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Foreword

During June 23 - 25, 1992 the International Committee for Future Accelerators
(ICFA) and the National Laboratory for High Energy Physics (KEK) conducted a
workshop on AC superconductivity in Tsukuba, Japan. The workshop was a meeting
for the ICFA panel on "Superconductivity and Cryogenics”.

The former workshop, chaired by Dr. G. Brianti, was held at the Brookhaven
National Laboratory to study superconducting magnets and cryogenics in 1986. The
proceedings were published as BNL 52006, edited by P. F. Dahl. At that time, the
panel was entitled "Superconducting magnets and Cryogenics”. Nowadays the panel is
designated “"Superconductivity and Cryogenics” to include AC aad RF applications to
future accelerators.

The workshop on AC superconductivity was successful and timely. In spite of the
worldwide unstable economical and political situation, 16 foreign participants joined
the workshop from all regions of ICFA, e.g. China, CIS, Korea, Europe and the United
States. The registered participants were 104 persons including Japanese domestic
participation.

Papers, 8 invited and 21 contributed, were presented in a series covering the
frequency range from mHz to GHz.

The first day session of the Workshap started with two invited talks on the status of
superconducting magnets at SSCL and CERN. In the afternoon session, papers on heat
generation and cooling of magnet coils at high ramp rates were presented. Active
discussions rose on AC losses in the Rutherford cable of accelerator magnets. A large
number of participants recognized the importance of effect of eddy current caused by
"interstrand coupling” in the cable. Low level quenching and field quality deterioration
are evidently also caused by the same effect. The R&D works in electric power device
applications at 50 to 60 Hz were presented by Japanese electric power industries in the
late afternoon session.

The second day allocated sessions to general purpose applications of AC
superconductivity; howevsr, some other subjects were included such as the report on
“the goal of the ICFA standard of wire and cable for accelerator magnets."

In the third morning session, three invited talks were presented: a comprehensive
review on superconductors for accelerator magnets by Dr. A. Greene, electromagnetics
of muitifilamentary composite AC cable by Professor I. Hla'snik and an excellent status
report on superconducting acceleration cavities by Dr. H. Padamsee. The reports on
Superconducting Cavity and Material followed in the afternoon sessions.

On June 26, Friday, some participants could join the tsur to KEK Facilities in which
various superconducting devices were actively utilized.

By the way, the ICFA ACSC92 Workshop was thz first joint meeting of
superconductivity specialists working in the very wide frequency range from mHz to
GHz. During this workshop the participants became acquainted with each other and
learned many things not only on recent superconducting accelerator magnet and RF
cavity problems but also on general purpose application devices.

The workshop arrangements were smoothly handled by the Local Organizing
Committee whose members are listed in another page. Their task was greatly assisted
by KEK staff as a whole. The prompt preparation and publication of these proceedings
were made possible by submission of papers at the workshop in camera ready format.

I wish to thank the many colleagues - participants, speakers, authors, secretaries - for
helping to make the ICFA ACSC92 Workshop so successful. We believe that these
proceedings could be a timely and valuable document on superconducting accelerator
development in the early nineteen-nineties.

Finally, on behalf of the ICFA panel and the Local Organizing Committee, I would
like to express our sincere thanks to all of the participants again.

Furthermore, I wish to acknowledge with thanks for the financial supports from the
Tsukuba Expo'85 Memorial Foundation and the Foundation for High-Energy

Accelerator Science in Japan.

H. Hirabayashi
June, 1992
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Recent Status of SSC Magnets*®

T. Bush, D.C

C. Allen, R, Coombes, R. J. Mainar, P. Sanger, & J. C. Tompkins

Superconducting Super Collider Laboratory, Dailas, TX 75237 U.S.A.

Abstract--Eighicen Scm aperture, 15m long dipole magnet
pratotypes have been produced and cold-tested at Brookhaven
National Laboraiory (BNL) and Fermi National Accelerator
Laboratory (FNAL) under contract with Superconducting Super
Collider Laboratory (SSCL). These magnets are the last phase
ol a rescarch and development program aimed at demonstrating
the feasibility of the Scm aperture design developed by BNL
and FNAL. They are also uscd as vchicles 1o lransfer
technology from the national laboratorics to the collider dipole
magnet contractors, The BNL magnets, which rely on a
horizontally split yoke and the FNAL magnets, which rely on
a vertically split yoke, perform according to their somewhit
different mechanical design and have equally successful quench
performance. Magnets of both designs, however, exhibit a
strong sensitivity to the current ramnp rate, which appears to be
caused by large eddy currents. There is as yel no clear
cxplanation of why the cables used in these magnets show
more AC-loss than previous cable. Preliminary investiguiions
reveal possible links to changes in processing of the strand,
cable and coil that affect the RRR, ductility, and surface
condition of the cable.

