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Abstract
It is a general belief that no insulation (NI) coil technology is a path to very high field
superconducting coils. Recent experience has shown that there are aspects of NI coil design that,
if not addressed, can possibly lead to coil failures. One potential problem area is the large
transient currents that are associated with quench propagation in NI coils. In an attempt to
understand and possibly find ways to minimize the potential for damage from quench transients,
a parameter study was undertaken to examine the factors that influence the magnitude of
transient currents during quench in NI coils. The characteristics of the transient currents are first
examined. A study is then made of a set of test coils, looking at quench propagation and the
transient current magnitude as a function of contact resistance, critical current, and importantly
coil size. For each coil size, it is found that as the contact resistance increases, the magnitude of
quench transient currents is reduced until a condition where effective quench propagation ceases,
called the quench propagation limit (QPL). As the QPL is approached, the amplitude of the
transient current is decreased and may provide a regime where quench induced stress can be
effectively contained in coil designs. As coil size increases, the value of contact resistance
associated with the limit of quench propagation increases as well. At large coil sizes that will be
characteristic of high field REBCO magnets, the QPL extends to truly large values of contact
resistance compared to values observed between bare conductors. The use of methods such as
resistive films on conductors and co-wind steel will be required to increase contact resistance. In
recognition of this development, the use of high contact resistance achieved in this manner is
appropriately called resistive insulation coil technology.

Keywords: REBCO, no insulation NI coils, quench, contact resistance, resistive insulation

(Some figures may appear in colour only in the online journal)

1. Introduction

The initial motivation for REBCO (REBa2Cu3O7-δ, RE=Rare
Earth) no insulation (NI) coils, beyond dealing with the lack of a
good insulation, was to increase the mechanical properties by
removal of soft insulation, and simultaneously increase the

current density. Subsequently, small NI coils were shown to
exhibit high stability and importantly, to be self-protecting
[1–3]. Further development showed that increasingly large coils
exhibited rapid quench propagation and again self-protection
[4]. In a fundamental paper, the underlying quench propagation
mechanism was shown in detail to be a dynamic inductive
process as opposed to the essentially thermal diffusion mech-
anism familiar with low temperature superconductors. Rapid
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quench propagation was found to be associated with large
transient currents of both the azimuthal current and an equally
large reverse radial current that was identified as the source of
the heating that drives the quench [5]. As the technology has
progressed, larger NI coils have been constructed. There has
been demonstration of the potential of NI coils in achieving high
field at high current density [6]. There have also been reports of
damage to significant NI coils that either was the cause of
quench or was the result of quench [7–9]. There could be a
number of contributing reasons for coil quench and damage,
including conventional aspects of coil design and construction,
but the experience of these coils is an indication that NI coils are
not immune to potential problems during quench.

There is increasing awareness that mechanical design is of
paramount importance in high field REBCO coils, and that
robust mechanical design is an aspect of quench protection
design [10, 11]. During quench there are transient currents that
go beyond the currents associated with normal operation, and
there are corresponding forces that go beyond the forces
associated with normal operation. An understanding of the
quench transient currents is required to properly account for
those currents and forces in the mechanical design. Large
transients in the azimuthal current will result in large transient
forces and stress in the hoop direction of the windings. Equally
large transients during quench in the radial direction will result
in a torque distributed within and between disks. Another
source of mechanical force during quench in REBCO NI coils
appears in multiple coil magnets. The nature of quench in NI
coils results in a change in current flow from the azimuthal to
the radial direction and a change in the electrical nature of the
windings from inductive to resistive. As the quench front
moves through a coil, the current at a given location shifts from
being azimuthal prior to the arrival of the quench front, to
radial after passage of the quench front. In this way, the
inductive center of a coil shifts in the axial direction following
the quench propagation and results, in a multiple coil magnet,
in an axial offset magnetic force between the coils.

In this paper, the primary focus is on large azimuthal
transient currents associated with quench and by implication the
forces associated with those currents. There is no explicit focus
on torque, but there is a direct relation between the azimuthal
transient currents and the radial transient currents. Those aspects
of a design which tend to decrease the azimuthal transient cur-
rents also decrease the radial transients. The hoop direction and
torque force components are therefore reduced in proportion.
The present parameter study is made with a set of test coils in a
background field magnet. Large axial forces result from quench
of the test coils, but these forces are not necessarily indicative of
axial quench forces in a fully designed multiple coil magnet in
which care was taken to address axial forces. Therefore, axial
forces are not reported in the present work.

