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Abstract
For 30 years, training and unpredictable degradation in accelerator type high-field Nb3Sn
magnets have seriously hampered Nb3Sn application. Training and deterioration have to be
solved or at least better controlled. The global picture shows that most of the R&D and short
model magnets start to train at some 40%–70% of the critical current and then creep up to
almost the critical current within some 10–50 training steps. A typical class of failures leading
to quenches is largely characterized by cracking and debonding at the interfaces between cable
and glass-resin insulation, as well as between insulation and coil former. The study of training
by means of testing demonstrator coils is rather expensive and time consuming. However,
advances in magnet design and fabrication can also be assessed and benchmarked using BOX,
the bonding experiment presented here, that produces maximum uniaxial Lorentz forces at some
7.5 T in a controlled experiment performed in 11 T solenoid facility at the University of Twente.
BOX samples use only one meter of Nb3Sn cable inserted in a three-wave meandering slot in a
flat metallic sample holder, reproducing magnet-relevant interactions between cable, insulation,
impregnated materials and coil former. The meander shape exposes seven straight cable sections
to a transverse magnetic field, thereby generating a representative level of shear stress at the
interfaces. In this way, characteristic training curves of magnets can be mimicked and solutions
studied. We aim to demonstrate with various samples failure mechanisms of high-field Nb3Sn
magnets without the need to manufacture complete magnets. BOX may thus be expected to
allow for quick and affordable testing of novel insulations, impregnation materials, coatings and
interfaces for Nb3Sn magnets achieved by investigating various resins, fillers and more.

Keywords: debonding experiment, Nb&lt, sub&gt, 3&lt, /sub&gt, Sn, canted cosine theta,
magnet training, Rutherford cable, impregnation, quench
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1. Introduction

High-field Nb3Sn accelerator type magnets are frequently sub-
ject to lengthy magnet training [1]. In part, this is due to the
electrical insulator and encapsulating epoxy resin materials
and their interaction with the cable and coil structural elements
[2, 3]. Invariably, the epoxy resin also functions as a glue
that binds the cable–glass–epoxy composite to structural coil
components, such as wedges, spacers, central poles, or wind-
ing formers. These are fundamental components of stress-
management coil concepts, which aim to intercept Lorentz
forces within the coil. This is for example the case in can-
ted cosine theta (CCT) magnets, where each individual turn
is wound into a helical channel in the winding former [4–7]
and similarly in the winding blocks of stress-managed cosine
theta (SM-CT) magnets, where turns are positioned in wider
axial slots of a former [8, 9].

All interfaces in and between the composite winding packs
and structural elements have in common that they can crack
or debond when excessive shear or tensile stress is applied.
Examples of debonding from coil components have been
found in R&D magnets of the high-luminosity LHC pro-
ject [10–12]. Furthermore, debonding from the CCT chan-
nel walls is assumed to be a major impediment also to this
type of magnets’ performance [13, 14]. Similarly, bonding
issues in SM-CT coils are potential risks to be mitigated [8].
Figure 1 provides a characteristic example of observed cracks
in a CCT magnet running along the interface with the channel
wall as well as further cracking on the surface resin above the
conductor.

Debonding involves a local release of energy which can
cause a magnet to quench [15, 16]. Even worse, unstable inter-
faces may allow for stick-slip motion at the interface [17], or
introduce cracks that propagate within the epoxy resin and the
glass-resin composite itself, all of which contribute to an over-
all deterioration of magnet performance. It remains to be seen
whether unreliable interfaces also play a significant role in the
thermal-cycling related performance issues that have plagued
several high-field Nb3Sn magnets in the recent past.

In general, bonding strength in Nb3Sn coils is affected by
a number of factors, among which: (a) surface topology and
roughness of the interface [18]; (b) cleanliness of the interface
[19]; (c) thermal-contraction mismatch between the resin and
the structural element [20]; and (d) the fracture toughness of
the epoxy resin [21–23]. Similarly, the likelihood of interface-
induced cracks is influenced by the above factors, as well as
by local stress concentrations.

Numerous approaches, some complementary and some
mutually exclusive, have been proposed to mitigate interface
problems. These can be summarized as: (a) replacing all bon-
ded interfaces by sliding interfaces; (b) replacing the epoxy
system with brittle substances like paraffin or beeswax that
releases less energy upon fracture [24]; (c) increasing the
epoxy’s fracture toughness [21]; (d) using filled epoxy systems
in order to reduce differential thermal contraction; (e) remov-
ing reaction residues and dirt from interfaces [19, 25]; and

Figure 1. Example of damage in a CCT-5 Nb3Sn coil. Debonding is
observed along the epoxy resin impregnated conductor
(dark/blueish material) and the aluminium-bronze former
(gold/metallic material). Cracking is also present at the surface of
the resin-impregnated conductor composite (Courtesy of Lawrence
Berkeley National Laboratory (LBNL) [14]).

