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Quench Performance of a Large-Aperture Nb3;Sn
Cos-theta Coil with Stress Management 1n Dipole
Mirror Configurations
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Abstract— A 123-mm aperture NbsSn cos-theta (CT) dipole coil
with Stress Management (SM) has been developed at Fermilab to
demonstrate and test the SM concept including coil design,
fabrication technology and performance. The first SMCT1 coil has
been fabricated and assembled together with a 60-mm aperture
NbsSn coil inside a dipole mirror structure and tested separately
and in series with the inner coil. This paper summarizes the design,
parameters, and quench performance of the SMCT1 coil in a
dipole mirror configuration.

Index Terms— Accelerator magnet, dipole mirror, magnetic field,
mechanical structure, Rutherford cable, stress management.

|. INTRODUCTION

N innovative stress management (SM) concept for cos-
Atheta (CT) coils (SMCT coil concept) has been

proposed and is being developed and studied at
Fermilab [1], [2]. The first 123-mm aperture 2-layer NbsSn
SMCT dipole coil (SMCT1) was developed and fabricated to
validate and test the SM concept including coil design,
fabrication technology, and performance. The coil was
assembled and tested with a 60-mm aperture 2-layer NbsSn coil
(MDPQ3), previously tested in MDPCT1 dipole [3], [4] using a
dipole mirror structure. This approach allows coil testing under
operating conditions similar to those of real magnets [5]. It was
widely used at Fermilab to develop NbsSn coil technologies,
including technology scale up, and conductor stability and
quench protection studies [6]-[8].

SMCTL coil testing in a dipole mirror structure was done in
two configurations - SMCTMJ1a with powering the SMCT1 coil
only, and SMCTM1b with powering the SMCTL1 coil in series
with the MDPO3 coil. The objective of the tests was to prove
the SMCT coil concept in 2-layer and 4-layer mirror
configurations; demonstrate that the magnet can reach the target
current (coil field) at the established preload; study magnet
training, training memory after thermal cycle, ramp rate and
temperature dependences of the magnet quench current.

This paper briefly describes the SMCT1 coil and dipole
mirror designs and parameters (more details are in [9]-[11]).
The results of quench performance studies of SMCTM1a and
SMCTM1b dipole mirror magnets are presented and discussed.
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I1. SMCT ColL DESIGN AND TEST CONFIGURATIONS

A cross-section and 3D view of the 123-mm aperture and
206-mm outer diameter SMCT1 dipole coil with transverse and
longitudinal cuts at the coil “return” end are shown in Fig. 1.
The SMCT1 coil consists of 2-layers. The turns in each layer
are combined in 5 blocks wound into a 316L stainless-steel
mandrel with 5 mm radial and azimuthal block separation [9].
To produce a dipole field in the magnet aperture, the number of
turns in the blocks approximately follows the cos-theta
distribution. The SMCT1 coil mandrel has a complex 3D
geometry. It was manufactured using advanced Additive
Manufacturing technology [10].

The SMCT1 coil uses 40-strand Rutherford cable with a
width of 15.1 mm, a mid-thickness of 1.319 mm and a keystone
angle of 0.805 degree. The cable is made of a NbsSn composite
wire 0.7 mm in diameter with a Cu/nonCu ratio of 1.13 and Jc
at 15 T and 4.2 K of 1500 A/mm? [11]. The strand and cable
cross-sections are shown in Fig. 1.

ID=123 mm

0D=206 mm

Fig. 1. NbsSn strand and cable cross-sections (top left), 3D-view (middle) and
cross-section (bottom right) of the 123-mm aperture two-layer SMCT1 coil.

A 3D view of the 4-layer coil assembly in a dipole mirror
structure is shown in Fig. 2. The coil assembly, surrounded by a
1 mm thick 316L stainless steel shell, was installed inside the
bottom part of the horizontally split iron yoke. The yoke is made
of AISI 1020 iron laminations with an outer diameter of 587 mm,
connected by 7075-T6 Aluminum I-clamps, and enclosed in a
12.5 mm thick 316 stainless-steel skin. The coil ends are
supported by two independent systems. The SMCT1 coil is
supported by eight 24.5 mm diameter rods and 50 mm thick end
plates. The MDPO3 coil is supported by four 30 mm diameter
rods and two end plates that are 50 mm thick inside and 30 mm
thick outside.



