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Assembly and Test of SQ01b, a{Sh
Quadrupole Magnet for the LHC Accelerator
Research Program

P. Ferracin, G. Ambrosio, S. E. Bartlett, B. Bordini, R. H. Carcagnoa§piCD. R. Dietderich, S.
Feher, S. A. Gourlay, A. R. Hafalia, V. V. Kashikhin, M. J. Lamm, A. F.ZketS. Mattafirri, A. D.
Mclnturff, D. F. Orris, Y. M. Pischalnikov, G. L. Sabbi, C. D. SylveskérA. Tartaglia, G. V. Velev,

and A. V. Zlobin

Abstract—The US LHC Accelerator Research Program
(LARP) consists of four US laboratories (BNL, FNAL, LBNL,
and SLAC) collaborating with CERN to achieve a suaessful
commissioning of the LHC and to develop the next geration of
Interaction Region magnets. In 2004, a large aperte NbsSn
racetrack quadrupole magnet (SQO1) has been fabrited and
tested at LBNL. The magnet utilized four subscaleacetrack coils
and was instrumented with strain gauges on the suppt structure
and directly over the coil's turns. SQO1 exhibited training
guenches in two of the four coils and reached a plkedield in the
conductor of 10.4 T at a current of 10.6 kA. Afterthe test, the
magnet was disassembled, inspected with pressuredicating
films, and reassembled with minor modifications. Asecond test
(SQO01b) was performed at FNAL and included trainingstudies,
strain gauge measurements and magnetic measuremenkdagnet
inspection, test results, and magnetic measuremenise reported
and discussed, and a comparison between strain gaug
measurements and 3D finite element computations gesented.

Index Terms—LARP, Nb3Sn, quadrupole magnet

|I. INTRODUCTION
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Fig. 1. SQ01 magnet cross-section (left) and kotgnal support (right).

main goal was providing a cost effective tool fectinology
development studies. After the test at LBNL, repdrin [5],
the magnet was disassembled, inspected and redsserhb
January 2005, a second test was performed at FEig\part of
the LARP Supporting R&D effort. In this paper weidfly
outline the main inspection outcomes, and we pietes
results of the second test, which included quemcfopmance,
temperature and ramp-rate dependence studies, lhsasve
magnetic and strain gauge measurement [6].

Il. MAGNET DESIGN

s part of the LHC Accelerator Research Program (LARP The design of the subscale quadrupole magnet {Fiigft)

[1], [2]), three US national laboratories (BNL, FNA
and LBNL) are currently engaged in the developmeft
superconducting magnets for the LHC Interaction ifeg
(IR) beyond the current design [3], [4]. In 2004BNL
fabricated, assembled, and tested SQO1, SiNlgjuadrupole
magnet implementing four “subscale” racetrack ¢oikose
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consists of four “SC” type subscale coil module€0$ -
SCO02, previously successfully tested in severascalle dipole
magnets, and SC15 - SC16, fabricated specificallySIQ01.
The strands used in the cables of coil SC01 and2S@fe
fabricated with the Modified Jelly Roll (MJR) pra= while
the strands for the new coils were formed by thet&tked

Rod Process (RRP). Each SC module is a double-layer

racetrack coil wound around an iron pole, reacteu], epoxy
impregnated. The coil support structure, which cosgs an
aluminum bore, four stainless steel pads, four yokes, and
an aluminum outer shell, was assembled with pressiir
bladders and interference keys [7]. A longitudisalpport
system (Fig. 1, right), composed of four aluminumdg and
two end plates, was used to reduce the conductbomio the
end region. A detailed description of the magnefcstire, the
assembly procedure, and the main parameters ia @iyé].
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Fig. 2. Results of the pressure sensitive filn ireshe return end before (le
and after (right) the end load adjustments.
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Fig. 3. SQ01bcompletequench histor

