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Abstract—Test results are reported on four quadrupole magnet
model tests (TQS01a, TQS01b, TQS01c, TQS02) in support of
the development of a large-aperture Nb;Sn superconducting
quadrupole for the US LHC Accelerator Research Program
(LARP). All four magnet assemblies used key and bladder tech-
nology to compress and support the coils within an iron yoke
and an aluminum shell. The first three models tested different
magnet assemblies of several coils, having MJR conductor, and
gapped segmented bronze pole-islands. TQS02’s coils utilized
improved (RRP) Nb3Sn conductor, and addressed TQS01’s
quench-training pattern, by utilizing titanium alloy (TiAl6V4)
pole-islands, with no axial gaps during reaction. This paper sum-
marizes the assembly, cool-down and performance of TQS01a,
TQS01b, TQS01c, and TQS02 and compares measurements with
design expectations.

Index Terms—LARP, Nb3Sn, superconducting quadrupole
magnet, TQS.

I. INTRODUCTION

HE magnet technology development effort of the
U.S.-LHC Accelerator Research Program (LARP), is
a partnership between magnet physicists and engineers from
BNL, FNAL and LBNL [1]. The program’s long term goal is
to demonstrate that Nb3Sn magnets are a viable choice for an
LHC IR upgrade [2], by the year 2009. A successful test re-
quires a gradient above 200 T/m, in a 3.6 m long magnet, having
a 90 mm bore. Within the past three years three significant steps
have been taken to extend LBNL’s Nb3Sn magnet technology
towards achieving this goal: 1) A Subscale Quadrupole (SQ)
magnet program [3] investigated small racetrack quadrupole
magnets. 2) A Technology Quadrupole (TQ) program investi-
gated 1 m long cos-theta coils, and 3) a Long Racetrack (LR)
program [4] investigated 3.6 m long common-coil magnets.
All programs have utilized bladder & key technology [5] to
pre-stress the coils inside an iron yoke and tensioned aluminum
shell. The TQ-program has investigated two structures, with
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Fig. 1. Ready-for-testing TQS magnet shows the outer aluminum shell, its
strain diagnostics, and the yoke. The four large axial rods axially compress the
coil-ends, via a thick stainless-steel end-plate.
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Fig.2. TQS magnet cross-section showing coils, fillers, pads, keys, yokes, shell
and axial supporting rods.

nearly identical coils. LBNL extended its “bladder & key” alu-
minum shell technology to cos-theta coils (TQS) [6]-[9] (Figs. 1
and 2), while FNAL modified its LHC NbTi collaring tech-
nology to better support higher-field NbsSn coils (TQC) [10],
[11].

This paper summarizes and compares test results of four TQS
assemblies, in order to address several technology issues and
provide guidance for future tests.

II. MAGNET DESIGN

A. Conceptual Design and Parameters

The shell-based structure uses bladders and keys for precise
magnet assembly pre-stress control, with negligible stress
“overshoot”. Interference keys are inserted to retain the 300 K
pre-stress and allow bladder removal. A tensioned aluminum
shell compresses internal iron and coil components, and ap-
plies a substantial fraction of the operational pre-stress during
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TABLE I
TQS MAGNET PARAMETERS

Magnet parameter Unit Value
Strand Diameter mm 0.7
Cable strands # 27
Cable-thickness (mid, bare) mm 1.26 £ 0.02
Cable width (bare) mm 10.06 £ 0.05
Keystone angle degree 1.05%0.1
Insulation thickness mm 0.125
Turns per block (inner layer) # 6 inside wedge; 12 outside
Turns per block (outer layer) # 16
Mandrel diameter mm 90
Shell thickness mm 22
Shell outer diameter mm 500

cool-down, during which the final coil pre-stress is monotoni-
cally approached from below, without overstressing the fragile
conductor [12]. The magnet design parameters are given in
Table I.

The magnet design and analysis went through several it-
erations using three major computer programs: ProE (CAD),
TOSCA (magnetic analysis), and ANSYS (structural analysis).
Three dimensional analyses were used throughout the process.
From structural analysis of previous magnet tests, friction
coefficients were applied between all coil surfaces (1 = 0.2),
and between shell and yoke (. = 0.5). These assumptions
were used to predict: 1) the cool-down pre-stress changes, 2)
the axial and azimuthal responses to magnet excitation, and 3)
the 300 K azimuthal and axial assembly pre-stress, needed to
prevent coil separations during magnet excitation.