The transient currents of the present work are to be dis-
tinguished from the usual concept of screening currents, which
are induced in REBCO tape conductor during ramping of a coil
and influence the central field value and the field uniformity,
and are therefore of particular interest for REBCO NMR
magnets [12, 13]. By nature, screening currents form persistent
current loops in the conductor and result in a non-uniform

distribution of current across the conductor width. In the
combined axial and radial field at the ends of a coil, the non-
uniform current distribution of the screening currents results in
a twisting torque which tends to stretch the far axial edge of the
conductor, resulting in mechanical loading in addition to the
hoop stress [14]. Evidence of damage and plastic yielding on
the far edge of conductors has been observed recently in
inspection of conductors from damaged coils. This observation
has led to the suggestion that screening current effects are
responsible for the observed conductor damage [9].

Screening currents, in the usual sense, are not included in
the present analysis. There is no analysis of the distribution of
currents across the width of the conductor. Rather, the analysis
concerns the transient currents during quench. These are not
typical screening currents which form a superconducting loop
within the conductor, nor are the transient currents accurately
described as transport currents. In the model of quench in NI
coils, the excess transient current, above the transport current,
is a large azimuthal current that returns back as a radial current
through the turn to turn contact resistance. The transient current
is therefore a loop current, similar to a screening current, but in
a loop circuit that contains radial current and significant
resistance. A more detailed quench analysis could additionally
include the distribution of the current across the width of the
conductor, and therefore the true shielding current effect, in
addition to the transient current effects studied here.

2. Analysis method and test coil definition

The electromagnetic analysis of NI coil windings has, since
the beginning, employed a number of circuit parameter
models. In the initial lumped circuit model, the entire coil was
modeled as a single inductor with parallel shunt resistor to
simulate turn-to-turn contact resistance, while the super-
conductor to normal transition was incorporated as a variable
resistor in series with the inductor [1]. The various refine-
ments to the circuit model can be distinguished by the portion
of the windings that is modeled by each inductor in the cir-
cuit. Thus, in a distributed lumped circuit model, each pan-
cake or double pancake is modeled by a separate inductor
[15]. In a further refinement, the axisymmetric distributed
circuit model divides each pancake into a number of rings or
radial sections, and each radial section is modeled as a
separate inductor [5]. Finally, distributed circuit models are
employed that further divide the radial sections into a number
of circumferential arcs, with each arc segment being modeled
as a separate inductor [16]. The present analysis is done with
an axisymmetric distributed circuit model. The pancakes are
divided radially into a number of sections of equal thickness
and the pancake structure gives a natural division in the axial
direction. There results a two dimensional grid in r and z of
coil sections, with each section modeled by an LR circuit after
the original lumped circuit model. The inductance of each
section is mutually coupled throughout the coil. The shunt
resistance of each section is computed from the contact
resistance for the number of turns in the coil section. The
contact resistance is assumed to be independent of
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temperature in this analysis. At each time interval, the
superconductor normal transition resistance is computed from
the superconductor voltage per unit length given by

q
= qV V
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where Vo is the critical current criterion of 1 μV cm−1, Iθ is
the circumferential current, Ic(B, θ, T) is the critical current as
a function of field, field angle, and temperature, and where a
value of 25 is assumed for the n-value n. At each time
interval, the Kirchhoff equations for all the coupled coil
sections are solved for the time derivatives of the circumfer-
ential currents, which together with the time increment gives

the new current values. The power in the circuits is computed
and the temperature in each section is revised using temper-
ature dependent materials properties. The critical current is
adjusted according to the revised temperature and computed
field. The quench analysis method is essentially that described
previously [5].

The test coil cross sections are shown in figure 1 and test
coil parameters in table 1. Initial results were obtained for
quench transients in coil A, which is characterized by having
12 disks and a 20 mm winding depth. The majority of the
analysis is done for a set of test coils 1–5, which are dis-
tinguished by having 20 disks and a 10 mm winding depth. In
each case, the number of radial divisions Nr of the winding
depth is such as to give a thickness of 1 mm to each radial

Figure 1. Cross sectional view of the pancake wound analysis test coils, which are operated individually in a nominal 30 T background field.
Background field coil is not shown.
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section. The calculation time increment used for coil A was
0.1 μs, with output at 10 μs intervals, while the calculation
time increment used for coils 1–5 was 1.0 μs with output at
100 μs intervals. The winding pack design for the test coils is
shown in table 2. For all coils, the conductor has 40 μm total
copper thickness and a limited thickness of co-wind reinfor-
cement, none for coil A and 10 μm for coils 1–5. The details
of the large outer coils used with coil A and with coils 1–5 are
not essential to the analysis beyond providing the nominal
30 T background field and large series inductance. All coils
operate at an initial current of 250 A.