(f) increasing heat capacity [26]. Given the typical time- and
cost-considerations of superconducting magnet R&D, only a
limited number of ideas can normally be implemented in R&D
magnets, and more exotic approaches are thus hardly ever
tested.

In this paper we propose and demonstrate a newmethod for
studying performance limitations in superconducting acceler-
ator type of magnets, however, the results may also be relevant
for other magnets. We introduce a new subscale test facility
called the BOX (bonding experiment). The facility comprises a
representative cable sample, see figure 2, inserted in the bore of
a solenoid that provides a background magnetic field at 4.2 K.
Remarkably, slightly more than a meter of cable is required,
keeping the material cost of the sample low with respect to
the budget for testing. Furthermore, the overall cost and turn-
around time are more than an order of magnitude smaller com-
pared to the testing of short R&D magnets for assessing con-
ductors, electrical insulation and resins. In this way, the BOX
facility opens up the possibility to do low-risk wide-ranging
and innovative research for testing bonding materials and to
study interface issues for general purposes, but also to find
optimal custom-made solutions for specific magnets.

2. Sample and experiment design

2.1. BOX design

The BOX sample as shown in figure 2 comprises three main
parts: the main body with the channel containing the cable,
the cable itself, and the faceplate that prevents the cable from
moving out of the channel. The channel is sufficiently deep
and wide to allow movement of the cable during the heat treat-
ment and to avoid compression of the cable during fabrica-
tion and when closing the faceplate once fully impregnated.
Within the context of for example a CCTmagnet, the faceplate
is replaced by an outer layer or a shell. Furthermore, the face-
plate follows all steps of fabrication and can also be removed
for non-destructive observations of the meandering conductor
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Figure 2. BOX sample assembly, showing the meandering cable in
the former, faceplate and aluminium half shell dampers.

after reaction heat treatment, impregnation and testing. Once
the surface of the cable and main body have been verified after
impregnation, the faceplate is screwed unto the main body
and hand-tightened to ensure no release during cool down and
provide a permanent contact with the main body. Two alu-
minium half-cylinder shells provide guides for the insertion of
the sample into the cryostat well, and minimize the movement
of the sample holder under Lorentz forces. Moreover, they
act as passive electromagnetic dampers, reducing the inductive
coupling with the background solenoid in the case of a sample
quench. The cable leads are pre-tinned and then soldered to
the Nb–Ti terminals of the transformer secondary coil. Joint
resistances of 1 and 2 nΩ were measured for various samples.

BOX samples are designed to expose as much conductor
length as possible to the high transverse Lorentz force result-
ing from the solenoid’s magnetic field applied orthogonally to
the cable’s current direction. Given the free bore of 80 mm in
the 11 T facility at the University of Twente, and an empir-
ically determined minimum cable winding radius of 25 mm,
up to seven 35 mm long straight sections are exposed to an
orthogonal magnetic field.

Depending on the current direction, which itself can be
reversed, this results in three or four straight sections being
pulled away from the bottom of the channel, while the remain-
ing straight sections are pushed into the channel. The variation
of the magnetic background field over the straight sections
is less than 1.5 T, with the maximum magnetic field found
in the central straight sections. The channel width and depth
are adapted to the cable size to minimize the thickness of the
pure-epoxy layer at the channel wall, while avoiding insulation
damage during the BOX assembly process. The extra channel
width typically amounts to 1 mm with respect to the nominal
insulated-cable dimensions. Note however, that the nominal
dimensions are given for a compacted cable, and that in real-
ity the insulation tends to sufficiently fill the entire channel.

In terms of instrumentation, voltage taps are attached to the
cable bends to capture the corresponding onset of a resistive
voltage within each straight section, with the aim to identify
the sections where a quench occurs as well as to determine
the section’s critical current. One acoustic sensor is placed
at the extremity of the sample to measure acoustic events

Figure 3. Schematic of instrumentation layout, typical current
direction and solenoid field direction. The resulting magnetic force
in this configuration pulls sections 1–8 out of the channel. The
direction of the current can be reversed to change the orthogonal
pulling direction of the magnetic forces.

during current ramping and quenching of sections in the cable.
In combination with a 2nd acoustic sensor positioned near
the lead-end, it allows to localise the source of the acoustic
events. The acoustic sensors’ amplification and coupling are
reproduced in line with the sensors designed by Marchevsky
et al [27, 28]. The layout of the instrumentation is shown in
figure 3.