ANSYS analysis indicated a cold shell tension of 170 MPa
and an axial-rod force of 800 kN would be needed to overcome
friction and prevent Lorentz forces from causing coil-island
separation during 4.4 K magnet operation. In the TQSO1
magnet tests, only ~30% was applied during 300 K assembly,
the remainder being achieved during cool-down of the alu-
minum shell and axial rods. TQS02a’s 300 K end pre-load was
decreased to 15%. Computations indicated the applied cold
axial force had to be more than twice the maximum Lorentz
force to sufficiently overcome frictional forces. To minimize
the influence of friction during 300 K assembly, axial pre-stress
was applied before azimuthal.

B. Strain Gauges

Strain gauges were essential in determining the stress con-
ditions in the coils and the structure. They also provided mea-
surements that could be compared to ANSYS predictions. Coils
had strain gauges on the inner surface of their pole-islands. At
the axial center, two gauges were mounted to measure the az-
imuthal and axial strain. A third (axial) gauge was mounted near
the lead-end. All island gauges were compensated computation-
ally against gauges mounted on stress-free island material.

Measured strain “c” in two principal directions “z, 6” (and
no shear) was converted into stress “c” using the relationships
below, with an appropriate modulus of elasticity (E), and
Poisson’s ratio (v) (Table 1I),

E E

o9 = m(% +re.) o0.= m(& + veq)

TABLE II
MATERIAL PROPERTIES FOR ANSYS

Material Modulus (GPa) Poisson’s Thermal expansion
300 K 44K Ratio 300 K-44K

Aluminum 70 79 0.34 -0.00420

Bronze 110 120 0.30 -0.00312

Iron 213 224 0.28 -0.00197

Titanium 130 130 0.30 -0.00174

Conductor 45 45 0.20 -0.00336

C. Assembly and Cool-Down

The magnet was assembled from two sub-assemblies: a coil
pack of four coils held together by four adjustable load-pads
to ensure uniformity, and a structure pack of four iron yokes
separated temporarily by gap-keys and held by an outer alu-
minum shell. After coil insertion, pressurized bladders allowed
yoke-gap key removal. Initial interference keys were inserted
between pads and yokes to maintain an initial low pre-stress.
The final 300 K axial end-force was applied to the coil-ends
by tensioning the four axial-rods. The final 300 K azimuthal
pre-stress was applied by increasing bladder pressure, and main-
tained by adding shims to the keys. The final room temperature
coils pre-stress was approximately —40 MPa azimuthally and
—20 MPa axially.

III. TQSO1 AND TQS02

The three TQSO1 tests (a,b,c) used coils with segmented
bronze islands and MJR conductor. Except TQSOla, which
used virgin coils, tests b and ¢ combined virgin and previ-
ously tested coils. Small adjustments to pre-stress and friction
coefficients were made with minimal impact on the magnet
performance. During all three tests quench-origins clustered
around the first pole-turn near the gaps in the segmented
pole-islands. These gaps (combined thickness of ~2 mm)
were introduced to prevent excessive strain on the conductor
during reaction, and maintained during impregnation. Based
on TQSO1 quench-origins and additional ANSYS analysis, the
bronze islands were replaced with titanium alloy (Ti6Al4V)
islands for TQSO02. This eliminated the need for any gaps during
reaction and axially compressed the pole-island while cold (the
conductor is therefore under axial tension).

TQSO02 coils showed no pole-segment gaps after the reaction,
and the coil ends remained attached to the end spacers and shoes.
This resulted in the “best looking” coils yet produced in the
TQ-program. The coil conductor was RRP with an SC current
density of 2740 A/ mm? at 12 T, 4.2 K (extracted strand, with
no self field correction), a measured RRR of ~200, and a Cu to
non-Cu ratio of 0.87.

The calculated stress and strain in magnets TQSO1 and
TQS02 are summarized in Tables III, IV. Warm and cold data
are listed for the; shell, rods, islands, and pole turn 1 around
the island.