S3_TuA-13

SMCT 2L outer coil

15T 2L inner coil

) stainless steel shell

iron filler

aluminum clamp

__iron lamination
iron mirror

stainless steel rod
stainless steel end plate

Fig. 2. 3D view of the 4-layer dipole mirror magnet.

The coil preload during assembly was applied by shims placed
in the coil midplane, in-between the two coils, between the coil
and the iron yoke, and between the yoke and the skin, as well as
by the yoke-clamp interference and skin tension after welding.
During cool-down to LHe temperatures, the coil stress is
controlled by the horizontal gap between yoke top and bottom
blocks. The maximum stress estimated using ANSYS, in the
inner MDPO3 coil after assembly is less than 130 MPa and in
SMCT1 caoil it is less than 50 MPa. After cool-down the
maximum stress in the MDPO3 coil increases to 173 MPa and in
SMCT1 coil to ~80 MPa. With Lorentz forces, the highest coil
stresses at a coil Bmax Of 13 T in 2-layer configuration and at a
Bmax Of 15 T in 4-layer configuration are in the MDPO3 coil on
the level of 160-170 MPa [12]. The maximum stress in MDP03
coil is close to the limit for NbsSn cables.

I1l. SMCT1 ColIL TEST

The SMCTML1 test was done in two configurations with the
SMCT1 coil first powered independently (2-layer configuration
SMCTM1a) and then in series with the inner coil MDPO03 (4-
layer configuration SMCTML1Db).

Traditionally, magnet quench performance is represented by
the quench current lq. In this paper, quench data are reported as
the maximum field Bmax.in the corresponding coil. Using Bmax
allows comparing quench performance of the SMCT1 coil in
the two described mirror configurations. It is also suited for
comparing the quench performance of SMCTM1b mirror with
that of the 4-layer dipole MDPCT1, which used similar
mechanical structure and inner coils, but with outer coils
without coil stress management [3], [4]. Moreover, the coil Brax
allows also to estimate the performance of the SMCT1 coil in
the dipole configuration.

Conductor limits of SMCT1 and MDPO03 coils in 2-layer and
4-layer dipole mirrors at 1.9 K and 4.5 K, as calculated using
witness sample data with self-field correction, are summarized
in Table I. In SMCTM1a, the Bmax limits of SMCT1 coil at
19K and 4.5 K are 14.2 T and 13.1 T respectively. They are
reached at the coil lsse current of 16.5 kA and 14.8 kA
respectively [13].

TABLE |
CONDUCTOR LIMITS OF SMCT1 AND MDP03 COILS IN 2-LAYER AND 4-LAYER
DIPOLE MIRRORS AT 1.9 K AND 4.5 K

1.9K 45K
Magnet Coil
Isst, KA Bmax, T Isst, kKA Bmax, T
SMCTM1a SMCT1 16.47 14.21 14.89 13.04
SMCT1 14.06 15.01 12.69 13.76
SMCTM1b
MDPO03 14.25 17.4 12.73 15.81

In SMCTML1b, the Bmax limits of SMCT1/MDPO03 coils at
1.9Kand4.5Kare 15.0/17.4 T and 13.8/15.8 T obtained at coil
currents of 14.06/14.25 kA and 12.69/12.73 kA respectively.
One can notice that the Iss. of SMCT1 and MDPO3 coils in the
4-layer SMCTM1b are very close. At 1.9 K the Iss. of MDP03
coil is only 1.3% lower than the Iss. of SMCT1 coil which is
within the accuracy of the Iss. calculation. At 4.5 K this
difference is less than 0.5%. Although the conductor Bmax limits
of 4-layer SMCTM1b at 1.9 K and 4.5 K are rather high, 17.4
T and 15.8 T respectively, the actual magnet Bmax limitis 15 T
at both temperatures since it is determined by the maximum
mechanical stress in MDPO3 coil [12].

