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Abstract—The 5.2-m-long, 11 T double-aperture Nb3Sn Dipole
Magnet was designed to replace some of the standard, 15-m-long
8.3 T Nb-Ti main dipole magnets in the Large Hadron Collider.
After the production and test of several of 2-m-long models, the
test of full-length 11 T series magnets revealed signs of performance
degradation in the coil ends after a sequence of electromagnetic and
thermal cycles. The possible sources for performance degradation
were categorized into two groups: issues internal to the coils and
issues with the coil support structure, in particular in the magnet
ends. To address the constraints external to the coil, two mitigation
measures were proposed: (1) reducing peak stresses in the coil
ends and (2) improving the coil end support and axial loading. To
validate the mitigation measures, a double-aperture model magnet,
MBHDP301, was designed, manufactured, and power tested. The
magnet was manufactured with four available coils, three of which
had been assembled and tested in previous magnets. Two new
features were implemented in both apertures to reduce the peak
stresses in the coil ends (mitigation measure 1). The first involved a
change in material of the removable pole from titanium to austenitic
stainless steel, while the second introduced a gradual reduction of
prestress applied in the ends of the coil straight section. For one of
the two apertures, in addition, an end cage system was installed to
improve coil end support and axial loading (mitigation measure 2).
The two apertures in the magnet can be independently powered,
facilitating comparison studies. This paper describes the manufac-
turing, mechanical measurements analysis and cold powering test
campaign results of the MBHDP301 model magnet. The lessons
learned from this work can be useful and directly applicable to
future cos@ high field dipole magnets.

Index Terms—Accelerator magnets, High field, HL-LHC,
NbsSn.

1. INTRODUCTION

HE high luminosity upgrade of the Large Hadron Col-
lider (HL-LHC) project at CERN planned to replace some
15-m-long, 8.3 T Nb-Ti LHC dipole magnets by shorter, 5.2-
m-long, 11 T units, providing the same integrated bend strength
but opening space for additional collimators [1]. To this end,
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a magnet development program was initiated circa 2010, first
in collaboration with Fermilab, then at CERN where nine 11
T short model magnets were manufactured and tested and six
of them reached ultimate current at 1.9 K [2]. However, this
performance has not been reproduced in the long magnets. Four
11 T series magnets were tested. While the first magnet (S1)
reached nominal current after a few training quenches and exhib-
ited good training memory after thermal cycling, the subsequent
three magnets showed performance degradation either after the
first cooldown (S3) or after two or more cooldowns (S2 and S4).
The quenches in S2 and S4 were localized primarily in the coil
heads, which were interpreted as local conductor degradation.
These results led to the decision at the end of 2021 not to install
the 11 T magnets during Long Shutdown 2 (LS2) and to reassess
the next steps.

A Task Force was set up in order to review the situation and
determine possible corrective actions. The Task Force included
three main actions: disassembly an autopsy of S2, S3 and S4,
metallographic analyses of coil sections where quenches had
been localized [3] and the development of a new 3D finite ele-
ment analysis model [4]. The main finding of the metallographic
analyses and of the FE simulations [4] was the presence of
high stress areas in the coil ends, corresponding to the quench
localizations.

In particular, tomographic analysis showed pop-out strands at
the exit of the coil ends [3]. Two types of issues were identified,
internal and external to the coils. The coil manufacturing issues
cannot be addressed without manufacturing new coils, which is
outside of the scope of this study. The external issues identified
are (see Fig. 1):

B High-stress areas and stress singularities after collaring in

the coil head outer layer’s first turn.

B High-stress areas and stress singularities after cooldown in
the coil head outer layer’s first turn.

High peak stresses during powering in the coil head pole
turn.

Non-optimal coil end support for the electromagnetic axial
force difference in between the coil head turns.
Non-optimal axial loading. S2 and S3 cold masses had a
loosened and deformed axial loading screw (bullet).

The main objective of this work is to implement different
features in a 2-m-long, 11 T magnet, MBHDP301, with two
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Fig. 1. 11 T 2 in 1 magnet cross section (top) and detailed view of the two
layers 11 T impregnated coil (bottom).

Fig. 2. Stress distribution (MPa) in the coil head windings before (left) and
after (right) the mitigation measures 1. (a) Azimuthal stress in outer layer turns
after collaring; (b) Azimuthal stress in outer layer turns after cooldown; (c) Axial
stress in inner layer turns during powering. FEA simulations only represent the
connection side head.

different configuration apertures SP301 and SP302, to compare
these apertures mechanically, with previous magnets and with
the FEA results. The interconnection between the coils allows
for individual powering of each aperture, as well as their double
powering.