IV. TEST RESULTS

A. Training

The training curve for the 4 tests is shown in Fig. 3. At 4.4
K the TQSOla reached its plateau value in less than a dozen
quenches with a plateau current of 10625 A or 193 T/m (89%
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TABLE III
TQSO01 STRESS-STRAIN CALCULATIONS

Stress (MPa) Strain (ue)

ANSYS

300 K 44 K 300 K 44 K
Shell azimuthal +30 +166 +380 +1495
Shell axial Z +9 +142 -19 +1080
Rods axial Z +37 +128 +527 +1618
Island azimuthal © -50 -220 -340 -1890
Island axial Z -43 +25 -250 +765
Turn 1 (layer 1) 6 -40 -155 =780 -3450
Turn 1 (layer 1) z -20 +12 -250 +1000

TABLE IV

TQS02 STRESS-STRAIN CALCULATIONS

Stress (MPa) Strain (ue)

ANSYS 300 K 44 K 300 K 44 K
Shell azimuthal +29 +178 +373 +1611
Shell axial Z +9 +148 -18 +1115
Rods axial Z +15 +110 +208 +1398
Island azimuthal © -50 -131 -350 -830
Island axial Z -17 =77 -18 -290
Turn 1 (layer 1) 6 -39 -155 -789 -3350
Turn 1 (layer 1) z -10 +12 -19 +1312
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Fig. 3. Training curves of the 4 test TQS magnets.

of the expected magnet short sample) [13], [14], and a max-
imum gradient of 199 T/m at 3.23 K. TQS02a trained slower,
but achieved a plateau of 12000 A or 215 T/m at 4.4 K, a one-
time maximum of 12270 A or 219 T/m at 4.4 K, (90% short
sample limit without self field correction). At 1.9 K, TQSO1c
gained ~1000 A (as expected), but after many quenches. How-
ever, TQS02a was erratic, with no net increase after 14 attempts.
Its onetime maximum current and gradient were 12460 A and
222 T/m at 2.17 K [15]. This anomalous 1.9K training remains
unexplained.

While TQSO01’s quench-origins were somewhat predictable,
a large number of TQS02a’s quenches originated in its outer
layer pole -turn, a rather unusual event given the fact that the
field there is at least 1T lower than the inner layer. Since all
outer layer quenches occurred in one coil (coil-21), something
may have been peculiar about that coil (Table V).

B. Strain Measurements

The operational pre-stress was reached during cool-down, as
a result of the differences in the thermal contraction properties

TABLE V
TQS CONDUCTOR AND LIMITS

Magnet TQSO01 TQS02
Conductor MIR RRP
Iss4.4 K 12100 13600
Gss 4.4 K 216 239
Iss 1.9K 13200 14800
Gss 19K 234 259
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Fig. 4. Measured stress of TQS02a structure during assembly, testing and dis-
assembly.
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Fig. 5. Measured island stress in TQSO1c and TQS02a.

between aluminum and iron. Fig. 4 shows a typical time se-
quence of measured stress in the TQS02a shell and axial rods,
from assembly through testing and disassembly. Similar curves
are recorded for the islands.

While the rods and shell are only marginally impacted by
magnet excitation, the pole-island gauges corroborate the large
changes in coil stress expected in the pole-turn. The pole-island
stresses change nearly linearly with increasing Lorentz force,
departing from linear at the highest currents (Fig. 5). While the
azimuthal stress was unaffected by the change in pole-island
from bronze (TQSOIc) to titanium alloy (TiAl6V4) (TQS02a),
the axial tension in TQSO1c’s bronze island became compres-
sion in TQS02a titanium alloy (TiAl6V4) island. Table VI lists
several strains and stresses at 4.4 K. The 300 K assembly values
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TABLE VI = 10000L E
MEASURED STRAIN AND STRESS AT 4.5 K (300 K) & r ._‘_‘_.m“‘\‘?“% 1
5 C ]
Location  Symbol £ 9000 -
Type Unit TQSO01a TQS01b TQSO01¢ TQS02a &:) C ]
Shell £ +1325 +1456 +1275 +1379 £ 8000F -
Strain pe (+465) (+620) (+360) (+335) & . ]
Shell g +1154 +1073 +1110 +1108 7000 — i i 4
Strain pe 0) 0) (-25) (-58) 10+ —
Shell Gy +153 +163 +148 +157 o ]
Stress MPa (+42) (+55) (+31) (+28) ol 7
Shell [ +143 +140 +138 +141 E L 4
Stress MPa (+14) (+19) +9) (+5) s 7
Rod & +1435 +1475 +1400 +1118 6 —
Strain pe (+555) (+550) (+600) (+150) s %
Rod o, +113 +117 +110 +88 i ; j R
Stress MPa (+44) (+44) +47 (+12) 60 65 70 75 80 85 90 95 100
Island € -1733 -1771 -1450 918 Quench #
Strain ne (-150) (-172) (+15) (-174)
Island € +776 +792 +730 347 Fig. 7. Heater studies in TQSOlc.
Strain ue (-63) (-178) (-150) (-12)
Island Cg -198 -202 -162 -146
Stress MPa (-22) (-30) (-4) (-25) 0
Island o, +34 +34 +39 -89
Stress MPa (-14) (-30) (-27) -9) -10
Pole turn £9.&,
Strain e Not measured R 20
Pole turn G (calo) -139 -142 -114 -150 &
Stress MPa (-18) (-24) -3) (-19) 2 30
Pole turn Oy (calc) +15 +15 +17 +48 b
Stress MPa (-7) (-14) (-13) (-5) é -40
»
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Fig. 6. Measured dodecapole for TQSO1c and TQS02a, (R,of = 17 mn).