I1l. DISASSEMBLY AND INSPECTION

After the first test at LBNL, which indicated thdhe
performance may have been limited by conductor meves,
SQO01 was completely disassembled for visual ingpect
Dimensional checks were conducted to look for press
imbalances or non-uniformities, which may have eduthe
magnet quenches. After the axial rods were unlogolex$sure
sensitive films were inserted between the end plated the
coils. These films indicated that the longitudinfdrce
appeared to have been primarily applied on thessalethe
coils (Fig. 2, left), and not in the middle, wereetaxial
Lorentz forces were expected to be the largest.réhelts of
3D models predicted that, in order to minimize doaductor
motion in the coil ends during excitation, the cdodd to be
supported at the center of the end region. Accgigdirshims
were added to the end-plate, in a manner to cémeend load
over each colil (Fig. 2, right). Pressure sensfiives were also
used to investigate coil pre-stress homogeneity the
azimuthal and radial directions. No significant -pteess
variations were observed on these coil surfaces. mhgnet
was then reassembled with the same room tempeiautgieof
pre-load as in SQO1 (i.e., 40 MPa and 90 MPa o$iten
respectively in shell and rods, corresponding toeapected
coil straight section stress of 20 MPa at room emajure and
90 MPa at 4.5 K), and shipped to FNAL for testisgS€01b.

IV. TEST RESULTS

Test of SQ01b (complete quench history shown in Big
included 10 training quenches at 4.5 K, 3 ramp-gatenches,
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Fig. 4. 4.5 K training performance for SQ01 (whiterkers) and SQO01b
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Fig 5. Ramp-rate dependence.

5 training quenches at 2.2 K, 4 additional 4.5 Hiring
guenches, and several temperature-dependent q@enche
distributed in the 3.0-4.0 K range. Rotating cmibgnetic
measurements were performed, and the strains isupport
structure and coils were monitored with strain gaug
throughout the test. Attempts were also made pouca high-
resolution voltage vs. time data of fast-flux difances and
guench-onsets.

A. Training quenches

The current ramp profiles of SQO01b (40 A/s to 5600
20 A/s to 8000 A, and 8 A/s to quench) were idexttio those
of SQO01, to facilitate the comparison between the t
magnets. SQO01b’s first training quench occurred Gt50 A
(Fig 4), slightly above the SQO01’s highest currebserved at
LBNL (10640 A). The highest training current (1108pwas
observed on the fifth attempt. Training was teatea after
10 quenches, when it exhibited an erratic plateasirailar
currents as SQ01. Also similarly to SQO1, all bome
training quench originated in the RRP coils. Howewehile
SQO01's quenches originated in the high-field regibthe coil
(i.e. in the turns closest to the iron island), $Q6 quench
locations were predominantly in the outer sectibithe coil,
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Fig. 6. Temperature dependence studies: queneh(derkers) andhor
sample expectations for RRP and MJR coils as difumof temperature.

characterized by lower field. A detailed analysisS®Q01b’s
guench locations is presented in [8].

B. Ramp-rate dependence

Three ramp-rate quenches were performed at 500343,
A/s, and 150 A/s. In Fig. 5 we plotted the fractimihquench
current with respect to the coil short sample etgieans
(computed from virgin strand measurements), inclgdihe
training quenches (8 A/s ramp-rate): all the raauer
guenches occurred in the MJR coils, with the 158 vdlue
already within the band observed during training.

C. Temperature dependence studies

The magnet was subsequently cooled to determiriz2t&
training performance (5 quenches, Fig. 3). Pralificno
increase of quench current was observed (the Highesich
current was 11140 A), with a very stable plateaoweler, the
guench locations had moved from the RRP coils 6®oNHR
coils. Training was then investigated in the 46-X
temperature range (Fig. 6), in an attempt to es@inthe
conductor’'s temperature dependence, and to helplizotw
the temperature and current below which quenchiiginated
in the MJR coils. The highest current (11640 Aswaserved
at 3.0 K, and all the quenches originated in thé&RBils. Fig.
6 also shows the relationship between these queraid the
extrapolated temperature dependence of the RRP @hgnd,
showing that the offset observed at 4.5 K contindesn to
3.0 K. We refer to [8] for further discussions areqch data.