INTRODUCTION

In January 1990, the decision was Llaken to increase the
aperture of the SSC superconducting dipole magnets from
4c¢m! 105 em?2 A large effort was then undertaken at
Brookhaven National Laboratory (BNL) and Fermi National
Acceleralor Laboratory (FNAL) in order 10 demonstraie the
feasibility of the larger aperture magnets. Since then, seven 5-
cm-aperture, 15-m-long dipole magnet prototypes have been
praduced and cold tested at BNL (magnets DCA207 through
DCA213), while twelve more have been produced and cold
tested at FNAL (magnets DCA311 through DCA322.) The
production of the last FNAL magnet (DCA323) is now
completed, and the magnet is awailing its cold testing.

Seven of the FNAL-design magnels (magnets DCA313
through DCA319) were assembled at FNAL by personncl from
General Dynamics (GD), and five of the BNL-design magnets
(magnets DCA209 through DCA213) were assembled at BNL
by personnel from Westinghouse Electric Corporation (WEC).
These magnets were part of a technology transfer program
from the National Laboratorics to Lhe dipole magnel
contractoss. Five of these industrially asscmbled dipole magnet
prototypes arc used in a string test currently under way at
sscL3

With the cxception of BNL magnets DCA208 and
DCAZ21I, all the magnets were tested following the same run
plan. The run plan consists of two testing cycles, separated by
a warm-up to room temperature. The first cycle includes

*Opcrated by the Universities Research Association, Inc., for the U.S.
Department of Fnery,, under Contract No. DE-AC02-89ERA0486.

quench testing at 4.35 K and ramp-rate study. The second cycle
includes quench testing at 4.35 K, 3.85 K, and 3.5 K. Both
cycles also include mechanical measurements and magnetic
measurements.

Reference 4 presents a detailed review of the mechanical
and quench performance of the carly full-length prototypes
(BNL magnets DCA207 through DCAZ209, and FNAL
magnets DCA311 through DCA315). In 1his paper, we
summarize the mechanical measurements, the guench
performance, and ran'p rate sensilivity ol the quench currents
for all the prototypes cold-lested so Far.

MAGNET FEATURES

The BNL and FNAL magnets arc based on the same
magnetic design,5 and rely on the same concepts lor their
mechanical design.4 The ficld is produced by a two-layer coil,
which is mechanically restrained by means ol laminated
stainless steel collars. The collars are designed 1o provide a
large azimuthal pre-compression to the coil in order w0
compensate the elfects of the azimuthal component of the
Lorentz force. The collared-coil assembly i1s encased in a
taminated iron yoke, around which a stainless sieel outer shell
is welded. Yoke and shell are designed 1o tightly clamp the
collared-coil assembly in order to stiflen the support against
the radial and axial components of the Lorentz (oree. The main
difference between the BNL and FNAL mechanical designs are
in the way this clamping is realized. In the BNL design, the
yoke is split horizontally and the clamping results trom a
positive collar-yoke interference along the vertical diameter. In
the FNAL design, the yoke is split vertically, and the collar-
yoke interference is along the horizontal diameler.

Other specific features of the BNL design include internal
splices between the inner and outer conductors, focated at the
radius of the ouler coil. The coil ends are supported radiatly by
collars similar to that ol the magnct body. In the FNAL
design, the splices are made at a radius larger than that of the
outer coils, and the coil ends are supported by a four-piece G H
coliet that is compressed radially by a tapered, aluminium
cylinder. In both designs, the coil ends are loaded axially by
four screws mounted into a thick stainless end plate that s
welded to the outer shell. Details on the features and
construction of these magnets can be found in relerences 4, and
6 through 8.

Most of the prototypes use the standard cable sulation
scheme that is a combination of Kapton and epoxy-impregnaled
fiberglass. The last two BNL magnets (DCA212 and DCA213)
and last four FNAL magnets (DCA320 through DCA3ZR,
however, use all-Kapton insulation schemes.

MECHANICAL BEHAVIOR

During cacrgization, the azimuthal component of the
Lorentz lorce tends to compress the magnet coil towards the



mid-plane. The coil pressure exerled against the collar pole is
thus expected to decrease as a function of current squared. In
order to measure this coil pressure change, the beam type
strain gaugcs9 are instrument in these magnets.

Figure 1(a) presents a summary of the coil inner-layer
pressure as a function of current squared for the BNL magnets,
while Fig. 1(b) presents a similar plot for the FNAL magnets.
The data displayed in Fig. 1 were taken during strain-gauge
runs performed afier the quench plateau had been established.
For cach magner. the pressures are average over the (our
quadrants of a sclected strain-gauge pack, and only current up-
ramp data are displayed. For the BNL magnets, the unloading
rates at low currents appear to be much faster than thase of the
FNAL magnets, while, at higher currents, the traces flatten and
become nearly parallel to those of the FNAL magnets. The
behaviors of the all-Kapton insulation magnets do not show
clear difference from that of the others.

