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Abstract—For future ReBCO tape based accelerator magnets
it is proposed to use no- or partial inter-turn insulation to deal
with quench detection and protection. In a non-insulated coil the
turns are separated by a finite electrical resistance, providing a
bypass for the current at hot-spots, improving thermal stability
and quench detection time. However, such coils show different dy-
namic electromagnetic behavior compared to insulated coils under
normal charging and transient quench conditions. To study such
coils in detail two pancake coils, one dry-wound and one with solder
in between turns, are prepared and tested in a variable tempera-
ture cryostat between 4.2 and 70 K. Properties of the coils that
are studied are charge and discharge time behavior, turn-to-turn
resistance, response to current stepping, and operational stability.
In this paper, the first results are presented and compared to a
simplified network model in order to gain further understanding
into the underlying physics.

Index Terms—High-temperature superconductors, network
model, ReBCO, superconducting coils, time constant.

I. INTRODUCTION

FOR magnets made from high-temperature superconductor
(HTS) rare-earth barium copper oxide (ReBCO) conduc-

tors, one of the main problems is the protection of the magnet in
the case of a quench. Two strategies can be discerned to manage
this: actively by instrumenting the coil so that the onset of a
quench is detected and proper action is taken, and passively
by changing the coil’s inter-turn resistance to accommodate
the occurrence of a quench safely. Here, a passive strategy is
investigated, by which the coil winding pack of the magnet
is made non-insulated by separating the turns with a finite
resistance [1]. In a local normal zone, the current can bypass
the defective spot through the finite resistance to the next turns
(see Fig. 1) [2].
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Fig. 1. Predicted current path in the case of (a) charging the coil, (b) operation
in steady state, (c) in the presence of a normal zone, and (d) during discharge.

The drawback of non-insulated coils is the much higher time
constant compared to their insulated counterparts, due to the
existence of a non-superconducting current path, leading to
longer charging and discharging times. Consequently, in the
design of the coil, a trade-off has to be made between stability
and the effective time constant of the coil, depending on the
requirements set by the coil’s application.

Various research groups have employed various non-
insulation strategies. “Dry-wound”, where there is no insulation
material between the turns and the copper coatings of adjacent
ReBCO tapes are directly in contact [3]. “Soldered”, where
solder is added between the turns [4]–[6]. “Metal-insulated”,
where a metal strip is co-wound between the tapes [7]–[10].
Another variant is applying metal cladding, where a metallic
coating is added to the ReBCO tape [11]–[14]. Also conductive
epoxy has been tried as an interstitial material [15]. This work
aims to perform a comparative study between similar sized coils
with different inter-turn configurations.

This paper presents the construction and test results of two
dimensionally identical small pancake coils made with two
different coil winding pack configurations: dry-wound and sol-
dered. The dry-wound was wound first, to have a first experience
with winding ReBCO tape. Then the soldered coil was wound by
adding solder between the turns during winding. The soldered
coil is expected to have a lower inter-turn resistance [4]. The
results are compared with a theoretical prediction based on a
network model. The coils are tested at different temperatures
between 10 and 70 K in a variable flow cryostat, where the flow
of helium gas is controlled to reach the desired temperature,
and the dry-wound coil is tested in liquid helium at 4.2 K.
The lessons learnt from the small coil program is used in other
ReBCO-HTS projects at CERN such as the first of its kind
cloverleaf type dipole accelerator magnet [16], [17], a new
magnetic spectrometer demonstrator magnet for use in space
(HDMS) [18], a novel toroidal magnet for a gantry for hadron
therapy [19], and undulator coils for compact free-electron lasers
[20].
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Fig. 2. Schematic of the network model. The current in a turn can flow
radially between turns via the radial resistance Rr, or azimuthally through the
superconductor, which has resistance Rsc corresponding to the superconducting-
to-normal transition, self-inductance Lsc and mutual inductance Msc.

II. NETWORK MODEL

Various network models have been used by authors to simulate
the performance of non-insulated coils. The most basic one is
a lumped model, first proposed by Hahn et al. [1], [3] where
two parallel paths describe the whole coil, one azimuthal path
corresponding to the superconductor with a self-inductance and
azimuthal resistance, and a radial path with a radial resistance.
This was expanded by Bhattarai et al. [21] to model a multi coil
configuration. To model local current distributions, distributed
models are used, where the windings are divided in multiple
sub-sections [22]–[25].