2.2. Electromagnetic design

In order to maximize the Lorentz force acting on the straight
sections in a specific sample, we estimate the critical current in
the BOX cable for different values of the background field. For
this purpose, we evaluate the peak magnetic field on the QXF
Nb3Sn quadrupolemagnet cable [29, 30] at the strand level and
thus the local force. It is a superposition of the variable BOX-
sample self-field and the solenoidal background field which
is set to a constant value in the direction of the solenoid axis,
and the strand self field. Note that the strand self field is added
here for consistency, since the available critical-current data
equally takes the strand self field into account as it is ‘self-field
corrected’ and is necessary when simulating discretized line
currents. The strand and cable properties are shown in table 1.

For relevant levels of the background field, the peak field
in the cable is located in a straight section. As an example,
figure 4 shows the total magnetic field on strands in a BOX
sample at 23 kA in a background magnetic field of 7.5 T.
Figure 5 shows the resulting maximum Lorentz-force density
in the cable, calculated as the background magnetic field times
the estimated critical current, as a function of the background
magnetic field. A maximum in Lorentz force is clearly visible
at about 7.5 T magnetic background field.

2.3. Forces on sample holder and cable

The shear stress (τ zy) resulting from the Lorentz force (Fy) act-
ing orthogonally to the sample width (thin edge) is estimated
usingANSYSMaxwell and its mechanical modules. The finite
element geometry is simplified by reducing the number of sep-
arate parts and features. The cable itself is considered a homo-
geneous composite that encompasses averaged properties for
the Rutherford cable strands as well as for the epoxy resin and

3



Supercond. Sci. Technol. 34 (2021) 115008 M Daly et al

Table 1. Summary of strand specifications and cable parameters
extracted from Ferracin et al [29].

Parameters Unit

Strand diameter mm 0, 85
Sub-element diameter µm ⩽55
Cu/SC — 1.2 ± 0.1
RRR — >150
Number of strands in cable — 21
Ic (12 T, 4.2 K), no self-field corr A >632

Figure 4. Example of calculated peak magnetic field in a BOX
sample, essentially the local vector sum of external magnetic field
and cable sample self-field (self-field corrected).

Figure 5. Calculated maximum Lorentz-force density in a BOX
wound from a QXF Nb3Sn cable [29, 30], showing a peak at about
7.5 T background solenoid magnetic field with 23 kA in conductor.

fiberglass. The composite conductor also accounts for aniso-
tropic thermal contraction properties between room temper-
ature and 4.2 K. The main body and faceplate of the BOX
samples are modeled using isotropic properties for aluminium
bronze.

The bond between the cable and themain body of the holder
is modelled using shared nodes. The maximum shear stress
is extracted from the surface of the cable in contact with the

Figure 6. Example of calculated shear stress. In this case of 23 kA
cable current in a 7.5 T background field, a maximum shear stress of
38 MPa is observed within the cable composite and a peak shear
stress of 10 MPa at the cable/channel interface along the straight
sections.

channel of the main body. The cable edge in contact with the
faceplate is modelled with a frictional coefficient of 0.2. The
faceplate is bonded to the main body using circular contact
regions in line with the position and size of the bolts. The
boundary conditions for the BOX sample allow the sample
to contract at the lead-end where the transformer is connec-
ted. The bottom xz-face of the main body has restricted dis-
placement in the y-direction of the net Lorentz force, which
is representative of the contact with the aluminium electro-
magnetic dampers. The back xz-face of the faceplate is free to
move.

The FEA reproduces the experimental steps of cooling to
4.2 K and of powering the sample. Here, as an example, a max-
imum current of 23 kA is present in a background magnetic
field of 7.5 T. The resulting magnetic force is approximately
6.1 kN on the 35 mm long straight sections within the high-
field region. The magnetic forces extracted from the unde-
formed ANSYS Maxwell simulation are transferred to the
nodes of the ANSYS mechanical model after thermal contrac-
tion. The estimated maximum shear stress in the cable/channel
interface reaches 10 MPa in the straight sections with peaks
of 15 MPa at the transition between straight and bent sections.
The average shear stress taken from the central straight section
along the width of the cable ranges from 6 to 7MPa. The max-
imum shear stresses on the seven straight sections are located
either at the bottom edge or at the top edge of the cable depend-
ing on the direction of the nodal magnetic forces. A maximum
shear stress of 38 MPa is observed within the composite cable
structure, see figure 6. Unlike CCT magnets, there is min-
imal stress accumulation between turns as the cable bends are
22 mm apart.