D. Magnetic measurements
The rotating coil measurement system utilized eberwith
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Fig. 7. Integrated transfer function (T/m/kA) atfR 10 mmalong a 25
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Fig. 8. Integratedd(10* units) at R = 10 mmalong a 250 mm probe a
function of the relative position (m) of the probenter with respect tthe
magnet center: meas. (markers) and computatiomge@u

and Fig 8 we plot respectively the transfer functi@in
T/m/kA) and the harmonic¢b(in 10* units at a reference
radius of 10 mm), both integrated along the pragth and
measured after cool-dowiThe experimental data have been
plotted for three different currents and as a fiomciof the
relative position of the probe center with resgedhe magnet
center. The pwas normalized by the main field component
measured in the central position. With a correctéri5 mm

to the z coordinates of the magnetic measurements, a good
agreement between the measured and computed transfe
function is obtained (Fig. 7). The integrated hamios b
qualitatively agrees with the calculated dependgexkibiting

an active length,, of 250 mm, and a diameter of 25 mm. Thea positive offset of about 0.6 units (Fig. 8).

measurements have been carried out positioningehter of
the probe in three locations along tlzeaxis, covering
respectively the return end (- 250 mm to 0 mm), riiegnet
center (- 125 mm to + 125 mm), and the lead enahrfDto +
250 mm). We point out that the coil straight seti®150 mm
long, and the total coil length is 250 mm. In thensverse
plane, the probe was centered using the “feed-dageiinique
of the quadrupole to dipole signal, and the co@tirsystem
was oriented such that the skew quadrupole is 2erbig. 7

E. Strain gauge measurements

The magnet was instrumented with several straigemuo
measure the stress on the shell, on the alumindis) Bnd on
the RRP coils. The aluminum shell was instrumemtitd four
half-bridge gauges measuring the azimuthal stie. gauges
were positioned at the four coil mid-planes in #xéal center
(z=0), and all were equipped with temperature carepgon
gauges. Four additional full-bridge strain gaugesanattached



Fig. 9. Strain gauge location on coils SC15-SC16.
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to the 4.5 K short sample value; andg, are respectively the stra
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to the aluminum rods to measure their axial tendiboreover,
both RRP coils were instrumented with four fulielge strain
gauges placed directly over the turns and impreghatith

them (Fig. 9). A coil trace overlay [9] was usedctinect the
strain gauges to the coils and to secure theirtipasiTwo

gauges were located near the middle of the stragbtions
and two near the middle of the coil ends. The tegpkignal

was proportional to the difference between the -tafturn

strain ¢,), and the strain in the cable winding directigy).(

In Fig. 10 the stress (tension) variations as &tfan of
the fraction of Lorentz force with respect to th& & short
sample value ((I)?), both for the shell (in the azimuthal
direction) and the rods (in the axial directionje @lotted.

During excitation, the electromagnetic forces ire thoil
straight sections push the conductors toward thipiaines,
unloading the island pole, and producing an in&ea$
azimuthal tension in the shell (within 1 MPa). Imetend
regions, the longitudinal Lorentz force tend tonglate the
coils in the axial direction, thereby increasing tlods tension
by about 4 MPa. As shown in Fig 10, the increasavad
reproduced by the 3D finite element model preditdtjas long
as a friction factoru = 0.1 between the coils and the
components is included.

All coil strain gauges exhibited a decrease of the
bidirectional strain £, - ;) both in the straight section and in
the end regions (Fig. 11). The variation can belaémrpd
pointing out that the Lorentz forces tend to pustwardly the
coil, i.e. separating it from the island pole. Thédfect
determines, both on straight sections and endsrrata-turn
compression (negative) and a stretching in the coil winding
direction (positives;). As already observed in the rods, the
results of the 3D model are in better agreemenh e
measurements when friction is included. In paréculthe
model reproduces the strain response of the codight
section well, but it underestimates it at the eoidls.

V. CONCLUSIONS

The NBSn subscale quadrupole magnet SQO1 has been
disassembled, visually inspected, reassembledretedted as
SQO01b after minor modifications in the end pre-loddhe
magnet performed similarly, achieving a slightlyghwer
maximum current, compared to the first test. Raatp-and
temperature dependence studies were conducted2 &, 2a
drop in quench current was observed in the MJRscoil
Magnetic and strain gauges measurements were feullec
analyzed and found consistent with numerical ptemis.
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