3. Surface resistivity, contact resistance, and turn
resistance

Contact resistance Rs is a fundamental quantity for NI coils
and has been examined in some detail. Contact resistance
between conductors has been shown to depend on surface
preparation, on pressure and on pressure cycling [17, 18]. The
contact resistance between turns is found to be strongly
influenced by the presence of steel co-wind, which in NI coil
technology is referred to as metallic insulation [19]. Contact
resistance is recognized as originating from a combination of
factors such as surface roughness and hardness, and a
contribution from any resistive layer on the conductor or co-
wind such as an oxide. The term metallic insulation is used to
indicate the presence of steel co-wind, but it is recognized that
the resistance associated with the co-wind is not attributable
to the bulk metal resistivity, but rather comes primarily from
the contact resistance factors including especially a resistive
oxide (non-metallic) layer. In this regard, the term metallic
insulation is something of a misnomer.

There has begun to be active attempts to adjust and
control the value of the contact resistance, through the
application of resistive films on the conductor, including
copper oxide, and creation of oxide layers on steel co-wind by
heat treatment in air [20, 21]. It is not the purpose of the
present work to examine the engineering of the value of Rs.
Rather, in order to examine the consequences for quench, the
contact resistance is treated as a parameter with a broad range
of possible values, but with a constant value for a particular
coil design.

Contact resistance as used in the technology of NI coils is
a resistance per unit area of contact between turns, and is
therefore a surface resistivity. The terminology of contact
resistance is widely used in the literature of NI coils and will
be maintained here. In recognition of the surface resistivity
nature, the contact resistance will be designated by the
quantity Rs and interchangeably referred to as the surface
resistivity.

A related quantity is the turn-to-turn resistance Rt, given
by the ratio of Rs over the area between turns. It is noted that
for a constant contact resistance or surface resistivity, the
value of Rt varies through a coil according to the diameter of
the turn. With the emphasis on contact resistance it is easily
overlooked that, for the same value of contact resistance,
small diameter coils have larger values of Rt than large dia-
meter coils.

4. Quench transient current characteristics

After the onset of quench at one end of an NI coil, quench
proceeds through the length of the coil by a large transient
disturbance of the azimuthal current which is propagated by a
process of mutual inductance, both within a disk and from
disk to disk through the coil [5]. As an example of the quench
transient current as seen in a given disk, for a quench initiated
at the end of coil A, the quench transient current that occurs in

Table 1. Parameters of test coil A with 20 mm winding depth and 12 disks, and test coils 1–5 with 10 mm winding depth and 20 disks of
increasing diameter.

Units Coil A Coil 1 Coil 2 Coil 3 Coil 4 Coil 5

Inside radius a1 mm 50 20 35 55 75 115
Outside radius a2 mm 70 30 45 65 85 125
Coil length mm 51.6 88 88 88 88 88
Number of disks 12 20 20 20 20 20
Radial sections 20 10 10 10 10 10
Operating current A 250 250 250 250 250 250
Field increment T 6.11 5.91 5.03 4.02 3.28 2.34
Outer field T 28.16 30 30 30 30 30
Total field T 34.27 35.91 35.03 34.02 33.28 32.34

Table 2. Conductor and winding pack parameters for test coils A
and 1–5.

Units WP A WP 1–5

Copper thickness μm 40 40
Hastelloy thickness μm 50 50
Conductor thickness μm 95 95
Co-wind thickness μm 0 10
Turn thickness μm 95 105
Conductor width mm 4 4.1
Axial insulation thickness mm 0.3 0.3
Copper current density A mm−2 1562 1524
Conductor current density A mm−2 658 642
Turn current density A mm−2 658 581
Average current density A mm−2 612 541
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disk 7 is shown in figure 2 as function of time through the
radial depth of the disk. Initially, the current is the operating
current of the coil. As the quench front reaches the disk, the
current increase and decrease in time is abrupt. The dis-
tribution of current radially is not entirely uniform even in this
relatively thin coil, but rather shows characteristic features.
The coil is divided into a number of radial sections for
calculation. The radial sections on the inner and outer surface
of the coil experience a broader transient in time, probably
due to inductive coupling effects. Between the inner and outer
sections, figure 2 shows a fast radial propagation of the
transient current through the radial depth of the coil. The
current spikes seen along the crest of the transient current are
the result of the discrete nature of the axisymmetric dis-
tributed circuit model and the presence of a finite propagation
velocity in the radial direction. Another representation of the
transient current in disk 7 of coil A is given in figure 3 where
the current in four adjacent radial sections near the center of
disk 7 is shown as a function of time in high resolution. The
radial separation of the sections is 1 mm. The displacement in
time of the peak current in each trace is a measure of the
radial propagation velocity. If the radial depth of the sections,
and therefore the separation of the sections, were to be
decreased, the time displacement between peaks would be
expected to decrease in proportion and in the limit would
display a continuous wave of radial propagation.