are shown in parentheses. The measured data agreed well with
ANSYS model predictions.

C. Magnetic Measurements

The measured dodecapole (bg at R, = 17 mm) for TQSO1c
and TQS02a are shown in Fig. 6. The data for both magnets is
in close agreement with expected calculations. Additional mag-
netic measurements details are available in [16].

D. Heater Studies

One coil in magnet TQSO01c (coil 15) was sacrificed to deter-
mine the impact of quench-heating upon coil performance [17].
Standard current-ramp 4.4K plateau (inner-pole-turn) quenches
were followed by incrementally increasing energy-dump delays
(upto200ms), inorderto systematically increase the magnet’s It
(MIITs) integral, until a change in plateau current was observed.

subsequent increases in coil MIITs degraded the plateau perfor-
mance. Significant reductions in coil-15’s azimuthal pole-island
stress were correlated with the changes in plateau current (Fig. 8).
Afterdisassembly, physical damage was observed along a portion
of the inner first two turns on one side of the inner pole-island. A
subsequent post-mortem of this region revealed a slight inward
shift of the associated cables (Fig. 9).

E. Magnet Disassembly

Coils tested only at 4.4 K showed no visible signs of high
stress or strain, except for slight epoxy cracking in bronze-is-
land pole-island gaps (consistent with model predictions and
the observed quench-origins). However, all coils tested at 1.9
K exhibited several dozen round flat “bubbles” on each coil’s
inner layer, unsupported bore surface (Fig. 10). This was also
reported after FNAL’s TQCOI1 test. We suspect these bubbles
resulted from super-fluid helium penetration into small voids
within the epoxy. Rising quench temperature trapped this liquid,
and its subsequent vapor transition generated high-pressure
pockets, which de-laminated locally regions of the epoxy-glass
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Fig. 9. Epoxy de-lamination and slight inward cable displacements on one side
of coil-15’s inner-pole island after high-MIITs study.

Fig. 10. Several “bubbles” as they appear after a 1.9 K testing.

matrix. While there is no evidence that this impacts magnet
performance, it does suggest these impregnated coils may have
small cracks that change in size as the magnet is energized
and trained. Furthermore bubbles that are formed between a
protection-heater and its coil are expected to degrade protection
performance. Alternatives are being sought.

V. CONCLUSION

Four shell based magnets were tested using keys and bladder
assembly. Measurements of strain in coils and structure fol-
lowed expectations analyzed with the program ANSYS. The
magnets trained and reached a plateau of 89% (TQSO1a) and
90% (TQS02a) of the expected short-sample limit at 4.4 K. Re-
placing the bronze islands with titanium alloy (TiAl6V4) elimi-
nated quench origins from reoccurring near segmented gaps and
also eliminated the need for leaving intentional gaps between
segments. TQS02a, with improved RRP conductor, reached a
stable gradient of 215 T/m at 4.4 K but failed to reach expected
short sample limits of 239 T/m at 4.4 K and 260 T/m at 1.9 K.
Issues regarding the slow or no training at 1.9 K as well as the
cause for outer layer quenches will require further studies.
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