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Abstract

Two 1-m modd magnets for the LHC low-beta
insetion quadrupole have been devdoped One was
fabricated by KEK to confirm the magne performance
with the find cross section. Another modd that was
identicdly designed was built a Toshiba to confirm the
technicd transfer. In the curing process, the coil size was
controlled by the optimised curing shim thickness. These
magnets were connected in series and simultaneously
tested & 1.9 K. Quench history of the present modds
showed better performance than the previous modd and
the magnets were verified to reach the LHC operaiond
current without a quench after a theema cyde The R&D
phase of the LHC insetion quadrupole will move to
development of 6-m long prototype.

1INTRODUCTION

Devdopment of 70 mm gperture superconducting
quadrupole magnets for the LHC low-beta insertion, so
cdledas MQXA, is under way & KEK. The deve opment
is apat of the collaboration between KEK and CERN for
the LHC, and sixteen 6-m long magnets will be instdled
in low-beta beam insetion regions of the LHC together
with other 16 magnets by FNAL.

After the R&D of the two 1-m long modd magnets,
the third 1-m modd (Modd #03) was fabricaed with a
new coil design and the magnet performance was tested [1].
The fourth modd (Modd #04) wes produced so that the
quench peformance and the fidd qudity were compared
with modd #03. The fifth, identicdly designed modd
magnet (Modd #05) was built a Toshiba Kehin Product,
that is the fabricator of the 6-m long prototypes and the
production magnets, to confirm the technicd transfer from
KEK to the company. These magnets weretested & KEK
with a new verticd cryosta [2] made for the 6-m long
production magnet. To compromise with the test schedule,
the magnes were connected in seies and excited
simultaneously. This pgoer reports the quench
peformance and the mechanicd behavior of modds #04
and #05. Detailed report on the fidd qudity is separady
presented at this conference[3].

2DESIGN AND FABRICATION

Main design parameters of the new magnets are listed
in Teble 1, and progress of the design study and R&D
works have been reported in [4]-[7].

Table 1: Main design parameters of low-beta
insertion quadrupolesfor LHC

Models #04 and #05

Field Gradient (T/m)

Design (Operétion) 240 (215)
Current (A)

Design (Operation) 8057 (7150)
Peak Field (T) 9.62
Load Line Ratio (%)

Inner Cable; IC 91

Outer Cable; OC 88
Number of Turns per Pole

1st Layer Coil 8 (IC)+4 (IC)

with wedge
2nd Layer Coil 12(0C)+4 (IC)
with wedge

3rd Layer Coil 15 (0C)

4th Layer Coil 18 (OC)
Stored Energy (kJ/m) 442
Inductance (mH/m) 13.6
Magnetic Forces per Octant

Fx (MN/m) 1.45

Fy (MN/m) -1.72

Table 2: Relative coil thickness and Y oung’s modulus of
inner- and outer- coils at 50 MPa

Relative coil Young's modulus
thickness (um) (GPa)
Inner coil Outer coil Inner coil Outer coil

Magnet

Model #03 89 (16) 145(28) 65(0.2) 7.1(0.3)
Model #04 33(18) 100(19) 8.4 (0.3) 8.1 (0.4)
Model #05 4(13) 9(15) 7.5(0.2) 9.2(0.6)

Inner coil: 1st and 2nd layers, Outer coil: 3rd and 4th
layers.
Numbersin parenthesis indicate statistical errors (10).

Modds #03, #04 and #05 were identicdly designed and
fabricated except for the curing process: dfferent shim
thickness was adopted to each magnet to ajust the coil
size. Table 2 summarizes the rdaive coil thickness to the
origind design vdue and the Young's modulus of the
first- and the second- layer (inner) coils and the third- and
the fourth layer (outer) coils. Numbers in parenthesis
indcate statisticd erors (10). The mechanicd
measurement was performed right after the first curing
process: each inner and outer coil was separatdy cured By
choosing the appropriate shim thickness, the coil size
gradudly gpproached to the design vaue Smdler coil



thickness generdly traded off the higher Young's modulus.
Both of the thickness and the Young's modulus of modd's
#04 and #05 dstributed within smdl deviaion and the
median plane shift was expected to be small enough.