Details of the disk to disk quench propagation through
coil A in time are shown in figure 4, where the azimuthal
transient currents are shown for each disk at a point
approximately midway through the radial depth. Due to an

initial imposed condition of low critical current, quench is
initiated in disk 1 which shows a resistive decrease in current.
All subsequent disks show inductive current increase before
quench. Here, at a contact resistance of 1.0 mΩ cm2, the

Figure 2. Quench transient current as a function of time in disk 7 of test coil A, shown through the radial depth of the coil from inside to
outside radius, with a complex fast current peak. The line of sharp current spikes is the representation of a radial transient current wave in the
calculation model with discrete radial sections.

Figure 3. Quench transient current as a function of time in four
adjacent radial sections near the center of disk 7 in coil A. The shift
of the peak current in time from section to section is a measure of the
radial propagation velocity of the quench. The small oscillations in
each current trace are an inductive reaction to the radial advance of
the current peak, followed by decrease in current after the peak and
quench.

5
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transient currents in each disk appear to have two parts, one
part being the lower, wider, longer duration part, and the other
part being the upper very short duration large amplitude
spike. The broad base of the transient may well reflect an
average quench behavior of the disks, while the sharp peak
may be the result of radial quench propagation within
the disk.

It is interesting to see a comparison between the critical
current (Ic) of a coil section and the transient azimuthal cur-
rent in that section. Such a comparison is shown in figure 5
for disks 5, 6, and 7. The critical current in disks 6 and 7 is
initially the same since these are symmetric disks in a 12 disk
coil. The critical currents are all very high compared to the
operating current. For each disk, the critical current is initially
constant until the start of the broad increase in the azimuthal
current. At that point in time, there is heating and a temper-
ature increase, not shown here, and while the critical current
does decrease in time, it remains relatively high compared to
the azimuthal current. Within the sharp current spike, how-
ever, there is a rapid decrease of the critical current below the
azimuthal current, corresponding to a quench. It is interesting
to note that quench only occurs here within the sharp current
spikes. For the initial disks that go normal in a quench, the
maximum amplitude of the current spike is less than the
critical current of the associated disk, but as the quench
progresses through the coil, the current spikes can equal and
exceed the critical current of the associated disks.

Figures 4 and 5 show the relation between currents in
adjacent coil sections in the axial direction in successive
disks. Returning to figure 3, the relation between currents in
adjacent coil sections in the radial direction also can be seen.
The traces in figure 3 show the inductive response to a peak
current in one section which is seen as resulting in fluctua-
tions in current in the two subsequent sections. This effect

results in a small oscillation in current in each section before
the peak current in that section. The same oscillations before
the peak in current can be seen in the traces in figures 4 and 5,
and therefore these oscillations are tied to the radial quench
propagation.

All of the quench transients shown so far are for the case
of contact resistance Rs 1.0 mΩ cm2. As shown in [5], quench
propagation in small coils can persist to quite high values of
Rs. Calculated quench transient currents in coil A with Rs 50
mΩ cm2 are shown in figure 6. As described in [5], at
increased values of Rs the very nature of quench propagation

Figure 4. Progression of quench in time from disk to disk through
coil A is seen in the transient currents at a fixed radius within the coil
for Rs 1.0 mΩ cm2. Initiation of quench in disk 1 shows a resistive
trace with decreasing current, while subsequent disks in turn show an
inductive increase in current and then quench.

Figure 5. Relation of inductive transient currents (lower traces) and
critical current (upper traces) in disks 5, 6, and 7 of coil A during
quench for Rs 1.0 mΩ cm2, showing the relative magnitude of the
critical current and current transient peaks.

Figure 6. Quench transient currents in test coil A as a function of
time at a fixed radius within the winding depth for Rs 50.0 mΩ cm2,
showing greatly reduced transient current amplitudes at increased Rs.
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changes from sharp spike inductive behavior to a surge in low
amplitude azimuthal current. As in the case of figure 5, disk 1
goes normal as indicated by the reduction in current, disk 2
increases in current modestly for a period of time, subse-
quently quenches, and the pattern is followed through the
coil. In this case, however, the quench transient current has
only a broad lower peak, as seen for disk 7 in figure 6, and the
sharp current spike characteristic of low Rs in not present. The
relation of disks 5, 6, and 7 relative to the critical current is
again shown in figure 7. In this case, the initial rise in azi-
muthal current is associated with an initial small decrease in
critical current. The broad flat maximum in azimuthal current
is accompanied by a steady reduction in critical current until
Ic is reduced below the azimuthal current. At that point, rapid
quench and reduction of the azimuthal current occurs. In this
case, there is relatively rapid quench propagation over the full
length of the coil, and yet the magnitude of the transient
current is far below the critical current and is limited to
moderate values above the initial operating current. The
nature of the quench transients is therefore seen to depend
importantly on the contact resistance, and it is natural to make
a detailed study of this dependence.

