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Abstract
The development of ever smaller medical particle accelerators is motivated by a desire to make
proton therapy accessible to more patients. Reducing the footprint of particle accelerators and
subsequently proton therapy facilities allows for cheaper and broader usage of proton therapy.
By employing superconducting technologies for field shaping, the size of particle accelerators
can be reduced further below what is possible with saturated iron. This article discusses
experiments on a first-of-its-kind double pancake (DP), and an assembly of six DP coils,
designed to be used as a so-called ‘flutter coil’ for a compact isochronous cyclotron for proton
therapy, fabricated from high-temperature superconducting (HTS) Bi2−xPbxSr2Ca2Cu3Oy

(Bi-2223) tape. The coils were mounted under pre-stress within a stainless-steel structure to
maintain mechanical stability during the experiments. The critical current as a function of the
temperature of both coils was measured in a conduction-cooled setup. A model describing the
coils, based on tape data, was created and revealed that the measurements were in excellent
agreement with the predictions. Additional experiments were performed to study the quench
and thermal runaway behaviour of the HTS coils, determining whether such coils can be
protected against fault scenarios, using realistic quench-detection levels and discharge
extraction-rates. These experiments demonstrate that the coils are very robust and can be well
protected against quenches and thermal-runaway events using common quench-protection
measures with realistic parameters.
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1. Introduction

The large-scale implementation of proton therapy is hampered
by its large footprint and the high initial investment, while
many patients can benefit from the reduced irradiation of
healthy tissue enabled by this technology. Proton therapy treat-
ment facilities usually consist of an accelerator (cyclotron or
synchrotron), an energy selection system, a beam transport
system, and 2–5 treatment rooms equipped with a gantry and
an additional 1 or 2 fixed beamlines. Depending on the layout
and number of treatment rooms, such facilities typically have
a footprint of 1000–3000m2. Although single-room facilities
are emerging, consisting of a single cyclotron or a synchrotron
coupled to a gantry, these facilities are still relatively large,
with a footprint in the order of 400m2. These single-room pro-
ton facilities are less available than photon treatment facilities.
More compact and affordable proton treatment facilities can be
enabled by using superconducting technologies.

Several studies show that proton therapy can benefit from
superconducting magnets in the beam guidance up, over, and
into the patient (the gantry) [1–5]. Besides using supercon-
ducting magnets for gantries, proton accelerators (typically
a cyclotron) can also benefit from superconducting magnets
[6, 7]. A detailed design for such a compact isochronous
cyclotron magnet and suitable conductor has been described
by Godeke et al [8]. Bi2−xPbxSr2Ca2Cu3Oy (Bi-2223) high-
temperature superconducting (HTS) tape has been selected as
a suitable conductor for the flutter coil (FC). Sumitomo Elec-
tric Industries, Ltd (SEI) successfully demonstrated that they
were able to wind a curved double pancake (DP) [9] from this
tape and manufactured two coils: a DP and a FC assembly
comprising six DP coils. The tapes are wound for each pan-
cake along a stainless-steel 316L coil former. The FC consists
of stacked DP’s with copper cooling-plates and glass epoxy
plates for electrical insulation. The FC kidney-shaped design
has strongly concave windings.

In this article we, discuss measurements performed on the
DP and the FC in a conduction-cooled test environment in
relation to the tape data used for modelling the coil’s anticip-
ated performance. First, the critical-current measurements at
various temperatures of both coils are described. In addition,
the quench behaviour is presented as well as the comparison
between the model and the measurements. Finally, the DP and
the FCwere intentionally driven to their intrinsic limits by sub-
sequent quenching, providing ultimate insight into the protec-
tion of such a coil.

2. Tape data

The superconducting tape used for the fabrication of the coils
is Sumitomo DI-BSCCO Type HTi-SS tape, laminated with
stainless-steel 304 for reinforcement and insulated with a

double wrap of 5µm polyimide tape. The total length of
superconducting tape in the DP is 229m and in the FC 1374m.
The coil inductance of the DP is about 18.5mH at 1Hz and for
the FC about 440mH at 1Hz. The critical-current and, there-
fore, self-field is dominated by the field-component perpen-
dicular to the tape as presented by Kitaguchi et al [10]. The
Ic −B−T relation for the field-component perpendicular to
the Bi-2223 Type HTi-SS tape is presented in figure 1 [11]
and the n-index is extracted from [10]. The relation between
the electric-field criterion, n-index representing the steepness
of the transition from superconducting to the resistive state,
and the critical-current Ic is E/Ec = (I/Ic)n.

