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Analysis of the mechanical performance of the 4.2 m
long MQXFA magnets for the Hi-Lumi LHC Up-
grade
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Abstract— Under the U.S. High Luminosity LHC Accelerator
Upgrade Project (HL-LHC AUP), the 150 mm bore, high-field
NbsSn low-p MQXFA quadrupole magnets are being fabricated,
assembled and tested, in the context of the CERN Hi-Luminosity
LHC (HL-LHC) upgrade. These magnets have 4.2 m magnetic
length and 4.56 m long iron yoke. To date, eight MQXFA magnets
have been tested. One of the magnets additionally underwent a
successful endurance test with 40 triggered quenches, and two
magnets did not perform as expected. This work summarizes for
the first time the available strain gauge data from eight identical
Nb3Sn MQXFA tested magnets, focusing on the endurance test,
and on a possible cause of underperformance of the two magnets
that did not pass the vertical test. We applied methods to prevent
this from happening in future MQXFA magnets, which shown to
be effective for last two tested magnets.

Index Terms—Large Hadron Collider, strain measurement,
stress measurement, superconducting magnets

I. INTRODUCTION

N the framework of the High Luminosity upgrade of the

Large Hadron Collider (HL-LHC) [1, 2], 150 mm bore, high
field NbsSn low-p quadrupole magnets are planned to be in-
stalled in the interaction regions of the LHC by 2026 [1]. These
are called MQXF, and will be fabricated in two different mag-
netic lengths: the 4.2 m long MQXFA magnets, which are being
fabricated in the U.S. under the U.S. HL-LHC Accelerator Up-
grade Project (AUP) [3], and the 7.15 m long MQXFB magnets
[4], fabricated by CERN. Both magnets have the same cross
section (Fig. 1).

The MQXFA magnets are assembled at the Lawrence Berke-
ley National Laboratory (LBNL). Each magnet consists of four
4.53 m long coils surrounded by laminations of aluminum col-
lars and ARMCO iron pads that are bolted together. This is
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called the coil pack assembly. The coils are located in the four
quadrants of the coil pack. Looking from the lead end of the
magnet, they are designated counterclockwise as Q1 through
Q4, where Q1 corresponds to the coil located at the upper-right
quadrant (Fig. 1).

The 4.56 m long shell-yoke assembly consists of four lami-
nated iron subassemblies placed inside the segmented alumi-
num shell, which consist of eight 7075 aluminum cylinders
(Fig. 2). About 10 MPa initial azimuthal prestress is applied to
the shells by interference keys and shims between the yoke sub-
assemblies. The key insertion is done using bladders (welded
stainless-steel sheets) between aluminum cylinders split longi-
tudinally in half, placed in the cooling holes. The bladders are
pressurized with water increasing the gaps between the iron
yoke parts, allowing the insertion of the key-shim pack.

The coil pack is then inserted inside the shell-yoke assembly
and the target azimuthal prestress at room temperature is ap-
plied to the coils. This is called the magnet preload process,
which is done with similar bladders placed in the bladder slots
and the interference key-shim pack in the load key slots (Fig. 1)
[5, 6]. The key-shim packs previously placed between the iron
yoke subassemblies are then removed in order to allow the shell
to complete the azimuthal preload to the coils during cooldown.
There are also four 31.8 mm diameter stainless steel 316 L rods
extended through the magnet between the iron pads (Fig. 1)
which are attached to end plates on both ends. During the mag-
net preload process, a piston pushes the end plate located at the
return end of the magnet, applying axial prestress to the coils
by stretching the four rods. The nuts on the ends are then tight-
ened and the piston pressure is released, leaving the rods under
tension.

Preload targets at room temperature are established for the
coil azimuthal stress as -80 +8 MPa, for the shell azimuthal
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stress as 58 +6 MPa, and for the rod axial strain as 950 £95 ue.
The coils must not exceed 110 MPa azimuthal compression
stress during the assembly process [6]. The MQXFA magnets
are then sent to Brookhaven National Laboratory (BNL) to un-
dergo the vertical test in liquid helium (LHe).

Eight MQXFA magnets have been assembled and tested so
far: MQXFAO3 trough MQXFAT11, except MQXFAOQ9 (some-
times referred in this document as A03 through A11 for abbre-
viation). Magnet A0S additionally underwent an endurance test
in April 2022 with two thermal cycles and 40 triggered
quenches. Magnets A07 and A08 did not pass the vertical test,
and the limiting coil was Q3 in both cases. AO8 was disassem-
bled and rebuilt into A08b, where only the limiting coil was re-
placed by a new coil. AO8b has not been tested yet as of this
writing. A09 experienced several Non-Conformities during as-
sembly: coil Q4 reached 121 MPa compression during the mag-
net assembly process, and afterwards, folded ground plane in-
sulation was observed between coils Q2 and Q3, where subse-
quent analyses indicated coil conductors may have been dam-
aged, so the magnet was disassembled. A09 structure parts were
rebuilt into A11 with four new coils.