Here, an intermediate distributed model is proposed, which
can be solved analytically. The aim of the network model is
to predict the temporal behaviour of the voltage over the whole
coil and coil segments as function of time for different powering
cases. The equivalent network is shown in Fig. 2. In this model,
each turn is a node with an azimuthal and a radial path. The
system has n nodes, which corresponds to n turns in the coil. One
path corresponds to the current flowing through the supercon-
ductor. It consists of a self-inductance and mutual inductances
with the other turns, and a variable resistance corresponding to
the superconducting-to-normal state transition. The other path
corresponds to the radial path, and consists of a resistance. Using
Kirchhoff’s circuit laws, the system of equations to be solved
for the entire system is:

dIsc
dt

= M−1 (IpRr − Isc (Rr +Rsc)) , (1)

where Isc is the current carried by the superconductor in each
turn, M is the inductance, Ip is the current introduced by the
power supply, Rr is the radial resistance and Rsc is the variable
resistance of the superconductor. The bold font indicates that
we are dealing with a matrix, non-bold italics are reserved for
scalars. The inductance matrix can be calculated using computer
codes or look-up tables [26]. The resistance matrix can estimated
using first order approaches based on the geometry of the coil,
and refined using the measurement data. The refinement is
required, as the radial resistance is influenced by interstitial
material [1], winding tension [27] and the transversal resistance
of the ReBCO tape [14]. Rsc is intended to be parameterised
with a fit function, but for these experiments it is provisionally
put to be equal to zero, the pure superconducting case, to be able
to solve Eq. (1) analytically. In terms of voltage, Eq. (1) can be
rewritten as:

dU

dt
= −Θc

−1U, (2)

where we define Θc = MR-1 as the time constant matrix. This
matrix definition is analogous to the lumped approach, where
the time constant is defined in terms of scalars as τ = L/R [3].

TABLE I
COIL PARAMETERS

Fig. 3. Pictures of (A) winding the soldered-coil, (B) applying solder paste to
the tape, (C) dry-wound and (D) soldered coil.

The general solution to Eq. (2) can be written as:

U = U0 e−Θc
−1t =

n∑

k=1

cke
−λktΛk, (3)

where λ and Λ are the eigenvalues and eigenvectors of the
inverse of the time constant matrixΘc, and c=Λ−1U0 constants
depending on the initial conditions of the system. For an applied
current step when the voltage over the coil is zero, the voltage
response can be described as

U = Ip0Rre
−Θc

−1(t−t0), (4)

where Ip0 is the size of the current step applied at t0 by the power
supply, and can be both positive and negative.

III. COIL MANUFACTURING AND TEST SET-UP

A. Coil Winding and Assembly

Two pancake coils were wound and assembled, a dry-wound
and a soldered coil. In Table I, their key parameters are listed. For
both coils 10 mm wide, 95 µm thick ReBCO tape from Shang-
hai Superconductor Technologies is used featuring a substrate
thickness of 50 μm, a copper layer thickness of 20 µm per side,
and a critical current at 77 K, self-field of 400 A [29]. In Fig. 3,
the coil winding and instrumentation is shown.

The construction of both coils starts with the inner copper ring
on which the superconductor tape is wound. The tape is fixed in
a slot in the inner copper ring, which assures that it cannot be
pulled out. A low winding tension of 33 N was chosen for the
winding tension to avoid damaging the tape. The coil turns are
then wound around the inner copper ring, until an outer diameter
of 102 mm is reached. The outer copper ring is subsequently heat
shrunk fit around the coil winding pack.

For the dry-wound coil, the first and last turns are soldered
using Sirius 1D Sn62Pb36Ag2 solder to the copper. The solder
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Fig. 4. Schematic of the coil’s enclosure. The coil is divided into six equally
spaced sections. A voltage trace is used to measure the voltage over each
individual section. Instrumentation: T = temperature sensor, V = voltage tap,
I = induction coil and H = Hall probe.

is required to be in the form of a paste with a melting temperature
below 200 °C to avoid tape degradation by overheating. For the
soldered coil, Sirius 1D solder is added between the turns using
a syringe, and the solder is pushed out at a continuous rate by
pressurizing the top of the syringe with an overpressure of 1.5
bar. The coil is clamped between a heating plate and a metal
flange. The heating plate is heated up to 180 °C for the solder to
melt. The coil is wound warm taking about an hour.

Good contact with a homogeneous pressure between the
copper rings and the terminals is obtained using polyimide
shimming. Fuji paper is used in the pre-assembly to determine
the magnitude and distribution of the pressure between the rings
and the terminal plates, such that electrical contact is ensured in
the final assembly. The coil is then assembled in its enclosure. A
schematic sketch is given in Fig. 4. The coil is clamped between
two copper terminals, to which the current leads are attached.
The terminals act as current inputs and as a thermal stabilizer.
Indium foil is placed between the copper rings and the terminals
for a good electrical contact.