As seen in figure 1, the initial unloading rate of the coil
pressure appears to depend on the coil pressurc at the zero
current. Figure 2 presents a summary plot of the initial rates
of unlsading of the inner-layer pressures as a function of the
pressures at zero current. The data from 1wo magnet series
clearly separaic into two groups, wherc each of the groups can
be fitted by a first order polynomial. The dotted lines
correspond to a linear fit of the BNL data, while the dashed
lines correspond to a linear fit of the FNAL data. In the case of
the BNL magnets, the cooldown shrinkage differentials result
in a gap between 1he collared-coil assembly and the yoke along
the horizontal diameter. During encrgization, the radial
component of the Lorentz force thus bends the collars and the
coil deflects accordingly. This increase of the coil arc length
results in a decrease of the coil pressure, thereby enhancing the
unloading rate of the collar pole.:10 This explains why the
dotted lines are above the dashed lines. Furthermore, the coit
stress-sirain curve is non-lincar: !0 the higher the pressure, the
stiffer the coil. This explains why, although the Lorentz load
is the same magnet-to-magnet, both lines have a positive
slope. Finally, for the BNL magnets, since the arc length of
the collar cavity increases during excitation the cffects of the
non-linearity of the coil stress-strain appears more severely.
This explains why the dotted lines have steeper slopes that the
dashed lines. The pressure of the ouler-layer coil behaves the
same as that of inner-layer coil except that an unloading rate of
the coil outer-layer pressure is much smaller (0.1~0.2
MPa/kA2 for FNAL, 0.3~0.4 MPa/kA2 for BNL) than that of
the inner-layer. The reason why the outer-layer unloading rates
are much slower than the innecr-layer one is not clear. A
possible explanation is that the radial pressure exerted by the
inner layer restricts the unloading of the outer Jayer.

The difference of the coller-yoke interference also affects
on the behavior of the end force loaded from the coil end 10 the
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QUENCH PERFORMANCE

BNL Magnets

Figure 3(a) presents a summary of the quench performance
at 435 K of the BNL magnets. All the magnets reached
6600 A (the operating current of the SSC main ring) without
quenching. Magnet DCA213 went directly to placau, while
the other magnets exhibited one or two training quenches. For
magnets DCA207 and DCAZ08, the training quench currents
were all above 7300 A. For magnets DCA209, DCA210, and
DCA2]2, they were all above 7100 A. The lowest training
quench is that of magnet DCA211 which occurred a1 6692 A.
The only magnet exhibited re-training after a thermal cycle 10
room lemperature was magnet DCA208, with a quench at
7407 A. The quench performance at low temperature was also
quite satisfactory, with magnets DCA207 and DCAZ212 going
directly to platean at both 3.85 K and 3.5 K, and magnets
DCA209, DCA210, and DCA213 requiring only one or two
training quenches.

The location of the quench origins are determined by the
voltage tap signals. The origin of the training quenches are
distributed from pole tum to multi-turn section (between turn
15 and turn 1 where voltage taps are not implemented; turn
number counts from mid planc) of the inncr coils, All the
plateau quenches, however, started in the inner coil pole turn
(turn 19), where the magnetic field is the largest. The plateau
currents were all within 1% of the extrapolated short sample
current limit. Note, however, the significant improvement of
the quench currents was observed in the magnet DCA209 by
decreasing the current ramp rate from 4 Afs to 1 A/s. This

cxtremely high sensitivity on the ramp rate is also seen in the
some other magnets.

FNAL Magnets

Figure 3(bj presents a summary of the quench perfonnance
at 4,35 K of the FNAL magnets. Four of the magnets
{magnets DCA313, DCA314, DCA316, and DCA317)
exhibited a training quench below 6600 A. Magncts DCA320
and DCA321 also exhibited one or two training quenches, but
they were all above 6600 A. The five remaining magnels
reached a current very near the extrapolatcd short sample
current limit on their first quenches. The only magnet o
exhibit re-training after a thermal cycle to room temperature is
magnet DCA321, with a quench at 7207 A. With the
exception of magnet DCA314, all the magnets rcached a
plateau at both 3.85 K and 3.5 K in gne or two training sicps.
Magnet DCA314 performed well at 3.85 K, but it did not
sustain a stable platcau ai 3.5 K.

The low-current training quenches of magnets DCA313,
DCA314, and DCA317 all originated toward he lead end of
the inner coil pole wurn, on the side opposite Lo the ramp-
splice between the inner and outer coils. This axial location
corresponds to the boundary between the last collar pack of the
magnct body and the collet assembly that supports the coil
end4 I also corresponds to the extremity of a G10 spacer,
called the pole key, that supports the coil wrnaround from the
inside. The pole key, originally designed as a single picce,
was, in these magnets, made of two picees to facilitae
assembly. 1 is believed that these three quenches resulted from
movement of these various parls into a morc stable position.
Afller the first quenches, however, the threc magnets went
above 7250 A, and the problem did not resurfuce.



Some of the FNAL magnet (DCA316, DCA317, and
DCA318) exhibited a behavior quite similar to that of BNL
magnet DCA209. This results in lower first quenches which
are taken with higher ramp rate and originated between Lurn 1
and turn 13 of the inner coil. The first quenches of the magnels
DCA320 and DCA321 also originated between tum 1 and turn
13 of the inner coil (and were 12ken at 4 Afs), while the second
quench of magnet DCA321 originated at the lead end of the
upper inner coil pole turn (and was taken at 1 A/fs).

Due to the iemperature fluctuations, the plaicau quenches
of the FNAL magnets appear somewhat less stable than that of
the BNL magnets.