This work summarizes the available strain gauge (SG) data
from the tested magnets, focusing on the A0S endurance test,
and on a possible cause of underperformance of A07 and A0S.
We applied methods to prevent this from happening in future
MQXFA magnets, which shown to be effective for A10 and
A11. This is the first time we can compare the mechanical be-
havior of eight identical Nb3;Sn magnets tested in LHe.

II. STRAIN GAUGE SETUP

The strain applied to the coils, shells and rods is monitored
at every step during the assembly and during the vertical test by
means of HBM SGs.

The coil SGs are 350 Q circuits connected in half bridge con-
figuration with two resistors: one resistor (the active gauge) is
bonded to the titanium pole of the coil, and the other resistor
(the passive gauge) is bonded to a small titanium plate that re-
mains floating near the active gauge for temperature compen-
sation. The coil SGs are placed at 3989 mm from the lead end,
which is representative of the peak stress on the conductor [7,
8], in the azimuthal and axial directions.

The shell gauges have the same characteristics as the coils’,
and are located on shell 2, shell 4 and shell 7 (Fig. 2), on four
azimuthal locations designated counterclockwise as “top”,
“left”, “bottom” and “right” when looking at the lead end of the
magnet (Fig 1). In this case, the passive gauge is bonded to a
small aluminum plate.

The rod’s SGs are 350 Q circuits connected in full bridge
configuration with four resistors measuring only axial strain,
with two opposing gauges oriented axially, and the other two
oriented azimuthally on the rod.

The stress is calculated from the strain measurements using
the following equation for the coils and the shells:
orz =E-1e™*(erz +v-ezr)/(1 —v?), and for the rods:
o; = E - 1e™3 - ¢4, where or and o7 are the azimuthal and axial
stress components (in MPa), respectively, ¢r and ¢, are the
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Fig. 1. Cross section of the MQXFA magnets and strain gauge location (look-
ing at the lead-end of the magnet).
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Fig. 2. Longitudinal view of the MQXFA magnets.
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azimuthal and axial strain components (in ue¢), respectively. v is
the Poisson’s ratio (0.3), and £ is the Young’s Modulus (in
GPa). The E values of titanium, aluminum and stainless steel
are considered 130 GPa, 70 GPa and 195 GPa at room temper-
ature, respectively, and 130 GPa, 79 GPa and 210 GPaat4.2 K.

III. MECHANICAL PERFORMANCE OF A05

Magnet A05 successfully passed the first vertical test, which
ended in May 2021. It consisted of three thermal cycles from
room temperature to 1.9 K. The magnet reached the acceptance
current of 16.53 kA after eight quenches. The SG cooldown and
warmup data from the second and third thermal cycles were not
recorded, therefore, the final strain/stress state of the magnet
components was undetermined. However, the first warmup data
showed that the coils, shells and rods returned to their previous
room temperature state.

An endurance test was done one year later: it ended in May
2022. Tt consisted of two thermal cycles with 40 triggered
quenches and seven power ramps without quenching. The goal
of this test was to demonstrate that MQXF magnets meet re-
quirements after 5 thermal cycles and 50 quenches (HL-LHC
operational scenario).

Fig. 3 shows the history of coil azimuthal stress, shell 2 azi-
muthal stress and rod axial strain during the endurance test.
Shell 2 was chosen to represent the azimuthal behavior of the
whole shell in this plot. The first point in the plots correspond
to the initial SG readings before the first vertical test, and the
second point represents the SG readings at the end of the first
warmup from the first test. These are reference points of the
previous state of the magnet for the endurance test.
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Fig. 3. History of the AO5 coil and shell 2 azimuthal stress, and rod axial strain during the endurance test.
After the preload process at room temperature, the prestress 120
of Q4 appeared to be below the target compression values (see ,
first point in the plot). It was decided not to increase the magnet 100
. —Ql
prestress because Q1 and Q3 were at the upper prestress limit, %0 Q2
and if pushing the preload further, Q1 and Q3 would have been = Q3
at risk of experiencing an excessively high compression. During g 60 , Q4
cooldown from room temperature to 4.2 K, the Q4 SG signal )
. . .. @ First test: ----Ql_endur.
showed very high compression, whereas minimum change, % 40 Ramp to 1647 kA > end
. . . . * ! —— - - eIl m.-
more consistent with finite element analysis [9] was observed & Endurance test: Q3— i
in the SG signals from the other three coils, and has also been 20 Ramp to 16.23kA Q3_endur.
: : ’ Q4 endur.
observed in most of the magnets tested so far. In spite of the 0 -
offset observed in the Q4 data during cooldown, its delta during 00 02 04 06 08 10 12

powering is extremely reproducible, indicating a very stable
mechanical behavior. We conclude that the absolute strain val-
ues of Q4 after the preload process and during the cooldown are
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Fig. 4. Coil azimuthal stress-increase (delta stress) of AO5 during excitation,
during the first test (solid lines) and the endurance test (dashed lines).



inaccurate. We expect that in future magnets, starting from
A12, FBG sensor data will be available during the test and will
help clarify this type of issue.