Figure 1 plots the rdative coil thickness and the
Young's modulus of the 4-layer coils as a function of the
stress. The measurement was mace right after the second
curing process tha gathered the inner- and the outer- coils
to be the 4-layer coil. The Ieft hand verticd axis is the
rdaive thickness to the origind design vdue which the
presstress of 50 MPa will be obtained ater the magnet
assembly. Error bars indcate statisticd erors (10). As
shown in the figure, each coil size was shifted and
controlled in dl stress range by vaying the shim
thickness. Modd #05 was cured to be about 150 pum
smdler than modd #03 and the coil size was farly
adjusted to the original design value at 50 MPa.

Teble 3 lists the azimutha coil pre-stress during the
magnet assembly. The pre-stress was determined by the
cgpacitive transducers instaled between the coil and the
stainless collar. Although the thickness of modds #04
and #05 became smadler, the prestresses were dmost
same as modd #03. This might be due to the dmensiond
problem of the brass shoes where the transducers were
mounted The unbdance of the prestress between the
inner- and the outer- coils was reduced in modd #05 by
adjusting the coail size.
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Figure 1. Reative coil thickness and Young's modulus of
4-layer coils. Barsindicate statistical errors (10).

Table 3: Azimuthal coil pre-stress
during assembly process (M Pa)

#03 #04 #05

Process Inner Outer Inner Outer Inner Outer

Collaring <5 <5 <6 <5 <5 <5
Y oking 40 53 37 58 41 47

3EXCITATION TESTS
3.1 Quench History

Modd's #04 and #05 were simultaneously exciteda 1.9
K with a ramp-rate of 10 A/sec in saries connection, and
goproximady hdf of the stored energy was extracted from

the magnet by using a 50 mQ dump resistor with firing
the quench protection heaters (QPHS). The excitation tests
were paformed in the verticd cryostat newly constructed
for the 6-m long production magnets. A 3-m long
stainless sted cylindicd vacuum chamber was suspended
beow the modd magnets as a dummy void so that the
amount of superfluid hdium coolant was saved and the
cool-down time was minimized The both modds
experienced a full theemd cyde to room temperature to
observe the training memory. Further quench studes such
as fast ramp tests, AC loss tests, temperature dependence
tests or heater tests were not performed on these magnets.

Quench history of modd's #04 and #05 is shown in Fig.
2. Thefirst quench occurred a 7326 A which exceeded the
LHC operationd current of 7150 A (G=215 T/m). The
following quench currents went up rgpidy and the
magnets only needed four quenches to reech the fidd
gradent of 230 T/m: a guice line to judge the quench
performance of MQXA a the magnet test in KEK. After
reeching to 230 T/m, however, the quench curve seemed
to be saturated.

8500 e
[1st series 12nd series
rof tests of tests 1
ASOOGT 240 T/m]
S:/ [ @ L, A s L+ — ]
= L ) + ' + ]
@7500:A:++++++ L 230T/m:
E i e j
3 70000 o asTm
5 [ :’ i
g 6500~ + Model #03 ]
o4 [ ® Model #04 (. ]
r a Mode #05 !
6000- = No Quench at 220 T/m ' .
[ & Quench at ramp-down ' Thermal
ssool . (Model%04) ~  icyde  C
5 10 15 20
Run Number

Figure 2: Quench history of models #04 and #05.

After thefirst series of tests, the magnets experienced a
themd cyde to room temperature. Since a technicd
problem took place with the power supply, the series of
quench tests were stopped The magnets were once
energized up to thefidd gradent of 220 T/m to prove the
traning memory &fter the theemd cyde The magnets, as
shown in Fig. 2, successfully resched to 220 T/m (1=7330
A) without a gquench dthough they quenched during the
following ramp-down process. This unexpected quench
was not understood.