RAMP RATE SENSITIVITY

When the current in a superconducting magnet is changed,
heat is gencrated by several mechanisms: hysteresis in the
superconductor and in the iron yoke, eddy currents [lowing
within individual cable strands, and eddy currents flowing {rom
strand (o strand. The resultant temperature incrcasc causes a
decrease in the plateau current of the magnet. The issue of
ramp rate sensilivity is of particutarly relevant for the SSC
High Energy Booster, which uses a nominal ramp rate of the
order of 70 A/s. Quench currents were measured with high
ramp rate, as much as 250 A/s, for the all magnets.

Figuses 4(a) and 4(b) show the decrease in quench current
versus ramp rate for selected BNL and FNAL magnel
prototypes. The magnets in Figs. 4(a) and 4(b) have been
grouped according to the manufacturer and the production baich
of the strands used in their inner cables. It appears that, for the
magnets of Fig. 4(a), the quench current remains roughly
constant for ramp rates up to 25 A/s, above which, il starts to
decrease quasi-linearly as a function of ramp raic. The worst
case is magnet DCA312, which, a1 200 A/s, quenches at about
2180 A, corresponding to 30% of its initial quench current. In
comparison, the behavior of the magnets in Fig. 4(b) is quite
different. The quench current staris by dropping significantly at
low ramp rates, while the degradation at large ramp rates is
much milder. The worst case is magnet DCA319, for which
the quench current decreases from 7334 A at 1 A/s to 6156 A
at 25 A/s, but is still of the order of 5000 A at 250 Afs. The
magnets that are not included in Figs. 4(a) and 4(b}) arc using
inner cables made with strands coming from differcnt strand
manufacturers or different production batches.

For all the magnets of Figs. 4(a) and 4(b), the plalcau
quenches at 1 A/fs originated in the inner coil pole turn, where
the field is the largest. For the magnets of Fig. 4(a), the
quenches kept originating in the inner coil pole turn [or ramp
rates up to 25 A/s. For rates larger than 50 A/s, however, the
quench origin shifted towards the inner coil midplanc, between
turn 1 and turn 13, where there are no voliage taps. On the
other hand, for the magnets of Fig. 4(b), and as we described
in the previous section, the shift in quench siart localization
from the inner coil pole turm to the multi-urn section occurred
much sooner -between 1 Afs and 4 A/s- and was concomitant
10 the sudden drop in quench current. Such a shift is consistent
with what can be expected from the cffects of cable eddy
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Fig.4. Ramp rate sensitivity of SSC dipolec magnet proto-
types. The magnets are grouped according to the manulacturer
and the production batch of their inner cable strands.

currents, which are larger towards the coil midplanc, where the
conductors are more perpendicular to the flux lincs.

In addition to quench testing at high ramp ratcs, AC-loss
measurements were performed on most of the FNAL
magnets!! and on one of the BNL magneis (magncl
DCA213).12 The measurements wese made clectrically, using
a simple sawtooth ramp between 500 A and 5000 A, with
ramp rates varying from 30 1o 150 A/s. For a given magnet,
the energy loss per cycle appears o increase quasi-lincarty as a
function of ramp rate. Comparing the magnets with one
another, it appears, that, for large ramp ratcs, there is a good
correlation between the slope of the encrgy loss per cycle as a
function of ramp rate and the slope of ithe quench current as a
function of ramp rate. In other words, the magnets exhibiting
the most dramatic quench degradation at large ramp ralcs arc
alsp the magnets exhibiting the largest AC tosses, This
consistency in the data indicates that both effects presumably
resuit from the same cause, and that this causc is presumably
cable eddy currents.

It is worth mentioning also that FNAL magncts
DCA312, DCA313, DCA314, and DCA315 cxhibited
anomalous behavior of their magnetic ficld harmonics during
current ramp at 4 A/s.13 These anomalics, which cease when



the current ramp is stopped, can also be explained in terms of
cable eddy currents.!

CONCLUSION

The BNL and FNAL magnets perform according to their
somewhat different mechanical designs, and no diffcrence in
behavior is observed between the various insulation schemes
that were tricd. A good qualilative understanding of the
mechanical characteristic of these magnets was achicved. To
carry out & more precise quanlilative analysis, a finite clement
model including non-linear material properties at a level more
advanced than currently available would be required.