II. MITIGATION MEASURES
A. Mitigation Measures 1

The coil is prestressed by introducing excess in the assembly
through shims placed between the removable pole and the coil
loading plate. It has been noticed that in the previous 11 T
configuration, there is a sudden change in excess at the transition
from the loading plate to the coil winding key (see Fig. 1). The
aimis to mitigate this abrupt change by reducing the excess at the
end of the straight section. According to the FEA model [4], this
excess reduction at the ends reduces the azimuthal peak stress
from 120 MPa (Fig. 2(a) left) to 10 MPa (Fig. 2(a) right) in the
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Fig. 3. Configuration of collared coil SP301, as seen from the from the
connection side end.

first turn of the outer layer and mitigates the stress singularities
at the connection between the coil winding key and the loading
plate during collaring.

The reduction of the high-stress areas in the coil ends after
the cooldown phase is addressed by changing the material of
the removable pole from titanium to 316LN stainless steel,
which has a thermal contraction similar to that of the coil. The
thermal contraction from 300 K to 4 K is 1.7 mm/m for titanium,
2.95 mm/m for austenitic stainless steel, and estimated to be
2.78 mm/m for the homogenized coil. With this change, after
cooldown, the azimuthal peak stress in the outer layer first turn
decreases from 95 MPa (Fig. 2(b) left) to —20 MPa (Fig. 2(b)
right) and the tensile stress singularity that occurred at the tip of
the copper wedges and at the level of the junction between the
winding key and the loading plate disappears.

These two solutions aim at reducing the peak stresses during
powering, but they remain critical. The axial peak stress in the
first turn of the inner layer is reduced from 310 MPa (Fig. 2(c)
left) to 250 MPa (Fig. 2(c) right). These new features are first
implemented in the collared coil, referred to as SP301. The axial
loading and support are provided by one pusher and two bullets
per coil, as illustrated in Fig. 3.

B. Mitigation Measures 2

In the other aperture, SP302, the same mitigation measures as
in mitigation 1 were implemented. Additionally, a new end cage
system was installed with the aim of enhancing the support for
the coil ends and axial loading. The end cage, depicted in Fig. 4,
applies preload to the coil heads, using three rods per coil, during
assembly and aims to hold them in place during powering. This is
intended to limit and possibly eliminate misplacements between
the head turns due to differences in axial electromagnetic forces.
According to the 3D FEA model [4], the addition of the end cage
did not result in significant stress reduction in the coil heads.
However, a drawback was identified: during powering, the inner
layer mid-plane area at the level of the end cage experiences
an increase in compression stress due to the massive collar
and the axial pre-load of the end cage, as shown in Fig. 5.
Mid-plane stresses higher than —150 MPa have been found a
performance degradation in the coils in previous magnets [2] and
stresses higher than —175 MPa in cable samples [5]. Despite this
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Fig. 5. Azimuthal stresses (MPa) in the coil inner layer mid-plane during
powering in SP302 with the end cage prestressed (left) and with the end cage
with zero prestress (right).

disadvantage, the cage was implemented based on its successful
use in previous NbTi magnets (FRESCA [6] and MFISC [7]).

III. MAGNET CONFIGURATION AND FABRICATION

The magnet fabrication process consists of first locking two
coils into the collars’ closed cavity, forming the so-called col-
lared coil. This is followed by assembling the two collared coils
into the yoke and finishes with the longitudinal welding of the
two halve shells (Fig. 1).

A. Mechanical Instrumentation

To understand the behavior of the magnet during assembly and
powering, acomprehensive instrumentation plan was developed.
Six cross sections, two at the connection side end, two in the mid-
dle, and two at the non-connection side end were instrumented
with strain gauges on the collar nose (showed in Fig. 3) in a
half-bridge configuration with Poisson ratio compensation to
measure the compression strain in the collar nose [8]. Twelve
rods in the end cage (Fig. 4) in SP302 were instrumented with
full-bridge gauges and Poisson ratio compensation to measure
the normal strain. Additionally, sixteen bullet gauges, based
on full-bridge configurations with Poisson ratio compensation,
were located between the coils and the magnet end plate (as
shown in Figs. 3 and 4) at each extremity for both apertures to
measure strain in the bullets. This setup aimed to calculate the
force exerted by the coil against the magnet end plates.