Table 4 lists the quench locations of modds #04 and
#05. Quench locations could not be precisdy locdized due
to the lack of dgitizers for the voltage tgps and the
quenched layer-coils ae only listed in this table
Accordng to this table, the quench locations were
dstributed in dl poles, but concentrated in the second
layer coils. Recent training results of the first 6-m
prototype dso indcated that the most quenches initiated
in the second layer coils. It can be conduded tha the
MQXA designed magnets have wesk regions in the second



layer coils except for modd #03 which mostly quenched
in the fourth layer coils possibly dueto the misdignment
of the insulating films.

Table 4: Quench locations of models #04 and #05.

Quench
Sgﬁgg Cu('rorsznt (II\\/'/IIEZ—SS) Quench Location
Isttest 1 7326 9.26  #05, Pole2, 2nd layer
2 7369 890 #05, Pole3, 2nd layer
3 7520 9.58 #04, Poled, 2nd layer
4 7725 850 #04, Pole2, 2nd layer
5 7688 858 #05, Pole3, 2nd layer
6 7763 9.56 #05, Poled, 2nd layer
2ndtest 7 6725 8.80 #04, Pole3, 2nd layer

3.2 Mechanical Behaviour during Excitation

Figures 3(8) and (b) show azimuthd pre-stress change
of modd #04 during excitaiion before and after the first
traning quench, respectively. Prestress changes were
plotted as a function of square of the current and
normaized to be zero a the initid prestress right after
the cool-down.

In Fig. 3(8), the pre-stress curves of the inner coil were
gradudly shifted to lower vaues as the magnet was
repestedy energized with incressing the ramp-up current

B o
S ]
E- " ?
= P a
o 1 8
m - s D = 1 P
E ) SRS 7_5 Q
- e ] @
g _ &\Q\ ] Q
g r —e— 1st Ramp: 3100A m\m*» --102.

[ --o--3rd Ramp: 5100A . g 1 =
£ ol —m5th Ramp: 6000A #04: Outer Coil | 2
< P 5 7th Ramp: 6500A 1158

I —x--9th Ramp: 7050A ]

Olb2b3b4b5b

Square of current (M A?)
@
o_of‘;;;,;;‘,‘,,‘;;;,;;;‘,,‘;;;,;55

< L #04: Inner Coil 1 D>
S 3
<> - _10 &
S 1B
g 10 ———m-g]-5 O
£ =3
~f ] @
@ -15+ Reses ___#04: Outer Coil 1 _109
g [ —e— 14th Ramp: 7300 A = NG

| --0--15th Ramp: 7300 A g =
& ol —m—16th Ramp: 7300 A e I
< [ --0--17th Ramp: 7300 A ]-15&

r —x--18th Ramp: 7300 A ]

Lo |

0 10 20 30 40 50
Square of current (M A?)
(b)
Figure 3: Azimuthd prestress change of modd #04
during excitation (8 before and (b) after first traning
quench.

before the first traning quench. The curves became
stabilised after the seventh excitation up to 6500 A, and
the pre-stress was aout 3 MPa lower than the initid
vadue right after the cool-down. The prestress changes
after thefirst quench in Fig. 3(b) precisdy trace this curve.
The pre-stress change curves were sauraed a the current
region above 5000 A. The lower prestress of the inner
coil, however, dd not afect the traning characteristics
because the first quench took place over 7300 A and the
training successfully went on.

For the outer coil, the pre-stress curves were distributed
within 1 MPa and decressed linearly: no saturation was
observed These mechanicd behaviours were consistently
observed in model #05.

4 SUMMARY AND FURTHER PLAN

Modds #04 and #05 exceeded the operationd fidd
gradent of 215 T/m without a quench and resched to
230T/m é&fter 4 quenches. The acoeptable traning memory
after the full thermal cycle was confirmed.

The R&D program of 1-m modd magnets for the
LHC-MQXA was compleed The 6-m long prototype
was febricated a Toshiba and the excitetion test is in
progress at KEK.
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