3. Measurement setup

There is a need to support both coils (in particular the concave
section) against Lorentz forces [8]. A stainless-steel clamp-
ing structure with Ti-6Al-4V wedges was designed and fab-
ricated for applying and maintaining precompression during
cool-down, see figure 2. To have the same amount of com-
pression on the winding pack of the coils, a precompression
on the titanium wedges of 15MPa for the FC and 2.5MPa
for the DP was applied. Cover plates with Belleville wash-
ers were placed in the axial direction to support the wind-
ings, especially to compensate for the more significant axial
contraction of the windings compared to the coil. The outer
coil-perimeter is not a smooth surface, and to ensure that the
coil was compressed uniformly, a filler was required between
the coil and the stainless-steel clamping structure. This filler
material must withstand cryogenic temperatures and match
the thermal expansion coefficient of the surrounding steel and
coil windings. LOCTITE® STYCAST® 2850 FT with catalyst
23LV was used as filler material, see figure 2. This layer was
only required as filling material and must be removable to
make sure the coil and the clamping structure do not become
bonded and the clamping structure could be used for both
coils. Therefore, three layers of release agent QZ 13 were
applied to the contact perimeters. To create a uniform gap
between the coil and stainless-steel clamping structure, and to
split the epoxy layer and remove the layer after testing, glass
epoxy breaker pins were added. The coil with the stainless-
steel clamping structure was placed on a flat table with a silic-
one rubber sheet as shown in figure 2. Then the STYCAST®

was injected with syringes having needles of 1.8mm outer dia-
meter. The epoxy was pumped before injection to approxim-
ately 500 Pa to ensure a gas-freemixture. After curing, an insu-
lation resistance test was performedwith a GossenMetrawatt®

METRISO PRIME revealing no contact to ground at 250V for
both coils.

The tests at the University of Twente were performed in
a vacuum cryostat test-facility, with three Sumitomo Heavy
Industries, Ltd CH-110 Gifford-McMahon coolers [12]. One
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Figure 1. Ic −B− T relation for field perpendicular to Bi-2223
Type HTi-SS tape [11].

Figure 2. Flutter coil covered with foil (1) inside the clamping
structure (2) before filling the gap (3) with STYCAST® using
syringes (4). The flutter coil isolated from the clamping structure
can be found in figure 9, clearly showing the kidney-shaped design.

cooler for the radiation shield and current leads, and two cool-
ers for the coil and stainless-steel 304 clamping structure,
using copper flex-links and busbars, as presented in figure 3.
The copper busbars are made from electrolytic tough pitch
(ETP) copper with an initial residual resistivity ratio (RRR) of
50 (R273K/R20K). Giving the ETP copper bars a heat-treatment
at 632K for 4 h increases the RRR to 110 (R273K/R20K). Eight
Lakeshore Cernox temperature-sensors were placed directly
onto the coil; four at the top and four at the bottom. In addition,
temperature sensors and heaters were placed to control the sur-
rounding stainless-steel structure’s temperatures and enable
the copper cooling-links to reach the desired temperature. For
the current leads from the heat-sink connection at the cooler
side to the coil terminations, ReBa2Cu3O7−δ (ReBCO) tape
was used. Two ReBCO tapes were placed in parallel with a
combined critical-current capacity exceeding 1000A at 20K.
The HTS tapes were mechanically supported by means of a
copper strip with a thin epoxy layer for proper thermal contact
and mechanical fixation. The connections between the current

Figure 3. The entire assembly including coil, cooling-busbars (1),
cooling-links (2), heaters (3) and clamping structure (4) in the
measurement setup, consisting of a radiation shield (5) and vacuum
chamber (6).

leads were electrically made by firmly pressing indium wire
between the joints. The current leads were placed on top of
the copper cooling-busbars with sapphire discs in between for
a thermally conducting but electrically isolating connection.