B. Coils

The four NbsSn impregnated coils used in the MBHDP301
magnet are as follows: coil 108 is made from the first-generation
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TABLE I
COLLARING PARAMETERS IN THE COLLARED COILS OF THE REUSED COIL FOR
THE MAGNET MBHDP301

Parameter Unit Collared coil

CC102  CC999 CC202 CC30lm CC30le CC302

106 108 106 108 212 213 108 214 108 214 212 213
Collaring
Nominal collaring cavity mm 70 70 70 70 70 70
Stoppers height with shims mm  70.1 69.85 69.85 69.85 69.85 69.85
Key clearance um  -100 150 150 150 151 150
Collaring force MN 340 8.5 6.0 5.4 5.4 6.6
Collar nose stress
at max collaring force MPa  -227 - -86 -164 -103 -161
after key insertion MPa  -186 - -46 -134 -65 -130

(1 Collaring for Test 1
(2 Collaring for Test 2

RRP (Rod Restack Process) type strand with a keystone angle
of 0.79°, while coils 212, 213, and 214 are made from the
second-generation PIT (Powder In Tube) cable with a keystone
angle of 0.50° [9]. Coil 108 has been used in two collared coils
before, CC102 in model magnets SP102 and DP101 [2] and after
CC999, which was used for a mechanical test. Coils 212 and 213
formed the collared coil CC202 in magnet DP201 [10]. Coil
214 is the only virgin coil (not assembled and not power tested)
available. The collaring parameters of these coils in previous
magnets and in the magnet DP301 are listed in Table I. Aperture
1 (SP301) is composed by the coil 108 and 214 while aperture
2 (SP302) by coil 212 and 213.

C. Shimming Plan

A new shimming plan with excess reduction in the ends of the
coil straight section is designed and implemented. The reused
coils 108, 212 and 213 were measured and analyze according to
[11]. Measurements after impregnation and after cold test were
compared. This comparison revealed that, after the cold test, the
coil outer radius increased by an average of 0.1 mm and the coil
azimuthal size decreased by an average of 0.06 mm. Considering
that the prestress is applied azimuthally, measurements of the
virgin coil were used for conservative shim calculations. The
shims were manufactured in austenitic stainless steel, with their
thickness gradually changing along the straight section in steps
of 0.025 mm. The target quadrant excess in the coil straight
section was set at an upper limit of 0.3 mm which was determined
earlier to prevent coil overstressing [8]. Collaring tests, with
pressure sensitive films placed between the coils’ mid-planes
verified the stress reduction amplitude in the ends of the coil’s
straight section. The resulting average excess in the middle was
0.220 mm in SP301 and 0.210 mm in SP302, with an excess
reduction until approximately 0.075 mm in the last 150 mm, as
depicted in Fig. 6. The collaring procedure developed in [8] was
followed, with forces of 5.4 MN applied for SP301 and 6.6 MN
for SP302, as indicated in Table I. The objective was to achieve
an average stress of —55 MPa in the coil mid-plane, according
to [8] the stress in the collar nose is about twice the average
coil mid-plane stress, leading to a target of —110 MPa in the
collars. The achieved collar prestress was —134 MPa in SP301
and —130 MPa in SP302 in the central sections.
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Fig. 7. Force in three rods vs torque applied during the initial attempt of end
cage loading and final loading at the non-connection side head.

D. Coil Head Support and Axial Loading

The coil heads of aperture SP302 are loaded after collaring
by means of the end cage system. The preload applied by the
end cage is 12% of the axial electromagnetic forces, which are
470 kN per aperture at nominal current, resulting in a preload of
56.4 kN per collared coil.

As depicted in Fig. 4, the end cage consists of a massive collar
with an integrated pole, massive collars acting as fillers, an end
plate, all made from 304L stainless steel, with six rods made
from 316LN stainless steel connecting the end plate to the first
collar. Proper alignment of the top and bottom coil pole windows
(Fig. 1) and ensuring both coil heads are of the same length are
crucial for a correct end cage loading and operation. The coil
heads nominal length is 295.5 mm for the connection side and
178 mm for the non-connection side.

During the loading process, the torque applied to the rods is
gradually increased. In the initial attempt of end cage loading,
an offset was observed on the non-connection side between the
two coils, 212 and 213. Fig. 7 represents the torque against the
force in the non-connection side rods of coil 212 (in orange)
and coil 213 (in brown). After applying 10 Nm of torque, the
curves intersect and cross, indicating that the applied force is
increasingly transmitted to coil 213, suggesting a misalignment
of the coils. The collared coil was then disassembled, and the
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misalignment was corrected. The green curves in Fig. 7 rep-
resent the final loading condition, where both coils are loaded
uniformly. The torque analytical calculation is detailed in (1),
where F is the tension force in the rod, ® is the diameter of the
rod (10 mm in the area where the strain gauges are located and
12 mm in the rest of the rod length) and 0.4 is the nut factor.
The rods are subsequently fixed in position with screw nuts and
welded.