A. SMCTM1a Test

The SMCTM1a test started with magnet training followed by
quench current ramp rate studies at 1.9 K and temperature
dependence measurements in a temperature range of 1.9-4.5 K.
After a thermal cycle (TC) to room temperature, measurements
of magnet training, ramp rate and temperature dependences
were repeated at 1.9 K [13].

The SMCTM1a training data at 1.9 K before and after TC are
summarized in Fig. 3. The tests were performed at a current
ramp rate of 20 A/s. SMCT]1 coil training began at a coil Buax
of 10.6 T, which is 70% of the coil short sample limit (SSL) at
1.9 K. After 26 training quenches, the Bu. in SMCTI1 coil
reached 12.7 T (89% of coil SSL). All quenches were detected
in the inner layer of the SMCT1 coil except for the first quench
that started in the outer-layer middle block, and three other
quenches which were detected in the pole block of the coil outer
layer. Due to losing the voltage taps (VTs) on coil blocks in the
inner layer, the exact location of the quench origin in the inner
layer of SMCT1 coil could not be identified.
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Fig. 3. SMCT1 coil B, vs. quench number measured at 20 A/s and 1.9 K in
SMCTMIa.
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Fig. 4. SMCT1 coil Bpax vs. current ramp rate at 1.9 K measured in SMCTM1a
before and after TC.
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Fig. 5. SMCT1 coil B, vs. temperature at 20 A/s measured in SMCTMla
before and after TC.

The 1% quench after TC was at a coil Bya of 11.2 T. It was
slightly higher than the first training quench but well below the
Biax before TC, which shows rather poor training memory of
the coil. All the quenches after TC were detected in the coil
inner layer. Due to a slow training rate, it was decided to stop
magnet training after nine quenches.

The SMCT]1 coil degradation was estimated using ramp rate
and temperature dependences of the coil By, shown in Figs. 4
and 5, as measured before and after TC.

The ramp rate dependence of the SMCT1 coil By shows
linear reduction of the coil quench current with increasing
current ramp rate. At a dI/dt of 50 A/s and higher, Bnax linearly
decreases with increasing current ramp rate. This indicates that
the coil ramp rate dependence is determined by the hysteresis
loss in the superconducting sub-elements. The other two AC
loss components related to eddy currents inside strands and
between strands in a cable are relatively small. Linear
extrapolation of the coil By to dI/d=0 gives a maximum Biux
of 13.1 T, which is 91% of the expected SSL at 1.9 K.

The temperature dependence of B, in the SMCT1 coil, as
measured before TC, shows linear B, reduction from 12.7 T
to 12.0 T, which corresponds to 90% of the conductor limit at
4.5 K. The Bmax reached during magnet training at 20 A/s after
TC indicates that the training was not completed.

The ~9% reduction of the coil B, with respect to the SSL at
both 1.9 K and 4.5 K is likely due to conductor degradation
during SMCTI coil fabrication and mirror magnet assembly.

The causes are being analysed and will be resolved in the next
coils. Although the magnet training after TC was not
completed, the consistency of the coil By value at ramp rates
above 150 A/s and the B value itself at ~4.5 K in the
SMCTM1a configuration before and after TC confirms that the
coil has not degraded during TC including magnet warming up
to room temperature and subsequent cooling down to 1.9 K.

B. SMCTM1b Test

After warming up and reconfiguring the coil connection, the
dipole mirror, now called SMCTM1b, was cooled down and the
test continued. The test plan included magnet training and ramp
rate dependence studies at 1.9 K and temperature dependence
measurements between 1.8 and 4.5 K [14]. Quench protection
studies with quench heaters, and coil RRR measurements were
also performed and will be reported separately.

The SMCT1 and MDPO3 coil B vs. quench number during
SMCTM1b training at 1.9 K is shown in Fig. 6. Six power
supply (PS) trips occurred before the first actual quench, and a
few PS trips were recorded during magnet training. They are
not shown in the plot. The presence of voltage spikes (VSs) in
the test points to some mechanical disturbances in the magnet
structure. As a possible mechanism, stick/slip axial coil motion
due to the separate axial support of MDP03 and SMCT]1 coil is
considered.