Four strain-gauges were located on the narrow outer
sections of the stainless-steel ring to measure the precom-
pression. In addition, two reference strain-gauges were glued
onto a small piece of stainless-steel that was not subjec-
ted to any applied load. These pieces were heat-sunk using
Apiezon N grease to measure the resistance change of the
strain-gauges due to the temperature change. The heaters on
the stainless-steel clamping structure and the cooling-busbars
were controlled to reach the desired equilibrium-temperatures.
Although multiple voltage-taps were placed on the coils and
current leads, all critical-current measurements were based on
the voltage over the entire coil, excluding the current leads.
The voltages were measured using Keithley® 2000 multi-
meters. Themeasurements started at 84K, at which the current
and stored energy are relatively low. To study a quench, the
voltage signals during the quench measurements were recor-
ded by a Yokogawa® DL850E oscilloscope with 16 bit isolated
modules and sampling rate of 1MS s−1.

4. DP measurement results

The single DP coil was charged with a current of 10mA dur-
ing cool-down to measure the critical temperature (Tc). Cool-
down took approximately three days before reaching the final
temperature of about 20K. During cool-down, the temperature
sensors on the coil stayed within ±1K. The normal to super-
conducting transition is 108K, as can be derived from figure 4,
in which the voltage is plotted as a function of the average
temperature of the coil. The measured transition is in good
agreement with the critical temperature found in the literature
[13, 14].

4.1. Critical-current measurements

The tests include critical-current (Ic) measurements and
quench testing. The Ic measurements were performed at 84K,
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Figure 4. Total coil-voltages as a function of the average
temperature of the temperature sensors of the double pancake and
the flutter coil during cool-down.

77K, 60K, 45K, 30K and 20K. At 77K, the results are
comparedwith the liquid nitrogen results from SEI. In figure 5,
the voltages as a function of the currents for the critical-
current measurements performed on the DP are presented,
with U0 representing the offset-voltage recorded before the
individual measurements. The coil current was increased until
U−U0 was approximately 10mV. The threshold-value of
Ec = 10µV·m−1 (U−U0 = 2.29mV) along the entire tape
length of the coil is used for the Ic calculations [15]. The result-
ing critical-currents at the various temperatures are presented
in table 1. As this is a conduction-cooled measurement setup,
the coolers used have limited cooling-power at lower temperat-
ures. Since the heat-capacity of the DP is relatively small, the
temperatures during the Ic measurements at the lowest tem-
perature are slightly increasing, reducing the critical-currents.
Increasing the temperature during an Ic measurement will also
increase the slope since the transition to the normal state is
reached earlier, thereby, lifting the n-indexes [16].

During cool-down of the DP, the strain-gauges were mon-
itored and compared to the reference strain-gauges. Since
the clamping structure is designed for the FC, the system is
over-dimensioned for the DP. Because the temperatures at
the locations of the strain-gauges differ during cool-down,
especially for the reference strain-gauges compared to the
strain-gauges on the stainless-steel, strain-monitoring during
cool-down was not very accurate. Once a stable situation was
reached and all measured temperatures were controlled to
roughly the same temperature, the differences between strain-
gauges could be more accurately evaluated. The clamping
structure was designed to maintain the precompression on the
winding pack, applied at room-temperature, during cool-down
[8]. However, the applied precompression of 2.5MPa on the
DP from room temperature to 84K down to 30K doubled.
At 20K, a significant difference in resistance of the strain-
gauges on the stainless-steel ring was observed compared to

Figure 5. VI-curves of critical-current measurements at various
temperatures for the double pancake.

Table 1. Results of the critical-current measurements for the double
pancake at Ec = 10µV·m−1. The n-indexes at 30K and 20K are in
italic since these values likely increased due to the small
temperature increase during the measurements.

T (K) Ic (A) n-index (-) Tincrease at Ic (K)

84 39 13.6 0.05
77 59 15.3 0.08
60 137 17.7 0.35
45 249 18.1 0.72
30 396 30.7 1.65
20 471 62.1 1.97

the reference strain-gauges, suggesting the precompression
returning to its initial value.