The analytical results for the quench transient currents,
seen in the preceding figures and in the following parameter
study, raise many questions. While fast quench in large NI
coils has been observed, there is as yet no direct evidence of
the current spikes as shown in the analysis. Further, a major
part of the amplitude of the transient at low contact resistance
is in the top portion spike of short duration. The analysis does
not include eddy current effects in the copper stabilizer which
might to act to dampen fast current changes. The analysis also
does not include a.c. loss effects in the conductor which could
possibly result in decreased amplitude of the transients. When
first observed in analysis, the full potential impact of quench
transient currents was not clear [5]. Reports of recent damage
to NI coils associated with quench have put a new emphasis
on the importance of the transient currents. An initial
understanding of transient currents is important to obtain even
if further effects remain to be included.

5. Quench transient currents in test coils

Quench transient currents can conceivably result in coil
damage. Therefore, it is important to quantify the quench
current amplitude and look for design procedures and para-
meters that can reduce or minimize the quench transients.
Quench transient currents are calculated in the following for
the set of coils 1–5 with parameters given in tables 1 and 2. It
is important to understand quench transients not only in small
coils, but in larger coils as well that will be characteristic of
future high field magnets. A set of relatively thin test coils is
selected for analysis. There are aspects of coil design and
performance that depend on coil diameter, for example the
resistance between turns for a constant contact resistance.
Thin coils of increasing diameter are selected to study the
influence of coil diameter on performance.

The test coils are intended to display the conditions in the
center region of larger, longer coils in high field magnets. But
the problem of modeling the central region of a long coil with
a shorter coil of finite length is not exact. Although the test
coils 1–5 have the same current density, the size difference of
the coils results in a small difference in field and critical
current. More importantly, as was seen above, the amplitude
of the transient current starts low at the end of a coil and
increases as the quench progresses. The present test coils were
chosen to have 20 disks with the intention that they would be
sufficiently long to display behaviors characteristic of yet
longer coils.

The conductor selected is a something of a standard with
40 μm total copper thickness and 50 μm Hastelloy core
thickness. The influence of variations in the thickness of the
copper is not considered in the study. Reduced thickness of
copper, with higher current densities in the copper are known
to result in faster quench propagation velocities [5]. As seen
in table 2, the coil windings include a 10 μm thick steel co-
wind. The influence of greatly increased thickness of steel co-
wind is also not examined in the study but the resulting lower
current density and higher heat capacity is expected to have a
limiting effect of quench propagation behavior. A detailed
stress analysis design of the test coils is not provided and
stress design is not part of this study. A simple estimate shows
that the co-wind thickness included here is itself not sufficient
to keep the hoop direction strain within practical design
limits. A high field coil design can include, in addition, a
significant thickness of over-banding reinforcement, which is
the assumption here. An alternative is to include a significant
quantity of thick co-wind.

The principle parameters of the study, in addition to the
coil parameters in the tables, are the contact resistance and the
critical current. The influence of the contact resistance on
quench propagation was studied when the occurrence of

Figure 7. Relation of quench transient currents (lower traces) and
critical current (upper traces) in disks 5, 6, and 7 of coil A during
quench for Rs 50.0 mΩ cm2, showing relative magnitude of critical
current and current transient peaks.
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quench transient currents was first realized [5]. Here, the
focus is on the influence of the contact resistance on the
transient current amplitude in addition to the influence on
quench propagation. In various preliminary studies, the rela-
tion of the critical current magnitude to the amplitude of the
transient currents has been noted. Here, two cases are
examined for the critical current. In the first case, typical
moderate properties for SuperPower REBCO conductor are
assumed [22]. The test coils are relatively short inner coils
with a long outer coil and as a result the radial fields at the
ends are relatively low, such that there is no need for multi-
width design or special conductors at the coil ends. The coils
are relatively thin, but still there is a variation of field and
therefore critical current through the thickness of the coil. As
an example, the resulting minimum and maximum of critical
current is shown by disk along coil 5 in the upper curves of
figure 8. The relatively flat region at the center disks is a result
of the decision to limit the calculated critical current at field
orientation angles of less than 1°, in recognition of the diffi-
culty of measuring and defining Ic for very low field angles.