Despite these different mechanical bebaviors, the quench
performance of the BNL and FNAL magnets appear to be
equally successful, with only 4 training quenches below the
operating current of the SSC main ring. Three of these four
quenches are attributed to a design flaw in a coil end support
picce, which has now been corrected. Magnets of the two
designs, however, exhibit a dramatic decrease of their quench
current as a function of ramp rate. This poor AC behavior can,
for the most part, be attributed to large cable eddy currents,
Efforts are now under way to confirm the naturc of these eddy
currents and determine the cable paramcters that need 1o be
mastercd to control them,
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Recent Status of LHC Magnets
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Abstract - CERN is proceeding with the design and
development of a new high energy accelerator
collider, the Large Hadron Collider (LHC), consist-
ing of a double ring, enabling the circulation of
counter-rotating beams of particles of Jike sign.
This machine Is to be Installed In the existing
27 km long tunnel of LEP, the electron-positron
collider in operation at CERN since 1989. To [fit
avallable tunnel space and reach the collision
energy of interest, twin-aperture magnets with
central bore flelds between 8 and 10 Tesla sre in
development. The magnet system comprises about
1300 twin-aperture, up to 13.5m long dipole
uvnits, about 500 twin-aperture, 250 T/m, 3.2 m
long gquadrupole units and a large number of other
superconducting magnetic el 1s. iderable
magnet R & D programme is underway, comprising
the construction of short models and full length
protetypes. The short twin-aperture model dipoles
were tested successfully up to cable short sample
current at 4.2 K, but exhibited substantial training
in reaching that limit at 1.8 K. The causes of this
behaviour are under investigation and a programme
of nmew mudel magnets has been started. The con-
struction of ten 10 m dipole prototypes and of two
3 m quadrupole prototypes Is progressing, and,
after testing, they will be assembled into a test
lattlice cell of ize LHC. The paper describes the
present state of the R&D work for the LHC
magnets, reviewing their features, recent test
results and aims of future developments.

1 INTRODUCTICN

Provisions have been made at CERN already in the
planning and constiaction phase of the Large Electron-
Positron Storage Ring (LEP), for the installation of a second
machine in the same underground tunnel. This new machine,
a high energy accelerator collider, the Large Hadron Collider
(LHC) [1], will consist mainly of a double ring of technolo-
gically advanced high field superconducting magnets, installed
together with the other machine equipment above the compo-
nents of the LEP collider.

The structure of the LHC is made up, as for LEP, of eight
arcs separated by eight straight sections. In the arcs and over
mosi part of the straight sections, the two counter-rotating
beams circulate in two separate, horizontally spaced, magnetic
channels, The two beams alternate from inner to outer mag-
netic channel in successive arcs, crossing each other in the
middle of the straight sections at a sr...l1 horizontal angle by
means of two sets of recombination dipoles.

Proton beams can be brought to collide in the crossing
regions; of which six could be used for physics experiments
and two are reserved for technical services, i.e. the beam
cleaning system and the beam dumping system respectively.

In addition to proton-proton collisions, the presence of
LEP in the same tunnel allows the possibility of high energy
electron-proton collisions, and with the facilities of the
CERN heavy ion programme, the collision of sulphur and
later of lead ions will be possible at [ittle extra cost.

The LHC benefits fully from the existing accelerator
infrastructure of CERN which will provide injection beams of
the required characteristics. Also, since the accelerators in the
injection chain are classical fast cycling machines, the LHC
can be filled in the relatively short time of about 7 minutes,
thus reducing the time at which it has to remain at injection
field level, where particle stability is more problematic, due
to the circulation of persistent currents in the superconducting
magnets.

The main performance parameters of the LHC for p-p
collisions are given in Table 1 below.

As the circumference of the LHC is fixed by the LEP
sunnel and the available cross-sectional space is limited, there
has been from the start the quest for compact magnets operat-
ing at the largest possible fields to reach highest collision
energies. The di ions of single mag operating in the
range of 8 to 10 Tesla, as planned for the LHC, exclude the
possibility 10 install two separate magnetic rings on top of
the LEP machine. This constraint has led to the development
of the "two in one" concept in which two magnetic apertures
are placed in a common yoke and cryostat assembly, leading
to smaller crass-sectional dimensions and 10 a more economic
solution [2] [3].

It is planned that for the LHC machine magnets made
with NbTi superconductors operating at superfluid helium
temperature will be used. The use of NbySn superconductors
operating at 4.2 K is still being investigated, and a short
dipole model is under construction (See Chapter 3), but
funther development of conductor and coil construction tech-
niques would be necessary for such an option on.

Benefits of using superfluid helium are its very large heat
conductivity and its ability to penetrate the coils through in-
sulation porosities, permeating and thus cooling the con-
ductors. This aspect is of special importance, considering
that, to reach the desired Jluminosity, the LHC will have to
operate at a beam current of nearly 1 A, distributed around the
machine in a large number of bunches. Incvitably, some of
the particles leaking out of the beam halo will be lost in the

TABLE1
THE LHC p-p PERFORMANCE
Maximum proton beam energy 7.7 TeV
Number of bunches 4725
Particles per bunch 101!
Stored energy 583 MJ
Luminosity 1.7 x 1034 ¢m-2s-1




magnet coils. A very efficicnt beam cleaning system is fore-
seen, still in the most exposed conductor an energy deposition
of about 10 mW cm3 has been estimated which must be
conducted away within a limited temperature margin. To
optimize in this respect the insulation parameters, experi-
ments studying heat transport of insulated cables cooled by
superfluid helium are proceeding at CEN, Saclay, (F) [4].

1L THE MAGNET SYSTEM

The LHC lattice is designed to lie in a beam plane exactly
1.21 m above that of LEP and both machines will be co-
lincar in plan view, cxcept for small radial deviations in the
straight section quadrupoles. In the long arcs, which have a
length of 2.5 km and make a deflection of 701 mrad, the
machine is made up of regular cells of a bending/focusing
configuration which is repeated periodically around the rings.
In addition to the regular arcs, there are other magnets in the
dispersion suppressor sections and on either side of cach
crossing point. [n total, about 24 km of the LHC circumfer-
ence will be occupied by superconducting magnets of different
types. A detailed description of the complete magnet system
is given in references (1] and [5].