4.2. Quench measurements

Minimum quench energy (MQE) measurements were per-
formed using a Minco® spot-heater, with a resistance of 10Ω,
which was directly mounted on the outer surface of both wind-
ings of the DP. Activation of this heater simulates the case
of a local weak section with reduced Ic. The MQE measure-
ments were performed at 80% of Ic. At 77K, with low energy
stored in the coil, making it less likely to damage the coil
from a quench, we started the MQE measurements, followed
by MQE measurements at 30K. Although faster extraction
of the current is possible, a relatively long time constant (τ )
of 20 s and a quench detection level of 10mV were selec-
ted for the MQE experiments to stay close to conservative
full FC system operational conditions [17]. A heater-pulse
was given to the quench heater, starting with a short duration
of the pulse (on the order of seconds) and low power (sev-
eral watts). The time and energy of the pulse were gradually
increased with an interval of ten minutes to make sure all tem-
peratures were stabilised before giving a new pulse. Finally, a
quench was triggered at a heater-pulse of 10 s with 5W power
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Figure 6. Quench detection trip-recorder signals using a Yogokawa
DL850E oscilloscope (UQD amplified 1000×) at 77K with a
heater-pulse duration of 10 s and a current extraction time-constant
of 20 s.

(50 J). The resulting quench detector (QD) signal (amplified by
1000×) and current decay, including heater-pulse, are presen-
ted in figure 6. The voltage-difference between the two halves
of the DP coil (QD signal) increases due to a normal-zone
formation. After reaching about 10mV, at 23 s, the QD was
triggered, draining the current in 20 s while a sharp decrease
in the voltage of the entire coil was visible. After the MQE
experiments, a critical-current measurement at 77K revealed
the coil remained undamaged since the critical current was not
changed.

At 30K and 80% of Ic, the DP could not be quenched
using the maximum power of the Minco heaters of 5W, even
when applying 150 J (5W for 30 s). Since one of the aims of
the coil test was exploring its intrinsic limits, the test condi-
tions were further stepped up. Finally, after setting the cur-
rent to 88% of Ic, the DP quenched at 80 J heater energy.
Once the quench was initiated, the current started to decay
with a τ of 20 s. But only 2 s into the current decay, a sharp
decrease occurred, followed by a loud sound, clearly audible
outside the cryostat. At 30K, more energy is present in the
coil, making the quench more violent. After the quench, an
Ic measurement was performed, revealing a resistive part that
could entirely be credited to the bottom half of the coil as
the top half remained superconducting. Although the quench-
heater remained intact, the coil resistance to ground decreased
from several MΩ to 1.2 kΩ measured using a Keithley® 2000
multimeter.

Dismantling the DP revealed a clear sign of a local hot-spot
at the bottom half of the DP. In addition, burned Apiezon was
found on the Aluminium bottom support-plate and a burned
oxide-layer on top of the base support-structure. The colour of
the oxide layer indicates that locally very high temperatures
were reached (around 600K) as these colours are observed in
metallurgy when tempering stainless-steel. Figure 7 shows the
local hot-spot on the coil and thematerial deposited on the base
support-structure.

Figure 7. Visual inspection after the MQE intrinsic limit test at the
location of the quench heater (1), revealing a local hot-spot at the
DP (2) and base support-plates (3).

5. FC measurement results

During cool-down the FC was charged with 1mA to measure
the critical temperature. The resulting voltage is presented in
figure 4. The superconducting transition is 108K [13, 14].

5.1. Critical-current measurements

The voltages as a function of the currents for the critical-
current measurements are presented in figure 8. The critical-
currents, n-indexes, and temperature increases during the
measurement are listed in table 2. For the FC the critical-
current criterion is equal to that of the DP, namely Ec =
10µV·m−1 (U−U0 = 13.74mV). SEI tested the FC in a
liquid nitrogen bath without applying any pre-tension, res-
ulting in a critical current of 38 A at the criterion of Ec =
10µV·m−1. Also for the FC, a small temperature increase is
observed at Ic, albeit less than at the DP suggesting a reduced
impact on the n-index due to the larger heat-capacity of the
FC.

The strain-gauge data revealed no significant change in
applied precompression of 15Mpa at various temperatures,
except for 20K, where a slight reduction of about 20% in pre-
compression was observed.