A training plateau was reached after eight quenches. The
quenches occurred in both coils; in Figs. 6-8, solid markers
indicate the coil where the quench originated. The first quench
started in the inner MDPO3 coil whereas the second quench was
detected with VSs in both coils. The first quenches in SMCT1
coil occurred at a By of ~12 T, which is only slightly higher
than in SMCTM 1a after TC. The B, reached in SMCT1 and
MDPO3 coils at 1.9 K, was 12.6 T and 14.5 T respectively. The
Buax at 1.9 K is close to the MDP03 mechanical limit of 15 T.

The dependences of Bmax in MDP03 and SMCT1 coils on the
current ramp rate measured in SMCTM1b at 1.9 K are shown
in Fig. 7. Similar to magnet training, some quenches with VSs
occurred in both coils. Asin SMCTM1a, at high ramp rates they
are well approximated by linear functions. Linear extrapolation
of the coil quench field to zero ramp rate based on high ramp
rate data gives a Bmax value of ~15 T in MDPO03 coil and of
~13.1 T in SMCT1 coil at 1.9 K.
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Fig. 6. B, of MDP03 and SMCT 1coils vs. quench number measured at 20 A/s
and 1.9 K in the SMCTM 1b. Solid markers indicate the coil where the quench
originated.



S3 TuA-13
15 —
- : ® Inner (MDPO03) coil
- SMCT1 coil
14 vs vs 4
™
Vs -
E13 9 Vs .
b3
g A a e
o Vs —~ o
= 12 P B
(W]
—A_ i
Vs
11 - A
A
10 . . r . . —
0 50 100 150 200 250 300

Current ramp rate [A/s]

Fig. 7. Bmax 0f MDP03 and SMCT1 coils vs. current ramp rate at 1.9 K in
SMCTM1b. Solid markers indicate the coil where the quench originated.

17
® MDPO3 coil
A SMCTL coil
i 4 SMCT1 coil 300 A/s
Ve Vs Vs O MDPO3 coil at 300 A/s
E - _—-L“—_Vé'"*.-\is Vs
o 13 - Vs u
= A-_YS
e L A
Q O SARTm-=e—-o._
A
11 4 s S
(o
L 2 - -
© ~0
——
* S
9 . . . e
15 2.0 25 3.0 3.5 4.0 45 5.0

Temperature [K]

Fig. 8. Bmax 0f MDP03 and SMCT1 coils vs. temperature in SMCTM1b at dl/dt
of 20 and 300 A/s. Solid markers indicate the coil where the quench originated.

The data for the SMCT1 coil in Fig. 7 are in a good agreement
with those shown in Fig. 4 at the same dB/dt values. A Bmax
value of 14.5 T reached in MDPO3 coil during training at 20 A/s
indicates that the training was completed with a Bmax slightly
lower than the conductor limit.

The Bmax of MDP03 and SMCT1 coils in SMCTM1b vs. coil
temperature, as measured at 20 and 300 A/s, are shown in Fig.
8. The 20 A/s quenches at T<2.5 K were detected in both coils
with VSs, whereas above 3 K the quenches were only in the
inner coil with VSs. In the temperature range of 1.9-4.5 K| the
Bmax reduces from 14.5 T to 13.3 T in MDPO3 coil, and from
126 Tto11.6 T in SMCT1 coil. The larger spread of data points
at T>3 K, seen in the plot, could be also attributed to
mechanical disturbances in the magnet structure.

All the quenches at 300 A/s were detected in SMCT1 coil
without VSs. The 300 A/s data for both coils are ~3 T lower
than the quenches at 20 A/s, in agreement with the data in Figs.
4 and 7. The high values of quench currents at 1.7 K in Fig. 8
could be explained by better coil cooling in superfluid helium.

