Circulating current (mA)

164.3

Particles per bunch

2.56 x 10

10

Beam-beam tune shift

2.5 x 10"

3

Stored beam energy (MJ)

116.88
1.42 x 10

33

Luminosity per collision (cm~ )

3.55 x 10

25

<n)at£ = 100mb

3.55

-2

Luminosity ( c m s~ ')
2

LHC-LEP ep

PERFORMANCE

Insertion

Shifted quads

Dipole in IP

Type

±3.5 m free

± 10 m free

2.69 x 10

-2

Luminosity (cm s~ ')

32

2.06 x 10

Parameters for protons (LHC)
3.0 x 1 0

Particles per bunch
1

Normalized emittance [Awycr /^] (jam)

n

3.0 x 1 0

20TT

20TT

Vertical /3 value at IP (m)

2.8

2.8

Horizontal /3 value at IP (m)

45.3

45.3

Number of bunches

540

540

Phase advance

TT/2

7.72

Proton energy (TeV)

8.0

8.0

Beam-beam tune shift

0.0033

0.0033

u

32
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Parameters for electrons (LEP)
Particles per bunch

8.2 x 10

Horizontal emittance [iroii/f}] (nm)

26.5ir

10

8.2 x 10
28.5ir

Vertical emittance [irof//3] (nm)

3.4TT

3.4*-

Vertical /3 value at IP (m)

0.20

0.24

Horizontal /3 value at IP (m)

0.64

0.97

Number of bunches

540

540

Phase advance

ir/3

TT/3

Electron energy (GeV)

50

50

Beam-beam tune shift

0.04

0.04

TYPICAL LHC

PERIODS

Cell length (m)

99.9592

Bending angle (mrad)

28.612

Phase advance

x/2

Number of quadrupoles

2

Effective quadrupole length (m)

3.08

Number of dipoles

8

Effective dipole length (m)

9.54

Maximum /3 value (m)

169.4

Minimum 0 value (m)

29.5

Maximum dispersion (m)

1.933

Minimum dispersion (m)

0.932

Bending radius (m)

2668.5

Energy (GeV)

450

8000

Vertical beam radius [4cr] (mm)

2.66

0.63

Horizontal beam radius [4a + Dôb] (mm)

5.08

1.20

LHC

MAGNETS

Maximum dipole field (T)

10

Maximum quadrupole gradient (T/m)

250

Effective gap between dipoles (m)

1.11

Effective gap between dipoles and quadrupoles (m)

1.09

Horizontal dipole corrector strength (T • m)

1.5

Vertical dipole corrector strength (T • m)

1.5

Maximum SF sextupole strength (T/m)

1000

Maximum SD sextupole strength (T/m)

4000

Ramping time (min)

20

Beam pipe width (mm)

41

Beam pipe height (mm)

31

Coil inner diameter (mm)

50

Horizontal separation between orbits (mm)

180

10
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PARAMETERS

OF THE LHC RF SYSTEM

Harmonic number

35640

Frequency (MHz)

400.8

Momentum compaction

3.035 x 1 0

Energy (GeV)

450

8000

Bunch area (eV • s)

1.0

2.5

Bucket area (e V • s)

1.79

7.5

Circumferential voltage (MV)

11.85

11.85

Synchrotron tune

6.68 X 10"

Synchrotron frequency (Hz)

75.181

SYNCHROTRON

3

1.6 X
18.0

1.25 x 10"

Bucket half height [Sb]

- 4

3

2.95 x

RADIA TION LHC pp
8.000

Beam energy (TeV)
Energy loss per turn (keV)

11.95

Critical photon energy (eV)

68.8

Circulating current (mA)

164.3

Total power for two beams (kW)

3.93

Power per unit length for two beams (mW/m)

234

Transverse emittance damping time (h)

16.5

INTRABEAM

SCA TTERING LHC pp
10

Particles per bunch

2.56 x 10

Energy (GeV)

450

8000

Horizontal emittance growth time (h)

21.2

43.5

Longitudinal emittance growth time (h)

47.6

59.0
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Fig. 2.1 Luminosity, electron beam current and energy in the centre of mass as a function of electron beam
energy in the ep option for the insertion with ± 3.5 m free space for the detector
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Fig. 3.3 Layout of elements around the ep interaction point; free space = ±3.5 m
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5.1 Layout of standard half-cell of the lattice. D: dipole magnets, Q: quadrupole, TQ: tuning quadrupoles, S + DC: combined sextupole and dipole corrector.
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Fig. 5.4 Regular LEP tunnel cross-section with an LHC dipole cryostat above LEP
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Fig. 5.7 Magnet flux lines in the dipole magnet
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Fig. 5.10 Cross-section of a quadrupole
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Fig. 7.4 Number of protons per bunch required to obtain self-clearing of beam as a function of the number of bunches and for different initial positions
of the electrons. The self-clearing region is on the left of the diagonal lines n = rb and ri = 0. ln>.
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Fig. 9.1 Schematic layout of main elements of the beam dumping system:
EK: extraction kicker, SK: spiral kicker, D: orbit crossing dipole, Detail: cross-section through the tunnel at the
position of the beam dump.
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Fig. 9.7

Star density per incident proton in the outer iron layer of the beam dump
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Fig. 10.1 Beam transfer through the injector chain

2nR/c

2 2 MS

1MS

2 MS

Fig. 10.2 Beam disposition in the LHC. Small gaps for rise time of SPS ejection kicker and LHC injection kicker.
Large gap for rise time of LHC beam-dump kicker and fall time of LHC injection kicker after injection of last SPS
pulse.
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1000ns

Fig. 10.3 Possible bunch spacings T (ns) in LHC; thick lines: transfer of bunch trains PS -» SPS; dashed lines:
transfer of individual bunches PS -»• SPS. The number of bunches in the LHC is indicated at the top of the
diagram.
x

Fig. 10.4 Schematic layout of injection and ejection elements in SPS LSS6; IK: injection kicker; IS: injection
septum magnets; EK: ejection kicker; ES: ejection septum magnets; ED: special ejection dipole.
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Fig. 10.5 Schematic layout of LHC injection elements; K: kicker; S: steel septum magnets; D: special dipoles;
C: collimator.
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Fig. 10.6 Cross-section of laminated steel septum magnet for LHC injection
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Fig. 11.1 Indication of a possible environmental exclusion zone

1 1 1 III

10'

OJ

cz
o
"o 10
o.

1

.

.

i

i

|

8 TeV
Graphite

1 1 1 1 Nil

m2

1

•

ai

a.

U

10

•

•

r

llll 1 1 1 1 1

cz
OJ
TD

>^
cn

i n i | i i—r™

>

1

1

1

J-

•

-_

CD

1

S 10-

-^

ro
<u
Q.

i i | uirj"

t_

-_
"

-2

5
Radius in mm

10

Fig. 11.2 Radial energy distribution in graphite at
the peak of the cascade for a pencil beam of 8 TeV
protons, normalized to one incoming proton
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Fig. 11.3 Peak energy density on the axis of a
graphite dump for beams of different radii,
normalized to one incoming proton at 8 TeV
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Fig. 11.4 Energy deposition density in the inner conductor on the median plane of a superconducting dipole,
normalized to one incoming proton at 8 TeV incident energy with a grazing angle of 7 mrad
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Fig. 11.5 Energy deposition density in the inner conductor on the median plane of a superconducting dipole,
normalized to one incoming proton at 500 GeV incident energy with a grazing angle of 7 mrad
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