3. Experimental

3.1. Sample preparation

The BOX samples are prepared at the PSI laboratory using
tooling specifically made for inserting the cable into the chan-
nel with minimal damage to the insulation. The reaction heat
treatment follows the recommended thermal cycle for the spe-
cific cable. Prior to impregnation, the cable ends are pre-tinned
to minimize infiltration of epoxy resin at the leads due to capil-
lary effects. The eight voltage taps on the cable bends are con-
nected using a silver-loaded glue prior to impregnation.
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Figure 7. Illustration of the two dyes used for non-destructive
examination of the surface of the main body of the BOX containing
the meandering cable. Picture (a) shows the optical images of the
surface of the sample after removing the faceplate from a tested
sample (no surface preparation or polishing was performed). Picture
(b) shows the result of the red dye examination, clearly showing
defects on the surface along the cable.

The impregnation can be performed for various combin-
ations of atmospheres and impregnation materials. Impreg-
nation is performed in an upright position to ensure that the
lead ends remain free from resin. As is common practice in
magnets, a fiberglass sheet is placed between the main body
of the holder and the faceplate to avoid a layer of pure resin
between their surfaces. The surface of the faceplate in con-
tact with the meandering cable and the main body is covered
with Teflon tape that allows the faceplate to be removed
after impregnation in order to check for initial defects and
cracks.

3.2. Post-mortem analysis

A range of post-mortem analyses are performed to assess
deterioration as a result of assembly or of powering the sample
in a magnetic field at high current. The aim of BOX samples
is to identify, characterize and potentially quantify the dam-
age using a number of analytical tools in order to enhance
our understanding of the training mechanisms and thus, ulti-
mately, to suggest magnet-relevant solutions.

Non-destructive dye penetrant examination results on BOX
samples after testing are shown in figures 7 and 8. The method
can be used on already tested and thus damaged samples but
also immediately after impregnation to identify pre-existing
damage as a result of sample assembly. Two dyes are used:
(a) a red dye that provides information on cracks and pores on
the surface of the cable; and (b) a fluorescent dye that provides
visual information on cracks opened to the surface of the cable
and possible propagation of these cracks under the surface of
the resin. As the resin is partially transparent, the fluorescent
dye can be detected under the surface with a black light as
shown in figure 8.

Figure 8. Illustration of the benefits of using a fluorescent dye on
BOX-5. Picture (a) shows the dye highlighting cracks along the
cable surface as well as poor resin impregnation and wetting with
the interlayer fiberglass sheet (possibly as a result of incompatible
sizing with the resin). Picture (b) shows the dye having penetrated
inside the resin through surface cracks and flowing along the
Rutherford cable indicating poor bonding with the cable and resin.

Figure 9. Shows some porosity at location 1 in proximity to the
strand but embedded in the composite matrix. Further debonding of
the composite matrix from the strand is observed at location 2.

Figure 9 shows an optical image of the cross section
of a straight section where magnetic forces are highest.
Post-mortem microscopy allows to assess the quality of the
impregnation, to identify possible stress concentrators, or to
recognize weaknesses in the resin composite that may explain
a higher number of quenches in specific sample sections of the
sample. The image shows porosity in the composite matrix in
proximity to the strand and some debonding occurring at the
interface between the strand and the composite in this specific
sample.

3.3. Set-up and instrumentation

The BOX samples are tested at the University of Twente in the
11 T, 80 mm bore solenoid facility [31]. The test’s magnetic
field range chosen depends on the cable’s critical current in
order to maximize the Lorentz force on the seven straight test
sections of the sample.

The cable test current is generated by a superconducting
transformer as shown in figure 10. It consists of an 8600-turn
primary coil and a 1.5-turn secondary coil with two terminals
for connecting the sample. For each 1A change in primary cur-
rent a 600 A change in the secondary coil and in the sample
is induced. The transformer enables a test current of 50 kA
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Figure 10. Scheme of the 50 kA superconducting transformer supplying current to the BOX sample inserted in the 11 T magnet through
two soldered joint terminals, and its control circuit.

Table 2. Overview of the 1st three BOX sample characteristics.