B. Instrumentation and Measurement Set-Up

The coil is instrumented with a voltage tap on each copper ring
and a carbon ceramic temperature sensor (CCS) in the inner
copper ring [28]. A second CCS sensor is placed inside one
of the terminals, and a voltage pair is placed on the terminals
for measuring the entire coil voltage. A voltage trace is placed
on one edge surface of the coil winding pack for the soldered
coil. The trace consists of 16 voltage taps, of which 14 are
radially distributed on the coil winding pack and two on the
outer copper ring. The radial voltage taps divide the coil in six
sections (labelled here A to F), where each section corresponds
to 1/6th of the coil winding pack, and where section A is on
the inside of the coil winding pack (see Fig. 4). The trace also
comprises a compensation coil to measure the voltage over the
full coil with cancellation of the inductive component. The radial
voltage taps are used to read the voltage on the coil at different
positions. The magnetic measurement is performed by using the
induction coil and a Hall probe positioned in the bore of the
magnet, whereby the central induction coil is used to calibrate
the Hall probe.

The coils are tested in a variable flow cryostat. In the bottom
of the cryostat, an evaporator boils off liquid helium. This flow
passes a flow conditioner, which heats up the gas controlled to
the desired temperature of the coil.

IV. RESULTS AND DISCUSSION

A. Effective Time Constant

The effective time constant is an indicator of the time it takes
for the current to enter and exit the superconductor [1]. From
Eq. 3, it can be seen that the voltage decay following a current
step over the full coil is a summation of exponents with different
decay constants λk. Instead of summing all the terms in Eq. 3,
the voltage decay can be approximated considering only the first
two terms:

U ≈ a1e
−t/τi + a2e

−t/τavg, (5)

where a1 and a2 are constants depending on the initial condition
and τ i and τavg are the effective time constants, corresponding
to the initial and average decay response of the system. In
comparison with Eq. 3, these time constants are the two largest
eigenvalues of the time constant matrix. The time it takes to enter
the superconductor τavg corresponds to the largest eigenvalue
of the time constant matrix. The average effective time constant
will be considered in the rest of the paper, as this determines the
ramping time of the magnet.

Here this value is determined using a current step-down. By
fitting Eq. 5 to the measured coil decay, τavg is determined. In
Fig. 5, τavg for both coils is plotted as a function of temperature.
It can be seen that at 30 K the time constant of the dry-wound coil
drops considerably. The measurements were repeated at 68 K,
and the time constant was found a factor 10 lower compared
to the first measurements at this temperature, indicating an
irreversible increase in the inter-turn-resistance. The measured
critical current was the same for both measurements at 68 K. At
present the reason for this is not well understood. Hypothetical
explanations are a changing contact resistance due to Lorentz
forces or damage to the copper coating due to the radial currents.
For the soldered coil, this behaviour in the effective time constant
is not observed. Between 77 K and 10 K, τavg of the soldered
coil becomes a factor of four larger. Between the dry-wound coil
and the soldered coil, there is a factor of 40 difference at 70 K
at the start of the measurement campaign, and a factor of 400
at the end of the measurement campaign. At 10 K the average
time constant differs by a factor of 1600.

B. Current Step and Overshoot

In Fig. 6, the voltage response of sections A to C of the
soldered coil is shown when a current step down of 300 A is
applied at 50 K. Based on critical current measurements of the
SST tape performed by the University of Wellington [30], at this
temperature, the critical current was expected to be 450 A. Right
after the current step, the current flow can be approximated with
the scheme in Fig. 1(a), where most current flows radially. When
the voltages have decayed completely, all current has settled
in the superconductor (Fig. 1(b)). When the current is stepped
down, the current flows as shown in Fig. 1(d). The negative
voltage during the step-down is due to the radial current flowing
in the opposite direction compared to charging.

The charging time can be reduced by applying an overshoot
method [31]. In Fig. 7, an overshoot of 760 A is applied to the
soldered coil at 50 K, thereby reducing the charging time by a
factor of five. The radial current behaviour is more dynamic than
in the case of a single step. When the current is stepped down
with 300 A, it can be seen that some sections have a positive
voltage, and other sections show negative voltages. This means
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Fig. 5. Evolution of the effective time constant τavg of both coils plotted as function temperature. The individual data-points correspond to individual
measurements. For the dry-wound coil, the effective time constant drops suddenly around 30 K. When the experiments were repeated at 68 K, the effective
time constant did not recover. For the soldered coil, the effective time constant increases with decreasing temperature.