The second case examined for critical current is a dis-
tribution of critical current within the coil called ideal grad-
ing. Grading is the selective placement of reduced critical
current tape in the windings. In practice, conductors may be
selected from the range of critical current available in a
typical production batch, or conductors could be produced
with a range of reduced critical current. Also, methods have
begun to be explored for the controlled reduction of critical
current from production tapes. Here, the engineering methods
to obtain graded reduced critical current conductors are not
addressed. Rather, as an exercise to determine the effect of
going to a theoretical limit, an ideal distribution of critical
current is assumed in which the minimum Ic in every disk is
set at 350 A, compared to the operating current of 250 A.
Again, due to the variation of field within a disk, there is a
range of Ic within each disk as shown in the lower curves of
figure 8. As seen in the figure, for both cases the variation in
the critical current within a disk is small compared to the

absolute value, and the critical current for the case of ideal
grading is quite significantly reduced below that for standard
production conductor.

Finally, an important result of the study is to show that
the size of the test coils, the average radius of the windings, is
a significant parameter for the determination of quench tran-
sient current and quench propagation in coils with low
resistance between turns.

As has been seen in figures 2–7, quench moves along a
coil in a sequence of transient current spikes from one disk to
the next that have both axial and radial distribution. In order
to simplify the presentation of the transient currents, the
concept of the maximum azimuthal current Imax(t) in a coil at
a given time is introduced and used in the following figures.
Imax is simply the maximum current at a given time any-
where within the coil, but because of the very regular pro-
gression of quench, the quantity Imax(t) tracks the progress of
quench through the coil.

Quench transient currents are first examined for the case
of standard production critical current in coils 2–5 of
increasing size. The quench transient current in time, as
represented by Imax, is shown in figure 9 for coil 2 over a
range of contact resistance Rs. As Rs increases, the transient
currents are reduced in magnitude and become less sharp. For
Rs 10 mΩ cm2, the onset of quench propagation is seen to be
significantly delayed, but to eventually occur. Figure 10
shows the transients for the next larger coil 3. The transient
current characteristics are similar, except now the range of
propagation extends to higher values of Rs. For low values of
Rs, the maximum amplitudes of the transient currents are
similar to those in coil 2. The transient currents for the next
larger coils 4 and 5 are shown in figures 11–12, respectively.
In each case, at low Rs the maximum values of the transients
are similar to those observed in smaller coils, and in each

Figure 8. Critical current map through test coil 5 by disk, giving
minimum and maximum Ic along the coil by disk, for standard and
ideal graded critical current. For standard Ic conductor, the typical
large margin above the operating current is seen toward the midplane
of the coil where the field orientation angle is low. For ideal graded
critical current, the margin is uniform by construction.

Figure 9.Quench transient current Imax during quench in coil 2 with
standard Ic showing decreasing transient amplitude with increasing
contact resistance Rs to the point of limited quench propagation at Rs
20 mΩ cm2.
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case, with increasing size of coil, the propagation of quench
extends to yet higher values of contact resistance.

For the case of ideal graded critical current in coils 2–5,
the results are similar but with important differences, as seen
in figures 13–16. At low values of contact resistance Rs, the
quench transient currents are significantly reduced, but not as
low as might be expected given the difference in critical
current shown in figure 8. For high values of Rs, for each coil
size, quench propagation persists to higher values of Rs for
the case of ideal graded Ic than for the case of standard pro-
duction Ic. This is somewhat unexpected. One explanation is
that at high values of Rs, where quench propagation is already

diminished, the higher values of Ic in standard production
conductor tend to inhibit quench propagation in comparison
with the lower values of Ic in the graded conductor.

During the course of a quench, Imax(t) generally
increases until, toward the end of the quench, toward the end
of the coil, Imax(t) reaches a peak value for that quench. The
peak value of Imax(t), for the coil size and parameters of that
quench, is tabulated as the quench maximum transient current
IQM. The results of the test coil parameter study are presented
in terms of the quench maximum transient current IQM as a
function of the contact resistance in figure 17. IQM is given for
each of coils 1–5, for both standard and ideal graded critical

Figure 10. Quench transient current Imax during quench in coil 3
with standard Ic showing decreasing transient amplitude with
increasing contact resistance Rs to the point of limited quench
propagation at Rs 50 mΩ cm2.

Figure 11. Quench transient current Imax during quench in coil 4
with standard Ic showing decreasing transient amplitude with
increasing contact resistance Rs to the point of limited quench
propagation at Rs 100 mΩ cm2.