5.2. Quench measurements

Although the MQE experiments performed on the DP are
instructive, the experiments only simulate what will happen
in the case of a local low Ic in the conductor. The quench heat-
ers are not positioned in the peak-field region of the coil, and
even then, it can be debatable whether activating the quench-
heater is simulating a quench, such as can be expected in a final
cyclotron setup, or still only simulates a local limitation of Ic of
the tape. A quench-heater only heats a small volume-fraction
of the winding pack. At the same time, the tape remains
superconducting closely around the local hot-spot since the
normal-zone propagation velocity is low, because of the large
heat-capacity and the high critical-temperature (Tc). A low
propagation speed of the normal-zone remains challenging to
detect. It is anticipated that for a cyclotron magnet-system, a
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Figure 8. VI-curves of critical-current measurements at various
temperatures for the flutter coil.

Table 2. Results of the critical-current measurements on the flutter
coil at Ec = 10µV·m−1.

T (K) Ic (A) n-index (-) Tincrease at Ic (K)

84 24 11.0 0.07
77 39 11.8 0.11
60 88 13.5 0.11
45 167 13.5 0.30
30 305 19.2 0.75
25 361 18.7 0.75
20 399 22.9 0.80

local weak-spot can be detected by Ic testing of the tape in
advance in conductor quality-control. Therefore, simulation of
a local weak-spot is less attractive in the FC test. The chosen
alternative method is a transition to the normal state in large
part of the conductor/coil by slowly increasing the current until
a large conductor volume in the highest magnetic-field area
surpasses Ic and starts developing sufficient voltage for detec-
tion. Protecting against too much (induced) current in the coil
due to an operational mistake is a realistic worst-case scenario.
In the test, this was simulated by increasing the current step-
wise until thermal runaway occurred at static current and the
quench detection system was triggered.

Crucial for this quench testing is whether a quench can
be detected fast enough with sufficient resolution, and once
detected, if the energy can be extracted fast enough to keep
the coil safe. In the final cyclotron system design, a total of
eight FCs are foreseen, and therefore an appropriate extraction
time of 3 s is expected. Furthermore, a QD threshold-level of
20mV is seen as a feasible quench detection level in the final
application.

The chosen method requires a low QD voltage-threshold
and a fast extraction time (τ ) at the start. Consequently, the
quench detection voltage-level and/or the extraction time were
intentionally gradually increased to find the intrinsic limit of
coil operation, which means reaching irreversible degradation
of the coil. The quench detection voltage-level could easily be

Table 3. Quench testing of the flutter coil at 20K and 385A (96%
of Ic.) in order as tested.

τ (s) UQD (mV) Coil status (-)

0.7 5 OK
1.4 5 OK
1.4 10 OK
1.4 20 OK
2.2 20 OK
3.1 20 OK
3.8 20 OK
5.0 20 OK
6.0 20 OK
7.3 20 OK
3.1 40 OK
3.1 80 Not OK

adjusted on the QD, and the extraction time was adjusted by
changing the resistance of the dump resistor. A faster extrac-
tion time consequently means a higher voltage-peak across the
coil, and for operational purposes, the voltage-peak was con-
strained to 250V.

The quench measurements are performed at 20K and are
listed in table 3. The FCwas intentionally driven to its intrinsic
limits in order to test the feasibility margin of detecting a
quench and determining the extraction limits. Thermal run-
away in this conduction-cooled coil, with cooling configura-
tions as described in the measurement setup, starts to occur
when approaching Ic due to the voltages and resulting losses
that are generated in the coil in the transition close to the
critical-current criterion. After reaching a static current of 96%
of Ic (385A) at which the temperatures and voltages slowly
started to increase, it took approximately ten minutes before
the QD was triggered, which allows more than sufficient time
to protect the coil from quenching. After each quench test, the
coil performance was evaluated by applying a small current
and measuring the voltage to examine any possible degrad-
ation. The results clearly show that the coil can safely sur-
vive an extraction time of 7.3 s at a quench detection level of
20mV. After increasing the QD threshold to an unrealistically
high level of 80mV, at 3.1 s of extraction time, the measure-
ment after the quench test revealed a linear resistive compon-
ent in the VI-curve. This resistive component only occurred
in the bottom DP voltage-tap. All other sections remained
superconducting.

After all experiments were performed, the system was
warmed up, and the setup was disassembled for a visual
inspection. This inspection revealed that at the bottom section,
material (most probably tin and silver) locally burst out and
deposited onto the copper cooling-plate, shown in figure 9.