As a result of further studies of correction strategics and
with the aim of maximizing global dipole occupancy inside
the arcs, a new layout of the standard cell has been developed
recencdy. It is based on reducing the number of half cells
from SO to 48, reducing the number of main dipole magnets
from four to three per half-cell, increasing their length corre-
spondingly, and replacing the “central corrector” MDOS by
short magnets, one sextupole and one decapole corrector,
appended respectively at each end of the main dipoles. The
central octupole corrector could be suppressed since the per-
turbation due to this multipole error is self compensating
OVET {WO SUCCESSive arcs, given its antisymmetric distribution
between inner and outer channel.

The layout of the previous and of the new standard haif cell
is shown in Fig. 1 below.

With the new layout, the number of twin-aperture dipoles
is reducedfrom 1792 to about 1300 units, but the total
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Fig. 1 The LHC half-cell

Upper: previous layout with four dipoles and a central comrector

Lower: new layout with three dipoles

integrated dipole ficld length is increased in the arcs by
approximately 5%. Thus the central bore dipole field neces-
sary ro reach the maximum beam energy of 7.7 TeV is
9.5 T. The number of main twin-aperiure quadrupoles in the
arcs is reduced from 392 to 384, their length being slightly
increased.

I THE DIPOLE MAGNETS

An important R & D effort started at CERN a few years
ago and is in progress for the high ficld magnets of the LHC,
in particular for the dipoles. Many institutions and labora-
tories collaborate in this effort together with a substantial par-
ticipation of industrial {irms [5].

The main items of the dipole programme arc the
following:

- Conductors.
- Short models:

Single-aperture models, two in NbTi and one in Nb3Sn,

made by European industry are completed and successfully

tested {6). One model, in NbTi, developed by KEK and
made in Japan is presently being tested at CERN. Four
twin-aperture models, so-called MTA1, have been made by

European companices and tested at CERN [7).

One twin-aperture model, developed by KEK, is now

being manufactured {8].

New twin-aperture models are being built and assembled at

CERN, using partly components made by industry. In

paralicl, an important effort in calculation and design work

is going on for these new models.

- Long prototypes;
A win-aperture prototype (TAP) [9], using HERA type
dipole coils, 10 m long, was made and recenily tested at
1.8 K.

Ten, 10 m long, prototypes are in the process of being

manufactured by European industry.

A review of the dipole programme, presenting design char-
acleristics and test results has been reporied recently in
ref. {10]. A summary of the more outstanding features and
results is given below.

A. Superconducting cables

The dipole coils are made of two layers. The inner layer
cable has 26 strands of 1.29 mm diameter and a
2.02/2.50 x 17 mm? cross-section. The outer layer cable
has 40 strands of 0.84 mm and a 1.30/1.65 x 17 mm?
cross-section. The design Cu/Sc ratio is 1.6 and 1.8 for
inner, respectively outer layer. About 20 km of inner layer
cable and 35 km of outer layer cable have been ordered to
European firms for the model and prototype dipoles. Pan of
these quantitics have been delivered and tested. Some of the
measured parameters are shown in Table 2 below.

B. Short models

1) MTAI models: Four such models have been built
by four different European firms (Fig. 2); their main parame-
ters are given in Table 3.



TABLE2 TABLE3
PRESENT CHARACTERISTICS OF LHC DIPOLE STRANDS DIPOLE MAIN PARAMETERS
Firm | Strand | Number { Filament Jc Afmm?2 Field By (2K) 0 T
diameter| of | diameter [ g 1014 Qm Current 14730 A
(mm) } filaments| (um) Coil inner diameter 50 mm
6T4.2K [ 8T 4.2K Coil outer diameter 120.2 mm
1 129 (21780 54 1087 Distance between apertures 180  mm
; ggﬁ g:gg g% ggg Collars outer horizontal dimension 380 mm
3 | 129 28158 a7 1070 Lron outer diameter 0
2 129 | 27954 48 937 Stored energy for both channels combined 684
4 0.84 164 R 1
5 1 gg 10 ;498 %0 1005 variation of flux can be measured which can then be traced
5 0.84 7+8 | 2185 back to conductor movements or current redistribution witkin

A certain number of technical variants, introduced in the
construction to check different design ideas and compare their
relative merits, are described in Table 4. The value of Bss in
the table is the central field corresponding to a peak field in
the coil equal to cable short sample. -

It is worthwhile noting that the cables used for these
models were at an earlier stage of development and presented
lower performances than the present ones.