Troa = 0.4F04®roq (D

After loading the coil heads, the yoke is installed, and the end
plate and magnet shell are welded. The coils are then axially
loaded to 46 kN per aperture. The loading is achieved using
screws known as bullets, which push each coil with a half-moon-
shaped pusher, as illustrated in Fig. 3 for the SP301 aperture,
or directly against the end plate of the end cage in the SP302
aperture, as depicted in Fig. 4.

IV. CoLD TEST RESULTS

The model magnet was tested under cold conditions primarily
for mechanical measurements, without specific expectations for
current levels due to coil reuse. Quench locations were observed
using voltage taps, and external quench heaters were used for
protection, with four heaters per coil. The target current was
12.85 kA which is the ultimate current and the nominal current
of the magnet is 11.85 kA.

The first test was done only in aperture SP302. As shown in
Fig. 8, SP302 achieved 12.2 kA at 1.9 K, 500 A less than the
previous magnet with these coils [10]. The quench location was
identified in the inner layer mid-plane of coil 213, near the coil
head on the non-connection side. The thermal cycle performed
during the test did not affect the quench current level. At this
stage, it cannot be concluded whether the observed degradation
is due to the reassembly process or a consequence of the end
cage implementation.

Aperture SP301 could not be tested in the first run due to
insulation failure occurred between one quench heater and the
coil 108. The wires of the quench heater trace and the coil
voltage taps are connected in the coil head (see Fig. 3) and
encapsulated with a charged epoxy adhesive. Disassembly of
the magnet revealed a carbonized track across a crack in the
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epoxy protection. The crack, likely developed during cooldown,
could have severed the wires and during the subsequent quench
heater discharge tests an arc developed from the quench heater
to the coil. The quench heater was replaced, and the magnet was
reassembled for a second test.

In the second test, SP302 reached 12 kA at 1.9 K, 200 A less
than previously, despite the collared coil was not reassembled.
The quench localization was similar to the one observed before.
Collared coil SP301 quenched at 10.9 kA at 1.9 K. Voltage
buildup was observed in coil 108 up to 55 pV at 10 kA in the
mid-plane and coil head inner layer segment, while no buildup
was observed in virgin coil 214 up to 10 kA. Coil 214 did not
trained. The previous magnet assembled with coil 108 reached
13.2 kA [2], suggesting a significant damage to coil 108 that
likely occurred before the current assembly (e.g., when the coil
was used for mechanical testing in CC999).

V. MECHANICAL MEASUREMENTS

To represent the operating state of the magnet and achieve
a balance of longitudinal forces, all mechanical measurements
correspond to the current ramp of the last quench shown in Fig. 8,
where both apertures reached 10.8 kKA.

A. Compression Stress in the Collar Nose

Fig. 9 shows the average compressive stress in the collar nose
of the central section during assembly and after cooldown for
both cold tests. SP302 experienced a 56 MPa loss in prestress
after the first powering test. To be comparable, the prestress in
SP301 was reduced on its collaring for the test 2 (Table I and
Fig. 9). The change in stress in the collar nose after cooldown
is 44 MPa for both SP301 and SP302, which is higher than the
average 27 MPa observed in previous 11 T model magnets. This
increase is attributed to differences in the thermal shrinkage of
the pole material, similar difference was obtained in a 2D FEA
model.

Fig. 10 shows the stress in the collar nose during powering,
with the curves shifted to zero prestress at 0 kA. The target was
to have higher stress in the central area (CM) compared to the
extremities (CS and NCS); this was achieved in aperture SP302
but not in SP301. The shapes of the curves during powering
from the FEA results and collar strain gauges show reasonable
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agreement in Fig. 10. The model suggests that the observed
unloading is a localized effect in the collar nose: while the
center of the collar nose relaxes, the sides remain in contact
with the pole. This provides a reasonable explanation for an
outstanding issue concerning the interpretation of the collar nose
stress measurements during powering [2].

B. Compression Force in the Magnet End Plate Bullets

After the assembly, the bullets are prestressed to -46 kN per
aperture, which is the sum of the forces in the four bullets.
Following cooldown, the objective is to maintain coil contact
with the end plate bullets by increasing the compression. In
SP301, the force per aperture increases to —95 kN on connection
side and to —127 kN on the non-connection side. In SP302, the
force increases to — 120 kN on the connection side and —132 kN
on the non-connection side. These values are lower than the
FEA model’s prediction of —170 kN per aperture in SP301 and
—180 kN per aperture in SP302 on the connection side, likely
due to frictional losses not accounted for in the model.

