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Manuscript received, Oct. I8, 1994. Fig. I. Outlook of the twin aperture dipole (MTAKEK). OCR Output

development on the dipole has been started. A new model
parameters were changed in last year [6], a new series of

Since the LHC machine design and the major magnet

be carried out at KEK in early next year.
support the coil ends tightly. The magnet test is planned to
(MSAKEK#2) is being fabricated with much effort to
disturbance. The second single aperture dipole
were initiated at coil ends mostly due to mechanical - ·i’iii :l’
Results ofthe training test showed that all quenches observed
reached 8.2 T at 4.3 K and 9.6 T at 1.9 K, respectively.
magnet was tested at KEK/Toshiba and at CERN and it
shows outlook of the twin aperture dipole completed] The
Corporation and The Furukawa Electric Co. Ltd. Fig. 1
was fabricated in cooperation amongst KEK, Toshiba
additional improvement on prestress in the coil. The magnet
was fabricated with identical coil/collar design and with described in [4]-[5].
after training. A 50 mm qa twin aperture dipole (MTAKEK) Table I. Design and performance of the superconductor are
magnet reached 8.0 T at 4.3 K and reached 9.9 T at l.8 K Main parameters of the twin aperture magnet are given in
developed and the magnet performance was evaluated. The
50 mm tp single aperture dipole (MSAKEl<#l) was Vertical split iron yoke and stainless steel outer cylinder.
configuration has been developed [4]·[5]. As the first step, a contraction with less residual permeability.
with a feature of symmetric, separate coil/collar Use of hybrid (YUS/Al) collar to optimize thermal
1989 [1]-[3]. In this program, a twin aperture dipole magnet Double shell coil configuration with no-wedges,
cooperative R&D effort between CERN and KEK, since Fully symmetric separate coil/collaring structure,
(LHC) to be built at CERN has been carried out, as a
superconducting magnets towards the Large Hadron Collider developed with the following technical approaches;

A research and development program on high field The twin aperture dipole model magnet was designed and

I. INTRODUCTION
H. DEVELOPMENT OF THE MAGNET

dipole is also discussed.
sections.

are discussed. Deslgn study of a new S6 mm O twin aperture
for further R&D plans are described in the followingin the training test. Development ofthe magnet and test results
developed. Progress of the development and design studyproject. The magnet reached 8.1 T at-1.2 K and 9.6 T at L8 K
aperture dipoles and a twin aperture dipole are to beR&D cooperation between CERN and KEK towards the LHC
operational field of 8.65 T is being designed. A few singlewith a feature of symmetric, separate coil/collar design in a

Abstracn--A twin aperture dipole magnet has been developed with a beam aperture enlarged to 56 mm tp and an
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Fig. 2i Training of the twin-aperture dipole (MTAKEKI
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Fig. 3. Prestress at coil-top in fabrication, cooling and excitation.
KEK T•st at CERN
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itself. lt is clear that initial prestress is high enough and
expected both in the hybrid-collar(l~Iigh-Mn/Al) and the coil
because the same level of thermal contraction may be
prestress during co0l—down is assumed, in this figure, Collanng

so 1—the square ofthe excitation current. No major change ofthe
Cooingshows the linear relationship between measured strains and so I~·I—I-—·¥";$E?=located at top end ofthe inner and the outer coils. Fig. 3

100 |—·measurements performed with the help of beamtransducers
this fact can be understood taking into account the stress tzo t——mPrsss rcleased \\ I I Excltatlon
II. No quenches were observed at the straight section and

140ofthe quench localization anaysis are summarized in Table
initialized at the coil ends, mainly in the outer coil. Results Stress»0ut [MPa]

150
Stressann (MPa]of "pick-up coils" technique [7]·I9l. All quenches were

Key-in

180The origin of training quenches was observed by means
2 shows training behaviour ofthe magnet. 200 I— I I
Ai 1.9 K, The magnet reached 9.6 T after 22 quenches. Fig.
The second Lest was carried out at 4.2 K and 1.9 K at CERN.

dependence of the sextupole components is shown in Fig. 4.
Toshiba/KEK and the magnet reached 8.2 T af ter 6 quenches.

field quality measurements is given in Table III. Excitation
The rwin—upcrlure dipole was Iirsi nested at 4.2 K zu

(0.26 T/s) quenched the magnet at 9.14 T [10]. Summary of
other model dipole. A high ramp excitation with 340 A/s

III. TEST RESULTS
resistance in the middle of the cable) in comparison with
ll'/-130 mm) and larger key-stone angle (high contact

-0,854 MN/mZFy -302 instead of I7 mm), smaller cable pitch (IIO mm instead of
2.l40 MN/mMagnetic force: {Fx MTAKEK design are smaller width of the cable (15 mm
3,0 Tll).2 TB»op max. possible reasons of much smaller inter-strand loss in the

991 l9l5A/mmJ (NbTi) much smaller than that of the other magnets [I0]. The
639 A/inrn‘34lI (cable) Results of the fast ramping test indicate that AC loss is

323 578 A/mrn“J (over all) quenches was also observed.