1V. DISCUSSION

Figure 9 shows Bmax/l load lines (LL) for the SMCT1 coil in
SMCTM1a, and for MDP03 and SMCT1 coils in SMCTM1b.
The points on the load lines represent all the quench data shown

in Figs. 4-8. The 14(B) curve represents the field dependence of
the coil quench current at dI/dt=20 A/s for SMCT1 coil, based
on its training results in SMCTM1a (point A in the plot).
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Fig. 9. Load lines (LLS) Bmax/l for SMCT1 coil in 2-layer SMCTM1a and for
MDPO03 and SMCT1 coils in 4-layer SMCTM1b as well as expected 14(B) curve
for SMCT1 coil based on SMCT1 coil training results in SMCTM1a.
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Fig. 10. Bmax in the aperture and in the inner (Bmax-1C) and outer (Bmax-OC) coils
of dipole magnet MDPCT1 and in the inner (MDPO03) and outer (SMCT1) coils
of the dipole mirror magnets SMCTM1a/b at 1.9 K.

The data in Fig. 9 suggest that the performance of the dipole
mirror SMCTM1b was not limited by the SMCT1 coil since its
conductor limit at 20 A/s and 1.9 K is ~13.5 T (point B). The
possible causes of quench performance limitations of
SMCTM1b are being analyzed.

Figure 10 shows the maximum field Bnax achieved in MDP03
and SMCT1 coils of the dipole mirror magnets SMCTM1a/b at
1.9 K. For comparison, Bmax in the aperture and in the inner
(Bmax-1C) and outer (Bmax-OC) coils of the record dipole magnet
MDPCT1 tested in 2020 [3], [4] are also presented. Horizontal
dashed lines display the present record fields in accelerator
dipole aperture at 4.5 K and 1.9 K, as established by MDPCT1.
The maximum field level in MDPCT1 dipole was limited by an
outer coil, which also had a 123-mm aperture but did not use
stress management structural elements. In the dipole mirror
SMCTM1b, the 123-mm aperture SMCT1 coil with stress
management, which was made of a similar cable, reached a Bmax
of 12.6 T. Itis more than 1.5 T higher and represents the present
record field value for 123-mm aperture dipole coils. The inner
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MDPO3 coil, previously used in the MDPCT1 dipole, in
SMCTM1b mirror reached Bmax of 14.5 T. This is lower than
the record coil Bnax in MDPST1 and the SMCTM1b mechanical
limit by only 0.5 T or ~3%.

V. CONCLUSION

The SMCT coil concept has been proposed and is being
studied at Fermilab for high-field and/or large-aperture
accelerator magnets made of low-temperature and high-
temperature superconductors. The SM structure is used to
provide precise coil geometry, reduce coil deformations under
large Lorentz forces and limit the excessively large strains and
stresses in the coil.

The first 123-mm aperture NbsSn SMCT1 dipole coil was
designed and built at Fermilab to validate and study the SM coil
concept and performance. The SMCTL1 coil was tested in two
dipole mirror configurations.

In the first test, after training, the SMCTM1a mirror magnet
with the SMCT1 coil powered individually, has reached a Bmax
inthe coil of 12.7 Tat 1.9 Kand 12 T at 4.5 K. This corresponds
to ~90% of its SSL and is a record field for accelerator dipole
coils of this size. The observed reduction of the coil Bpax with
respect to the SSL at both 1.9 K and 4.5 K is very likely due to
conductor degradation during coil fabrication and mirror
assembly. After TC the magnet re-training started at 11.2 T,
showing poor training memory. However, no conductor
degradation was found after TC. The possible causes of magnet
re-training are being studied and effort are being made to
improve the next coils.

In the 4-layer SMCTM1b configuration, the Bmax reached in
SMCT1 coil at 1.9 K was 12.6 T at a Bmax in the inner MDP03
coil of 14.5 T. The maximum field in MDPO3 coil is close to its
mechanical limit of 15 T and to the maximum field reached in
the inner coil of the record dipole MDPCTL1. The test and data
analysis were complicated by the presence of voltage spikes in
both coils. The cause of voltage spikes and magnet performance
limitations are being investigated and will be addressed in the
next magnet test.

The successful development and demonstration of the SMCT
coil concept establish a solid basis for large-aperture high-field
dipole and quadrupole magnets for Muon Colliders [15] and
other applications such as the 2" IR for EIC [16]. Fabrication
of the second SMCT coil and its test independently and in two
dipole configurations with the SMCT1 coil and MDPCT1 inner
coils will allow to further study the potential of SMCT coil
technology.
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