The delta cooldown in the magnet bullets is governed by
the shrinkage of the 15 mm thick stainless-steel shell. This
change is slightly larger in the aperture with the end cage,
indicating stronger longitudinal support. The range of values
at cold (Fig. 11) is smaller in SP302 indicating more uniform
support. Fig. 11 also shows that forces fully recover after a
quench in both apertures, indicating robust support memory.

During magnet energization, the bullets support the coil
by absorbing longitudinal electromagnetic forces, preventing
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movement. The remaining forces are absorbed by the coil stift-
ness and the surrounding structure. As illustrated in Fig. 12,
if the magnet had reached nominal current, 30% of the ax-
ial electromagnetic forces would have been transferred to the
bullets on the connection side, while 50% to the bullets on
the non-connection. The FEA model predicts that 44% of the
Lorentz forces are transmitted to the bullets in connection side
at nominal current. According to these experimental values, the
coil head elongates by 13 pm on the connection side and by
23 um on the non-connection side from 0 kA to 11.85 kA. As
shown in (2), the forces transmitted to the connection side (CS)
and non-connection side (NCS) are inversely proportional to the
length of the coil head. The longer the coil head, the more forces
are dissipated by the coil stiffness and the surrounding structure,
resulting in fewer forces being transferred to the bullets.

FembulletsNC‘S/ Fembulletscs = lheadcs / lheadancs = 1.7

2

After the magnet warmed up, the force in the bullets was 80%
of the prestress in connection side of both apertures, 140% on
the non-connection side of aperture SP301, and 110% in the
non-connection side of aperture SP302. These results indicate
good reproducibility of the support forces in the bullets after
warming up.

C. Traction Force in the End Cage Rods in SP302

In SP302, the rods are in tension when the magnet is inserted
into the cryostat for the powering test. After cooldown, the rods
lose tension. The FEA predicts a decrease in force of —1.2 kN per
rod. In Test 1, the strain gauges measured an average decrease of
—1.7 kN per rod, and in Test 2, an average decrease of —0.8 kN
per rod, which is consistent with the model prediction.

There is a significant unbalance among the different rods, as
shown in the left graph of Fig. 13, with rod tensions ranging
from 2 kN to 10.6 kN prior to the current ramp. There is good
reproducibility in the measurements before and after a quench.
The signal from two of the twelve instrumented rods on the
connection side was lost after cooldown, one rod from coil 212
and one from coil 213.

During powering, the tension in the rods further decreases as
the Lorentz forces push outward, causing the coil heads to be
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Fig. 13.  End cage rods traction force at cold before, during, and after powering

against time (left). Loss of force per rod shifted to zero during powering
versus current squared (right). Connection side (RCS) and non-connection side
(RNCS).

squeezed towards the outer edges of the magnet. The collar with
integrated pole (Fig. 4) follows the coil winding key (Fig. 1),
preventing the detachment of the outer layer first turns from the
subsequent turns. According to the model, the rods are expected
to experience unbalanced forces during powering of the two
apertures.

At nominal current, FEA predicts an average decrease in
tension of —441 kN per rod, being higher the force transmitted
to the rod closer to the magnet shell. Fig. 13(right) illustrates the
average force reduction in the rods during powering, shifted to
0 kN per rod at 0 kA. Extrapolated experimental measurements
atnominal current show a delta powering of —0.75 kN per rod on
the non-connection side and —0.9 kN per rod on the connection
side, which is more than four times smaller than the model
prediction. This discrepancy may be attributed to differences
in coil stiffness and friction between the real system and the
model.

VI. CONCLUSION

This study introduced several new features on a 2-m-long 11
Tesla double-aperture model magnet to investigate reductions in
high stresses in the coil heads during assembly, cooldown, and
energization of the magnet and better support of the magnet
ends. Mechanical measurements demonstrated that both the
change in pole material and the new shimming plan reduced
stresses in the coil ends during collaring and at cold, respectively.
The installation of the end cage improved the homogeneity of
coil longitudinal loading. At cold, aperture SP302 exhibited
more uniform bullet gauge readings and better support force
from the bullets compared to SP301. It was confirmed that the
electromagnetic forces transfer to the bullets in connection and
non-connection side are inversely proportional to the length of
the coil heads. Despite the end cage maintaining tension in the
rods and ensuring coil head compaction, further investigation is
required to determine whether this solution is optimal for coil
head support, given the inherent limitations of the coils.
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