8.0 T10.2 TB·m:xx, remains at high Yields. lts stability with respect to training
24Number of iums / hull coil I6

[outer][inner]
Straight sectionl 180 mmMagnet lcngth 0 %

l80 mmScpumiion b/w bcn.m axis

Non-connection end280 rumIron yokc outcr ruciius 33 %

Connection end90 iuiuCollar oulcr radius 67 %
Coil apcrmrc radius Z5 mm Outer layer lst turn (most inner, end) 67 %

Outer layerDimensions: 93 %

666 kl/inSlorcd cncrgy

l2.7Z() A Spike type 93 %

IO T Number of qucnches analyzedB0 27
Total quench numbers 30

MODEL MAGNET (MTAKEK)
DESIGN PARAMETERS OF THE TWIN APERTURE DIPOLE QUENCH LOCATIONS DURING TRAINING QUENCHES

TABLE I TABLE II



Fig. 5 Cross section of 56mm¢ twin aperture dipole (MTASGKEK) OCR Outputfeature is that the coil/collar structure
between outside of collar and inside iron yoke boundary. A
may be fully supported by collar with remaining open gap
investigated. Using stainless steel, electromagnetic force
and high-Mn steel, 28 %—Mn, KHMN {I I I, have been
the split collar. Two candidates of stainless steel (SUS3l6)
made to select an optimum non—magnetic steel to be used in

lectiggn of Mgtterial for Q foll,·gr· A systematic study has been

L_ we _-._a WL.

IV and the cross sectional view is shown in Fig. 5. l\® to/¥\o l@
mm tl) twin aperture dipole (MT/\56KEl<) are given in Table
control in large scale production. Main parameters ofthe 56
simple as possible with aiming at more reliable quality
It is intended to make the twin aperture dipole design as

o ` e \ / o l o
similar to the CERN coil design,
Five—block coil with a coil inner radius of 56 mm
280 mm,
Horizontally split iron yoke with an outer radius ol
steel with an outer radius of 90 mm,
Symmetric, separate collars made of non-magnetic

effort at CERN, as follows:
with complementary approach, in mechanical design, to the
aperture dipole magnet (MTASGKEK) is being carried out
respectively[2]~[5]. Design siudy of a 56 mm o iwin radius, respectively. The use of high-Mn steel (28 % Mn)
Lhe operational field were changed io 56 mm and no 5%.65 T,

at outer radius of the collar and 120 ttm at the coil mean
LHC machine and magnet design, ihe magnen apenure and disadvantage is larger coil deformation with a level of 90 ttm
energal Design: According tothe re·censider;llion ofthe stftlC1tlt`<) with respect to support electromagnetic force. A

may be mechanically independent from the outer iron
B, New Dipole Design with 56 mm Aperziue

b9 -7.32 E-6 -6.41 E-6"void" at the coil end no reduce [he peak field.
b8 -2.25 E-8 -1.91 E-7Replacing the magnetic yoke with non—m;1gncu<`

—l.42 E-5 -1.42 E-5coil and assembling Logeiher afier curing.
—l.65 E—8 -3.49 E-7Individual coil winding ofthe innercoil andthe ouier

b5 +6.38 E—5 +6.66 E-5axial sepzirmion force beiween eoil»end blocks.
M +9.76 E~8 -6.71 E-6Re·p0siLi0ning ofthe eoil·end block to eliininznie
b3 -2.28 E4 +2.46 E-4

b2 ~Ii88 E-5 -1.53 E-4
being fabricmcd. Ho {0.76 T] [8.65 T]
soon in thc second single nperuire dipole l“\l§Al<Lil<¢#2) Field Quality (G3) ref. radius = 17 mm)
improvcmcm is being mzidc. The ciicci wi!] be cv;ilu;1ncd Sigma—Fy -855 MN/m

Electroniagnetic force Sigma-Fx 1,785 MN/mIn order no rcducc Lraining at Lhc coil ond, me f<>i1<>wng
outer shell 2 x 26

#2 turns tri inner shell 2 x 15A. lmpmvcmcn! 0f C0il-End in 2nd Single Apcrmrc A/wdcl
Load line ratio < 90 %

Current 1 11,537 AIV. FURTHER R&D PLAN
Nlagnetic field 8.65 T

EXCil1lli0\'1 (lL!1)Cl'1(1C1'1CCOl`1l1C §CXlUp<>]L! £<>lN]>¤>I1Qf2l Total magnet length 1200 mm
Void length at coil—end 2 x 300 mm
Iron yoke length 600m
Coil straight section 800 mm.m4 . Lax;gun;
Beam axis separation I80 mmS`} //" ,.
Collar outer radius (IR of Yoke) 90 mm

·`\»————~ —»“--~,;
Conductor witltliD 1 * 2 x 15 mrn
Coil aperture radius 28 mm

Dimensions:` g ' "\\ ; `\\ \
Bo [Y] DIPOLE (MTA56KEK)

Z J 4 S 6 7 9 " Y0
DESIGN PARAMETERS OF THE 56 MM 0 'I`WIN APERTURE

TABLE IV



cryogenic stccl." to be published in proc. of ICEC-15, 1994.
[I I] K. Nohara etal., "Fine blanking perf. of non-magnetic high-Mn