The four magnets were tested and measured in a vertical
cryostat {11]. All four reached short sample field at 4.2 K
within a few quenches, however at 1.8 K all magnets exhib-
ited substantial training above 9 T, The training was com-
pleted for the MTA1 "JS" model which went to its cable
short sample limit corresponding to 10 T in the central bore.
The magnets also show retraining after a thermal cycle to
room temperature. A novel method to determine the origin of
q hes was impl d, based on small pick-up coils
distributed in the aperture near the windings. Very small
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Fig.2 Cross-section of a wwin-apenure dipole
1. Cails, 2. Collars, 3. Yoke, 4.Iren insent, 5.Clamp, 6. Gap,
7. Outer shrinking cylinder

the cable. With this method, which is a valid complement or
alternative to vollage 1aps, it was found that most of the
quenches are produced in the ends or in the transition region
between straight and curved parts in the first or second turn of
the coil inner layer and a few occur in the straight part at the
first turn of the inner layer where the field reaches its peak
value.

The coil/collar assembly of magnet MTA1 "H" was tested
before mounting it into the yoke. This assembly behaved in
a similar way to the completed magnets, except that it reached
lower field levels corresponding to the absence of the steel.
This result confirmed that the training behaviour is not
coming from the interaction of the collar and yoke structure
but stems mainly from problems in the coilfcollar interface or
in the coils themselves, especially at the ends. Possible
defects in design or manufacture are being investigated to
understand and eliminate the causes of premature quenches.

Further tests included of dissipated and
stored energy, of field multipoles and time dependence of per-
sistent currents. A new method has been developed to deter-
mine with high precision simultaneously stored energy (and
hence inductance), energy loss and d.c. resistance by integrat-
ing continuously voltage and current over one complete
current cycle of the dipole. An example of energy loss mea-
surement as a function of ramp rate is shown in Fig. 3. At
12 A s°1, corresponding to the acceleration of the LHC, the
power densilg' dissipated in the winding is about
0.03 mW cm™.
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Fig. 3 Measurement of encrgy loss as function of ramp rate for current
ramps beiween 2 T and 7.5 T in the MTAL model



TABLE 4
TECHNICAL VARIANTS OF THE MTA1 MODELS

Model A E JS H

Components
Cables

Inner layer Partially soldered Unsoldered Partially soldered Unsoldered

Quier layer. Soldered Soldered Partially soldercd Unsoldered
Elec. insulation )

22% B-stage epoxy Glass-fiber cloth Glass-Keviar™ cloth Glass-fiber ribbon Glass-fiber cloth
Coils

End spacers Gll Bronze Gl GI1

Collar Material Al 2014 T6 Al 5083 G35 Al 2014 T6 Al 5083 G35

Shape Common collars Separate collars Common collars Common collars

Assembly Lateral keys Lateral keys Rods
Yoke

Glued No No Yes No
Outer cylinder

Material Stainless steel 316LN Al 5083 Al 5083 Al 5083

Assembly Lateral welds Warm shrink fining ‘Warm shrink fitting ‘Warm shrink fitting

Bss (1.5 K) 9.8 T 8T 10.0T 99T

The multipole content and their variation with field were
measured and correspond well with the computations
(Fig. 4).

The models will be re-assembled by the manufacturers after
introducing a number of corrections and will be re-tested
thereafter at CERN.

2) New CERN models: A programme (o test new

models has been started at CERN. The main features
conceming design, components and materials to be tesied are:

B/Bq (107 at 10mm radius]

meas. Sextupale

meas, Quadrupole

4 &
8IT)

Fig. 4 Quadrupole and poll p in MTA1 "J§" magnet a1
r=1cm in 104 units (measurements were taken 18 min after
current siabilization)

- Individual collaring of coils, allowing pairing of
collar/coil assemblies according to their multipole error
content d at room temp

- Closing the yoke gap(s) as far as possible at room tem-
perature to avoid uncenainties in the collar/yoke structure
due to friction.

- Variants with stainless steel and with aluminium alloy
collars.

- The stainless steel collars feature a slotted central "nose”
which deforms elastically giving better pressure distribu-
tion and lower initial pre-stress.

- Yoke split vertically in three (stainless steel collars) or in
two (aluminium alloy collars) parts. The cross-sections
of these variants are shown in Figs 5 and 6 respectively.

- A variant with a horizontally split yoke is under study.

- Single aperture models are also in manufacture to check
specific variants of design and materials.

In the meantime, calculations of new coil geometries are
actively pursued. They address the questions of the reduction
of multipole error components and the increase in coil
aperture which were highlighted in swidies and reviews of
machine performance and aperture requirements.
Mathematical optimization techniques have been developed
and applied to find best conductor and coil block arrange-
ments {12]. Conductor distributions have beea found with
low b7, b9 and bl1 multipoles, which satisfy the stringent
LHC requircments, and a cross-section with 56 mm aperture
has been calculated and optimized. A collaboration is now
underway with Finnish and Swedish Institutions for the
design and manufacture of a 56 mm twin-aperture model
dipole [13].

Also the inverse problem of evaluating errors in the ccn-
ductor positioning from a given multipole content has been
addressed and techniques are under development which should
allow from the knowledge of the magnet field distribution to
indicate probable problem areas permitting better specification




Fig. 5 Preliminary cross-section of LHC dipole model with stainless
steel collars and yoke in three parts
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Fig. 6 Preliminary cross-section of LHC dipole model with aluminium
alioy collars and yoke in two parts

of the appropriate tolerances for conductor and coil block
placement [14).