The plots in Fig. 3 show a very consistent behavior of the
components, especially the rods and shell 2, which show no
signs of plastic deformation. This suggests that the desired level
of prestress to the coils will be maintained for the magnet’s life-
time.

Fig. 4 shows the coil azimuthal stress-increase (delta stress
caused by decreasing compression at the coil-pole interface)
when powering the magnet during the first test and the endur-
ance test. The powering scheme consists of a ramp up to the
nominal current, hold for 30 minutes, and a ramp down with the
same ramp rate. The ramp-up and ramp-down legs are then av-
eraged in order to remove the inductive components in the SG
signals caused by dI/dt when the ramp rate changes.

In both tests, the coils experience a similar behavior. It is no-
ticeable how Q4, which presented the lowest preload at room
temperature, also experiences the lowest preload during excita-
tion. The deviation of the curves from a straight line (i.e. the
flattening of the curve) is a sign of partial debonding of the
epoxy-impregnated coils from the titanium poles [8].

IV. MECHANICAL PERFORMANCE OF AQ7 THROUGH A1l

Magnets A07 and A0O8 were tested in August 2021 and from
October 2021 to February 2022, respectively. They did not pass
the vertical test, with Q3 the limiting coil in both cases. Anal-
yses showed the quenches occurred close to the wedge spacer
transition at the lead end of the magnet; a detailed analysis de-
scribing the possible causes of failure can be found in [10].
Since the SGs are located at the opposite end from where the
quenches took place, it is very difficult to see any indication of
the quench cause in the SG data. The only anomalous behavior
observed in Q3 was a larger axial strain increase during excita-
tion compared to the other coils. However, this is not neces-
sarily reflected in the behavior of the rods. In addition, magnets
AO05 and A06 also showed a large axial strain increase in Q3,
but these magnets still passed the acceptance test criteria.
Therefore, from the SG data alone it is not possible to arrive to
a conclusion regarding the cause of the magnet limitations.

After disassembling these two magnets, it was found out that
the gap between the collars and the pole key in Q3 was closed
after testing (it should remain open at room temperature). FEA
models showed this condition can cause the azimuthal stress
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Fig. 5. Coil average azimuthal stress-increase (delta stress) during the excita-
tion of all the magnets tested so far. The top (red) and bottom (blue) labels
represent the coil with the highest and the lowest stress-increase.

from the shell to not transfer to the titanium pole and to the coil
Q3 during cooldown. As a consequence, the coil ended up less
constrained axially by the support structure, and developed high
axial strain in the end region [10].

This issue was assessed by revising the methodology for en-
suring the squareness of the coil pack assembly in order to
maintain uniform pole key gaps in the coil pack [11]. The new
methodology was then applied to magnets A10 and All and
both magnets passed the vertical test. The test of A10 ended in
August 2021 after two thermal cycles with 19 quenches. The
test of A1l ended in October 2022 after three thermal cycles
with 15 quenches.

Fig. 5 shows the coil average azimuthal stress-increase (delta
stress) in magnets A03 through A11 during excitation. The coil
average stress is calculated selecting the maximum stress-in-
crease of each coil during the ramp (ramp-up and ramp-down
legs are averaged as previously described). Q3 and Q4 were not
included in the calculation for A03 and Al1, respectively, since
the SG signal of these channels was lost. Since A07 did not
reach the nominal current, the current of A07 in this plot is
15.45 kA. For the other magnets the current ranges from 16.45
to 16.65 kA, this is because before September 2020 the nominal
current was 16.47 kA, and it was subsequently reduced to 16.23
KA.

The average compression stress-increase oscillates about
100 £10 MPa. The spread about the average is also shown by
means of “error” bars. The coil with the lowest (in red) and the
highest (in blue) stress-increase is also shown for each magnet.

CONCLUSIONS

The paper summarized the mechanical behavior of tested
MQXFA magnets according to the SG measurements.

AO05 showed an outstanding performance after a total of five
thermal cycles, 52 quenches and 79 power cycles.

The absolute stress value of the coils at cold is not always
reliable as observed in the coil Q4 of A05. However, if we as-
sume that the unloading during excitation is a good representa-
tion of the coil prestress at 1.9 K, as suggested by FE models,
we can conclude that the coils have a compression after
cooldown of about -100 +10 MPa based on these deltas.

The SG data cannot explain the underperformance of A07
and A08; this might be a consequence of the long distance be-
tween the SG location (return end) and the quench location
(lead end) in both magnets. New assembly and measurement
methods were applied to A10 and A11 to control the squareness
of the coil pack, and these magnets passed the vertical test.
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