Fig. 6. Voltage across coil sections of the soldered coil to a current step-up and step-down of 300 A as a function of time, for the sections on the inside of the
coil, at 50 K. The measurement data are compared to simulation data, and shows good agreement for sections B and C, but not for A.

Fig. 7. Voltage across coil sections versus time showing the overshoot response of the soldered coil to a current step at 50 K. First a current of 762 A is applied. At
t = 766 s, the current is stepped down to 300 A. The measured data is compared to simulated data, and shows good agreement for sections B and C. For section A,
the model significantly deviates.

that in some sections the radial current is flowing in the opposite
direction from other sections.

The measurements are compared to a simulation with the
presented network model. The inductance matrix is calculated
using FIELDS [32], given the geometry of the coil as input. Each
spiral turn of the coil is simulated as a circle of 10 mm width

and 2 μm thickness, approximating the geometrical shape of the
superconductor. A best-fit value of the model for the coil average
resistivity ρcoil, giving the best overlap with the measured data
in the powering cases shown in Figs. 6 and 7, is 58 µΩ•m. The
basic formula for the resistance is R = ρL/A, where ρ is the
resistivity, A is the surface area and L the length along which
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Fig. 8. Magnetic field and current versus time. Response of the soldered coil to a current step of 2.4 kA at 10 K. A quench can be observed at t ≈ 3200 s. After
the quench, the coil starts to repower until the current was cut manually.

the current is flowing. For an annular configuration as the small
solenoid, where the resistive current flows radially through the
annulus, this formula then becomes by integration:

Rr,ii = ρcoil ∗ ln (ri+1/ri) /2πw, (6)

where Rr,ii are the diagonal elements of the resistance matrix,
ri is the radius of the ith turn, and w is the width of the tape. For
sections B and C, the network model shows good agreement
with the measured data. For section A however, the model is not
in agreement with the simulation. As this section is closest to
the copper rings, heating of the inner copper ring may generate a
voltage over the first turns. To model accurately, more advanced
network models are required, which include effects such as joule
heating, thermal propagation and superconducting to normal
state transitions.

C. Self-Protection

Fig. 8 shows the voltage and magnetic field responses to a
current step of 2.4 kA of the magnetic flux density as a function
of time. The measurement was performed on the soldered coil
at 10 K. At this temperature, the expected critical current is 1.7
kA. When the coil is fully charged, the coil is thus expected to
run in overcurrent. At t≈ 3200 s, a quench can be observed, with
a corresponding sharp drop in magnetic field. A possible expla-
nation can be the following. Due to the lower self-inductance
of the inner turns they charge first. This can also be observed in
Fig. 7, where the inner section voltage drops faster than those of
the outer sections. As the outer turns fill up later, the magnetic
field on the inner turns is increased, lowering the critical surface
of the tape in these sections. If the turns were carrying more
current than the critical current, this current now needs to be
expelled radially, leading to a local increase in temperature,
thereby lowering the critical current density even further. If the
heat load is too big, this cascades into a quench. At t ≈ 2300 s,
one can observe that the ramp up is not smooth, as can be seen
in the insert in Fig. 8. The coil does not quench completely,
as the magnetic field does not drop to zero. When the coil has
cooled down sufficiently, the coil starts to recharge. This is an
example of self-protection. The power supply was shut off a bit
later. Quenches were observed below 30 K for the dry-wound
coil, but these were not self-recoverable, as the temperature did
rise too high during the quench.

V. CONCLUSION

A versatile system to measure the temporal behavior of volt-
ages over non-insulated ReBCO pancake coils and magnetic
field was developed, where coils with a similar geometry but
with a different inter-turn-resistance can be characterized and
compared in the temperature range of 4.2 to 70 K. The con-
struction and test of two dimensionally identical non-insulated
pancake coils, one dry-wound and one soldered, were presented
and compared with a network model. First results showing the
behavior of the effective time constant, current distribution and
redistributions for current steps, and self-protection were dis-
cussed. At 10 K, the average time constant is 1600 higher for the
soldered coil than for the dry-wound coil. It was shown that the
coil internal voltage behavior can be modelled in regions where
the superconducting phase transition is not present, using an
equivalent electrical network. The soldered coil operated more
stable than the dry wound coil, and as expected self-protection
in the case of a quench was observed for the soldered coil in
certain conditions.
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