6. Tape data versus coil performance

The tape Ic(B,T) and n-index data were implemented in a
COMSOLMultiphysics® model in which the coils were mod-
elled as a lumped volume. The perpendicular magnetic field
profile in the FC in the top DP, and due to the symmetry in
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Figure 9. Visual inspection at the bottom of the flutter coil after
intentionally driving the FC into over-current. The deposited
material is highlighted in the red square.

Figure 10. COMSOL Multiphysics® model of the radial field
(perpendicular to the tapes) at 30K and 290A at the top of the
Flutter coil.

the transverse plane also the bottom DP, at 30K and 290A
is presented in figure 10. Although the axial field profile is
highest in the sharpest corners of the ‘kidney’ shaped coil, the
radial field is highest at a horizontal position of about 0.2m
and at a vertical position of about 0.5m. The deposited mater-
ial, indicating the damaged location found on the FC during
the visual inspection, coincides with the location of the highest
radial field, i.e. where the highest field is present perpendicular
to the tape conductor.

The critical-current is extracted from the model by integ-
rating the voltage at a given current, entirely determined by
the field perpendicular to the tapes. The critical-current and
n-indexes modelled this way and measured are presented
in figure 11. Comparing the measurements with the model
reveals that the FC is performing as expected with respect
to the tape data. A similar model was made to describe the
single DP with similar results compared to the measurement,
with higher values in the measured n-index at the lower

Figure 11. The critical currents and n-indexes as calculated using
the model compared with the measured critical-currents and
n-indexes of the flutter coil.

temperatures due to the smaller heat-capacity, as explained
in the critical-current measurements of the DP. Although the
model only considers the field contribution perpendicular to
the tapes, the excellent agreement with the measurements
shows that the axial field contribution in the coil plays a minor
role. Assuming a dominating perpendicular field contribution
to the tape is valid.

7. Discussion

The precompression is not expected to reduce at 20K com-
pared to 30K since the linear contraction rate stagnates below
approximately 40K for the used materials. A possible explan-
ation for the observed difference in strain-resistance is that
the reference strain-gauges are not adequately cooled to 20K
since the reference strain-gauges are mounted on separate
stainless-steel 304 blocks. These blocks are mechanically
poorly fixed to the rest of the setup because the reference
strain-gauges should only experience a change in temper-
atures but not any precompression created by the wedges.
The thermal contact is made using Apiezon N grease. At
20K, however, this thermal contact might be inadequate when
practically no heater-power remains, and all cooling-power
is utilised to cool the entire assembly. Therefore, the differ-
ence in pre-load between the higher temperatures and 20K
is explained not as an actual stress alteration but generated
by the temperature difference between the reference strain-
gauges and the strain-gauges on the outer ring due to the tem-
perature dependency of strain-gauges.

Although mechanical stress can degrade the performance
of the Bi-2223 tape, the mechanical pre-stress does not
seem to decrease the performance as the model of the field
perpendicular to the tapes describes the coils adequately. This
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is consistent with transverse pressure measurements on the
tapes, in which a 200MPa limit was found [18].

8. Conclusions

The critical-current and n-index of two Bi-2223 coils for
compact isochronous cyclotrons were successfully measured
at various temperatures. A model describing the coil based on
tape data revealed that the coil measurements are in excellent
agreement with the model, meaning the performance of the
coils can be well understood and predicted.

The quench testing on the DP with a heater to simulate
local heating or a local weak-spot in the conductor, demon-
strates the dangers if insufficient quality control is not per-
formed by the conductor manufacturer, and a local low Ic
is present in the conductor from which the coils are wound.
It should be emphasized that sufficient quality control is
clearly performed on the Bi-2223 conductor used in these
coils. The quench tests on the FC, done by slow thermal
runaway when approaching closely to Ic in a large coil-
volume, show that sufficient voltage is developed for detec-
tion, with a convenient time period of approximately ten
minutes before the quench detector is triggered. This demon-
strates robust behaviour and sufficient scope for safe quench
protection.

The quench tests reveal that a Bi-2223 FC is difficult
to damage and can safely be protected against a quench
or thermal runaway by using a solid-state relay, a voltage-
threshold detection level up to 40mV and a current extrac-
tion time constant of up to 7.3 s. Therefore, the Bi-2223
FC can be seen as a major step towards miniaturization of
isochronous cyclotrons for proton therapy, opening the way
to high-quality treatment rooms at a significant cost- and
footprint-reduction.
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