3) KEK model dipoles: The programme at KEK for the
development of LHC dipoles includes one single and one
twin-aperture short models with both the cable and the
magnet being manufactured by Japanese industry (Fig. 7).
Although similar in their overall conception to the MTAI
models, the design differs in a number of features {151

Fig. 7 Cross-section of twin-apenure KEK dipole model
1. Coils, 2. Collars, 3. Yoke, 4. Outer shrinking cylinder

- highly keystoned cables (15 mm high, 4.6° in the inner
layer cable) achieving sector shaped coil layers, hence,

- no spacers inside coils and better coil filling factor,

- sandwiched Mn steel/aluminium/Mn steel collar material,

- suppression of separate yoke insert.

The single-aperwre unit has been tested successfully at
4.2 K at KEK [16), reaching short sample limit of the cable
in three quenches, and is now undergoing tests at 1.8 K at
CERN. Testing and analysis of resulis are currently in
progress,

4) FOM-UT-NIKHEF-CERN model: This Nb3Sn,
11.5 T, twin-aperture dipole model is presently being built in
the Netherlands {17] and will provide further experience with
this route towards high field magnets. The coils are potted
and separaiely prestressed using shrink-fitted ring-shaped alu-
minium atloy collars giving smooth distribution of the pres-
sure, A short mechanical model has given encouraging
results.

D. Long prototypes

1) Twin-aperture prototype using HERA type coils
(TAP): This 10 m long prototype, designed by CERN and
built by industry, using for reasons of time and economy
HERA dipole magnet coils, was made to gain experience with
full scale, high field magnets, operated at 1.8 K [18]. The
magnet was recently tested with surcess at CEN, Saclay, (F).
At 4.5 K it reached 98% of its cable short sample limit
(5.8 T central field) on first quench, behaving as the single
aperture HERA dipoles. At 1.8 K, nominal field (7.5 T
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central field) was passed after two quenches and cable short
sample limit was reached within five quenches (about 8.3 T
central field). The load lines and quench history are shown in
Fig. 8.

2) Ten metre long prototype dipoles: Ten, 10 m long,
prototypes are being built in four European companies or
consortia. Two of the magnets were ordered by INFN,
(D) {19}, and eight by CERN. The general conception and
coil design will be the same for the ten units, but three differ-
ent variants of the mechanical support structure have been
decided. The cross-section of five magnets will be with a
common aluminium alloy collar for both apertures, as the
MTA1 magnets and shown in Fig. 3. One unit will have
separate stainless steel collars and the yoke split vertically
into three parts (Fig. 5) and another will have separate alu-
minium collars and the yoke split vertically in two parts
(Fig. 6). The swructure of the three others will be defined
shortly. All dipoles will be fully equipped and delivered with
their cryostat (Fig. 9). Completion of the first unit is fore-
seen early 1993, with the other units following at a two
monthly rate.

IV. QUADRUPOLES

A. LHC main quadrupoles

The main parameters of the lattice quadrupoles are given in
Table 6 and their cross-section is shown in Fig. 10

The superconducting cable for the main quadrupoles
consists of 24 NbTi strands of 1.09 mm diameter and has a
1.89/2.35 x 13.05 mm? cross-section. The design Cu/Sc
ratio is 1.8 and the filament diameter is 5 pm. The cable for
two prototypes (2800 m) has been delivered and measured.
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Fig. 8 Load lines and quench history of TAP magnet
Load line computed with 95% siacking facior

Fig.9 Cross-section of the LHC prototype dipoles
1. Vacuum chamber, 2. Coils, 3, Al collars, 4. Iron yoke,
5. Shrinking cylinder, 6. Bus-bars, 7. Bore for Hell heat
& Radiative insalati

5 9. Thermal shicld,

10. Superinsulation, 11. Vacuum vessel, 12. Support post,

13. 1.8 K GHe pipe, 14 10 K GHe pipe, 154.5K He pipe,
16.2.2K LHe pipe, 17.50+ 75 GHe pipe

TABLE6
MAIN PARAMETERS OF THE LHC LATTICE QUADRUPOLES

Gradient at nrominal curreat 250 T/m
Current 15 kA
Effective length 305im
Maximum induction in coils 78 |T
Coil aperture 56 mm
Overall yoke length 3.22fm

Averages of the non-Cu critical current density measured on
12 strand samples at 4.2 K before ang after cabling [20] and
of a measurement at 1.8 K {21} are presented in Table 7.
The main quadrupoles are designed on the basis of the two-
in-one geometry, coil aperture of 56 mm, distance between
the magnet axes of 180 mm and powering them in series
with the main dipole magnets. The two quadrupoles of each
unit are combined in a focusing/defocusing configuration, the
only possible to avoid excessive magnetic saturation effects.
The containment of the electromagnetic forces in the coils is

TABLE7
CRITICAL CURRENT DENSITY IN LHC QUADRUPOLE STRANDS

Jc A/mm?2
at 10014 om
ST, 6T, | 9T,
, 42K (42K 18K
Specified values 2710 ) 2160 | 2160
Measured before cabling 2698 | 2136 |2080
Measured after cablin 2603 | 2072
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