# Nb3Sn conductor Former Insulation Epoxy

BOX 1 RRP 108/127 Alu-bronze S2 braid + mica layer Mix 61
BOX 2 RRP 108/127 Alu-bronze S2 braid Mix 61
BOX 3 RRP 108/127 Alu-bronze S2 braid + partial cleaning of sizing Mix 61

by using a ± 50 A power supply for the primary current
(Iprim). Use of the superconducting transformer avoids using
a high-current supply and warm-cold current leads, drastically
reducing the cost of equipment and the consumption of liquid
helium.

Due to the 1 and 2 nΩ resistance of the two joints in the
secondary circuit for connecting the sample, the secondary
current would slowly decay with a time constant of 1000–
5000 s. To compensate for this, the transformer is operated
in a feedback loop to control the level of the secondary cur-
rent, as illustrated in figure 10. For the BOX tests, the default
ramp rate of the cable current is 200 A s−1. Although the
feedback loop compensates for ohmic loss in the joints, it
cannot maintain the current at set-point in the case of a
quench. Instead, the sample current rapidly decreases when a
normal zone develops. Together with the low stored energy
in the sample circuit, this means that the sample is self-
protected so that active quench detection and protection are not
necessary.

As for data acquisition, the sample test current, the voltage
drops across all segments in the BOX sample, as well as
the acoustic sensor signals, are all recorded with a 100 kHz
sampling rate by a multi-channel oscilloscope (Yokogawa
DL850EV). For measuring the current, the secondary coil and
the BOX sample form a closed circuit within the liquid helium
bath. It is therefore not possible to use conventional current

sensors that work at room temperature. A current sensor based
on a superconducting Rogowski coil circuit was designed spe-
cifically to solve this issue. This current sensor is described
in detail elsewhere [31]. In addition, the signals are recor-
ded at 1 MHz in a time window of 250 ms before and after a
quench event, triggered by a change in current sensed by a hall
probe.

4. Typical training results

The main goal of this manuscript is to introduce the BOX
experiment itself. The authors have started a systematic cam-
paign to investigate the effect of various material- and layout
combinations on the training behaviour of Nb3Sn cables, as
discussed in the section 1. Also the sensitivity and reproducib-
ility of the experiment remains to be confirmed. These results
will be reported at a later stage. Nevertheless, to illustrate the
performance of the BOX experiment we briefly present here
initial data obtained on three Nb3Sn cable samples of which
the main characteristics are presented in table 2.

Identification of the quenching segment is possible by
inspecting the timing of the normal-state transitions between
the different voltage tap pairs, as shown in figure 11 (bot-
tom) for the 14th quench in BOX sample 3. It is thus possible
to gather data on quench localization with respect to current
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Figure 11. Recorded acoustic and current traces during training
quench #14 in sample BOX 3 (top); and corresponding sample
voltages (bottom).

direction and local Lorentz force direction (pulling sequential
cable sections in or out of channel).

As a further illustration, figure 11 (top) shows the recorded
1 MHz data for the same quench. The current was increased
at a rate of 200 A s−1 to a maximum of 22.9 kA. A sud-
den increase of voltage and decrease of current occurs at
t= 250ms, triggering the oscilloscope. The voltage 1st rises in
segments 5 and 6 at t = 247 ms, shortly followed by its neigh-
bouring segments 4 to 5 and 6 to 7, a pattern typical for normal
zone propagation. At t = 251 ms, the normal zone reached the
most distant segments 1 and 2. The segments that have not yet
been reached by the normal zone show a negative voltage. This
can be understood as an inductive voltage caused by the rapid
decrease in current.

The acoustic sensor recorded an event at t = 247 ms that
occurred simultaneously with the 1st rise in voltage. Further
analysis is underway to localize the source of the acoustic
events (to confirm that they indeed correlate with the position
of normal zone initiation), and to study their specific ‘finger-
print’ (to seek for possible correlations with features observed
in the ‘post-mortem’ analysis).

The training curves of the 1st three illustrative samples are
compared in figure 12. The uncertainty on the quench current
is estimated to be 1%. The samples exhibit a qualitatively sim-
ilar training behaviour as full-scale magnets, albeit plateauing
closer to the cables’ critical current [14].
V–I measurements were performed on an additional Nb3Sn

sample (BOX 6) as the sample reached and surpassed the pre-
dicted critical current of 23.3 kA. This sample was impreg-
nated using paraffin wax unlike previous BOX samples using
epoxy resins. In this sample, the only quenching segment was
segments 4 and 5 in the high-field region, therefore V–I meas-
urements were performed on this segment alone. As shown in
figure 13, measurements were taken at 7.5 T, 8.75 T and 10 T
background field over the segments 4 and 5 where the Ic is the
lowest.