Figure 12. Quench transient current Imax during quench in coil 5
with standard Ic showing decreasing transient amplitude with
increasing contact resistance Rs to the point of limited quench
propagation at Rs 500 mΩ cm2.

Figure 13. Quench transient current Imax during quench in coil 2
with ideal graded Ic showing lower and decreasing transient
amplitude with increasing contact resistance Rs to the point of
limited quench propagation at Rs 50 mΩ cm2.
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current. For standard critical current, at low Rs of 1 mΩ cm2,
the maximum transient currents during a quench are seen to
increase with coil size to a limiting value. Not shown is that
for smaller coils yet and lower values of Rs, the value of IQM
continues to increase to the same high limit. For increased Rs,
the high values of transient current are eventually reduced and
eliminated. As the size of the coil increases, the characteristic
curve for the reduction of IQM is shifted to higher values of
Rs. In the case of ideal graded Ic, at low values of Rs there is
significant reduction of maximum transient current IQM below
the values observed for standard critical current, but this
reduction is for ideal grading which is a rather extreme

reduction in critical current, and even in this case the
remaining value of IQM may be large for mechanical stress
considerations. For ideal graded Ic, the falloff of IQM at high
Rs is comparable to the case with standard Ic, however the
falloff is noticeably more gradual. This could be advanta-
geous in defining a regime with low IQM but that still guar-
antees adequate quench propagation.

Figure 14. Quench transient current Imax during quench in coil 3
with ideal graded Ic showing lower and decreasing transient
amplitude with increasing contact resistance Rs to the point of
limited quench propagation at Rs 100 mΩ cm2.

Figure 15. Quench transient current Imax during quench in coil 4
with ideal graded Ic showing lower and decreasing transient
amplitude with increasing contact resistance Rs to the point of
limited quench propagation at Rs 200 mΩ cm2.

Figure 16. Quench transient current Imax during quench in coil 5
with ideal graded Ic showing lower and decreasing transient
amplitude with increasing contact resistance Rs to the point of
limited quench propagation at Rs 500 mΩ cm2.

Figure 17. Quench maximum transient current IQM during quench in
test coils 1–5 versus contact resistance Rs for standard and ideal
graded Ic, showing the decease of IQM with increasing Rs generally,
the increase of the envelop of IQM with increasing coil size from coil
1 to 5, and the significant reduction in IQM resulting from the
assumed ideal grading of Ic. The reduction of IQM to the operating
current of 250 A represents the effective quench propagation
limit QPL.
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In the construction of figure 17, a concept of quench
propagation limit (QPL) is introduced. At very high values of
Rs, while a particular calculation may show small residual
current spikes as initial disks quench, if it is judged that no
useful quench propagation occurs, the value of Rs is con-
sidered to exceed the QPL. In that case, instead of recording
the ripple increase in IQM in figure 17, the convention was to
record the initial operating current, a value of 250 A, indi-
cating no transient current. With this convention, the point at
which the IQM values for each coil are reduced to 250 A is the
QPL for that coil. Defined in this way, the QPL gives a
relation between the size of a coil and the value of Rs* at the
QPL. If the size of the coil is defined by the average radius,
then the value of Rs defines a value of the turn resistance Rt at
that radius. The result is a relation between the average coil
radius and the value of Rs* and Rt* at the QPL, as shown in
figure 18 for both the case of standard production critical
current and the case of ideal grading. It is seen that the
resistance between turns is not a constant at the QPL. If
indeed quench propagation in NI coils is an inductive process,
then it might be expected that the inductance of a coil, and
therefore the size, is involved in the conditions for quench
propagation, and not just the resistance.

6. Spatial and temporal distribution of quench
transient currents

Transient current behavior is studied, importantly, as input to
coil stress analysis. The maximum current Imax, defined
above, is used as a simple measure to display trends and
dependence on design parameters of the transient current
magnitude. For stress analysis, a more detailed description of
the transients is needed. It is emphasized that the transients
have a distribution in space and time in each disk. As an
example, in figures 19(a)–(d) are shown the transients in disk

16 of coil 4 as a function of time through the radial depth of
the coil for a range of Rs and standard critical current. In
figure 19(a) at low Rs, there is considerable variation of the
transient current amplitude through the disk in space and
time, and a detailed time dependent stress analysis may be
required. As the value of Rs increases in figures 19(b)–(d), the
transient current becomes more smooth and regular through
the depth of the coil and a more simple stress analysis may be
adequate.

Figure 18. The values of contact resistance Rs* and turn resistance
Rt* are shown at the quench propagation limit QPL as a function of
coil average radius for standard and ideal graded critical current as
obtained for test coils 2–5. Importantly, at the quench propagation
limit the turn resistance generally increases with coil size.