CERN LHC," to be presented in this conference.
quench current in the one—metre dipole model magnet for thetwin aperture dipole magnet

[10] A. P. Verweij and A. Simenko, "Ramp rate dependence ofthebe possible to re-assembled two single aperture coils to one
by means of pick-up coils," to be presented in this conferencedesign. Since the coil/collar design may be identical, it may
localization in the superconducting model magnets for the LHCtwin aperture dipole will be carried out with identical coil

[9] J. Billan , A. Siemko, L. Walckier and R. Wolf, "Quench
from the previous magnets. The development of the 56 mmo No. I, 1993, p.78l-784.
be developed to optimize the coil design with some feed back one metre long dipole," IEEE Trans. Appl. Superc. Vol. 3,
two steps. Three single aperture dipoles (MSASGKEK) will [8] D. Leroy et al., "Queneh observation in LHC superconducting
ofthe 56 mm q> twin aperture dipole will be carried out in 1993, p.6l4-621.

metre dipole model," IEEE Trans. Appl. Superc. Vol. 3, No. 1,R&D Plan for 56 mm Q Twin Aperture Dipole; Development
[7] D. Leroy etal., "Test Results on IOT LHC superconducting one

Project," CERN/AC/93-03 (LHC), 1993.split yoke.
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requirements on tolerances, [5] A. Yamamoto et al., "Development of 10 T dipole magnets for
Simple structure and easier assembly with less Trans. Magn. Vol. 27, No. 2, 1991, p.2004-2007.

dipole model magnet for the Large Hadron Collider", IEEE
following advantages: [4] H. Hirabayashi, et al., "Design study of a superconducting

(Applied Supcrconductivity Conference, Boston, 1994.)optimized by using high—Mn steel collars, and it has the
development," to be presented in this conferencefor large scale assembly of the magnet. This option may be

[3] R. Perin and "Status of the LHC programme and magnetThe horizontally split yoke configuration may be convenient
IEEE Trans. Magn., Vol. 27, No. 2, 1991. p. 1735.I-Iorizontally Split Iron Yoke with I—ligh—Mn Steel Collar;

[2] R. Perin, "The superconducting magnet system for the LHC"

CERN 91-3.
down and excitation. [I] G. Brianti etal., "Design Study of the Large Hadron Collider"
terms of effect of collar material on magnet operation; cool
the comparisons between stainless steel and high-Mn steel in REFERENCES
dipole magnet development. Table V gives a summary of
considered as the primary candidate to be used in the new cooperation for this project.
design. As a starting point, high—Mn steel has been Toshiba Corporation for their professional and continues
of a lower field of 8.65 T than that of IOT in the previous The authors deeply thank Mr. S. Itoh and engineering staff of
down ofthe magnet, although it might be acceptable because CERN and KEK for their continuous support for this project.
prestress is estimated to be in a level of l2MPa after cool magnet test. They would like to thank Director‘s office at
radius, respectively. On the other hand, reduction of coil ['JFOTCSSIOIIZII SLl[)pOI'[ Llfld COl"ll1I'11.IOUS €l'lCOLII'8gCl’IiCl'l[ fOI' the
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ACKNOWLEDGMENTenables much stiffer mechziniczil structure in connection to

horizontally split yoke.
collar made of high—Mn steel in combination with*Thc calculation was mad by using ANSYS code.
magnet design is being carried out with symmetric, separate

0.l2 mm 0.06 mmDcfcrm. 0f mean coil radius(8.65T) develop a 56 mm tp twin aperture dipole model magnet. The
0.09 mm 0.03 mmDcfcnrm. 0flial{c0Il;ir wi<IIh(8.65T) revised, a new magnet R&D program has been started to
l00 % 6-1 W.Force (Six) suppuried in collar According to the new LHC machine design recently
G:ip:0.0l 6 mmGap closedCollar/Yoke cmitucl at 8.65 T

being carried out.Gap closedG1ip:O.l mmCollar/Yoke contact. nfl. cool-down
A systematic effort to improve the coil end configuration is27 MPa38 MPaRemaining presucss (Inner) @8.65 T
magnet reached 9.6 T at 1.8 K after training at the coil ends.nn reduction l?.MPaC0iI prcsucss change uh. c0nI·d0wn
separate coil/collar configuration has been developed. The54 MP:168 MP2Typ. prcsucss (Inncr) aft. c00I—cI0wn

66 MPa66 MPI: mm ttm twin aperture dipole having a feature of symmetric,Typ. prcsucss (inncr) ATL. collzxrimg
O.l7 %0309 %Thcmml shrinkage (300 K > I.9 K) accelerator R&D program between CERN and KEK. A 50

Large Hadron Collider have been carried out as a cooperative
High-Mn St.Siainless S1. Development of twin aperture dipole magnets for the

OPERATIONAL CONDITIONS *
IV, SUMMARYEFFECT OF COLLAR MATERIAL ON THE MAGNET

TABLE V.