Figure 12. Training curves of the 1st 3 Nb3Sn BOX samples
measured, convincingly demonstrating characteristic ‘magnet’
training behaviour.

Figure 13. Example of V–I measurements performed on BOX 6 at
7.5 T, 8.75 T and 10 T.

5. Discussion

The initial BOX samples presented here to demonstrate the
characteristic results that can be achieved, have followed an
assembly process mimicking the construction of CCT mag-
nets. The samples exhibited similar training behaviour as
found in full-scale magnets, albeit plateauing at currents close
or sometimes even just above the short sample critical current
following the 10 µV m−1 criterion. The samples start training
at or above 40% of the critical current and reach 80% between
6 and 17 quenches, depending on the improvements made dur-
ing fabrication. Quenches are detected in varying amounts in
different sections and are not all necessarily in the peak field
region of the central segments.

Remarkably, the BOX 3, where improvements were made
for bonding, reached 80% of the expected critical current in six
quenches and plateaued at or even slightly above the estimated
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critical current of 23.3 kA assuming 5% cable degradation
with respect to the virgin wire critical current. To ensure repro-
ducibility of the result, additional samples are to be fabricated
in the future.

These observations illustrate how the BOX experiment
indeed appears to constitute an efficient test bench for rapid
assessment of design improvements from one sample to
another. Furthermore, the ability to produce slightly varying
samples allows for a quick and efficient screening of promising
fabrication methods and materials that warrant further repro-
ducible and statistically relevant sample quantities. Therefore,
it is envisaged that these improvements are trialed using BOX
samples prior to implementing them into more costly demon-
stration magnets with even more representative operational
conditions.

The ability to reach currents very close to the critical cur-
rent may also indicate that forces do not introduce as much
damage or instabilities as in full-scale magnets. This may be
explained by the larger spacing between the conductor turns,
which reduces the interaction between neighbouring chan-
nels and the resulting stress/strain interaction, by the ideal flat
structure of the BOX geometry, by forces acting orthogonal
to the channels, and by the improved control of the assembly
process due to the smaller size of the BOX samples. In order
to further reproduce high-field magnet behaviour, it may be
feasible to wind two cables in parallel in one channel owed
to the flexibility of the solenoid to supply up to 50 kA to two
cables. This method could double the forces pulling the cables
out of the channel. Furthermore, there is room for alterations
to the BOX design by adding spot heaters to trigger quenches
and to promote additional stress conditions by implementing
in situ compressive stresses on the broad face of the cable dur-
ing powering as is already performed at the facility [32]. Non-
etheless, the BOX acoustic and voltage tap signals are com-
parable to those recorded in full-scale magnets, but this time
in response to forces that are more easily characterised and
controlled.

Another key advantage of the BOX experiment—besides
its cost-effectiveness and high sample throughput—is the rel-
atively simple distribution of magnetic forces acting on the
conductor in the background field of the solenoid. The uniaxial
nature of the force simplifies the determination of the critical
von Mises and shear stresses that act on the cable and inter-
faces. Using the analogy of uniaxial tensile test specimens, the
BOX samples can thus provide a means for evaluating mater-
ial properties as well as contact surface properties, to calib-
rate finite element simulations and to help to predict conductor
behaviour in more complex magnet structures.

6. Conclusion

The BOX experiment constitutes a relatively low-cost test
bench for studying the behaviour of interfaces between cable,
epoxy resin, insulation material and formers used in magnet
research and development. The experiment exposes a number
of meandering segments of a cable to an orthogonal magnetic
field, thus generating magnet-relevant Lorentz shear stress
levels of the order of 10MPa or higher. This level is often used

as a limit for the mechanical stability of interfaces in acceler-
ator magnets [33].

The sample is powered using a 50 kA superconducting
transformer and instrumented with multiple voltage taps and
acoustic sensors, allowing to accurately monitor and locate
training quenches in a way similar to representative magnets,
but under precisely controlled conditions. The design of the
BOX experiment allows for a wide use of material examin-
ing methods, which are needed for understanding training in
different systems.

The ultimate goal of using this test bench is to increase
the reliability of superconducting accelerator magnets by rel-
atively rapid testing and selection of solutions, and by improv-
ing our understanding of potential training issues and related
operating margins.
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