Figure 19.Quench transient currents in coil 4, disk 16, with standard
critical current over a 14 ms time interval showing a decrease in the
magnitude and complexity of the transient currents with increased
contact resistance for: (a) 1.0, (b) 10.0, (c) 20.0 and (d) 50.0
mΩ cm2.
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7. Resistive insulation (RI) coil technology

Two very important aspects of NI coil technology are (1) the
increased mechanical properties as a result of removing soft
insulation, and (2) rapid quench propagation as the mechanism
for quench protection. The results here emphasize the fact that
rapid quench propagation extends to very high values of Rs,
especially for coils of increasing size. The results suggest a
variant of NI technology with controlled high values of Rs.
Stability will be decreased, but stability is much decreased in
insulated coils in comparison to NI coils. The contact resistance
Rs of so called metallic insulation is now known to be domi-
nated by actual surface oxide insulation. It is possible to imagine
a coil technology based on surface insulations including oxides
and other materials to give high and controlled finite values of
the surface resistivity Rs. For coil performance, it is the value of
Rs that is important and not the exact type of insulation. In
recognition, a general term for a coil technology formulated
around the value of Rs would be resistive insulation (RI) coils.

8. Quench at or above the QPL

At this point in the development of the technology, it is common
to characterize REBCO coils as either NI or insulated. Behind
these labels is the important difference in quench behavior,
namely that NI coils display fast quench propagation while
insulated coils do not. In light of the present work, there is a
wide range of possible contact resistance in a coil, and the
difference in quench behavior may be directly correlated with
the value of the contact resistance. For Rs below the QPL, there
is effective quench propagation, while at or above the QPL there
is not. Still, at the QPL and even above, there is residual tran-
sient current, or bypass current, through the finite value of the
contact resistance. This residual bypass current does provide, in
principle, additional time for active protection methods and, in
principle, could lead to a reduction in the amount of stabilizer
copper required for a coil somewhat above the QPL in com-
parison to a fully insulated coil. As indicated above in the
definition of screening currents and transient currents, the dis-
tribution of current across the conductor is not included in the
present work. While the conditions at or above the QPL could
be studied further by the methods used here, a more complete
understanding will be obtained by including the distribution of
currents within the conductor in the analysis.

9. Summary and conclusions

Experience has shown that NI coils are not immune to
mechanical damage during operation and quench. Earlier ana-
lysis had shown that quench in NI coils is characterized by large
transient currents, and therefore large transient forces. One is
motivated to examine quench transients in NI coils for the
purpose of characterizing the transients for stress analysis. One
is further motivated to examine ways to eliminate or diminish
the effects of quench transients in NI coil performance.

The characteristics of quench transient currents are
examined over a range of contact resistance Rs. At low Rs, the
transients are very fast, of short duration, with high sharp
peaks, are localized in the winding depth, and are distributed in
time within a disk in a coil. At larger Rs, the transients are
lower in amplitude, of longer duration in time, and more uni-
formly distributed through the radial depth of a coil. At low Rs,
a true transient stress analysis would appear to be required. At
high Rs, a static stress analysis becomes more applicable.

In order to examine the possibilities for reducing or
eliminating the quench current transients, a parameter study
was made with a series of test coils. The parameters include
contact resistance, critical current, and also coil size. The
contact resistance was varied from 1 to 1000 mΩ cm2. The
critical current options included either standard REBCO
properties, or a heavily limited critical current called ideal
grading. The coils sizes spanned the range that would be
involved in a small bore high field magnet, from the smaller
inner coil to the larger outer coil.

At low values of Rs, especially for standard critical
current, quench transient currents are very large in compar-
ison with the operating current. A major decrease in critical
current with the assumed ideal grading does result in a sig-
nificant decrease in transient amplitude, but not as large a
decrease as might be expected, and not enough of a decrease
to eliminate the mechanical problem posed by the transients.
As Rs is increased, at first quench propagation remains fast
and robust until finally, at Rs much larger than is typical for
NI coils, quench propagation is diminished and finally ceases
at the QPL. And as Rs is increased, there is reduction in
transient current amplitude for both standard and ideal graded
critical current, gradually at first, until near the QPL the
transients are significantly reduced. Importantly, the value of
Rs at which the current transient amplitude is reduced
depends directly on the coil diameter.

The use of increased contact resistance is identified as a
way to decrease the quench current transient amplitude, and
with it the associated mechanical forces. An increase in Rs in
the range below but approaching the QPL would put the coil
in a regime where rapid quench propagation was still opera-
tive. An increase in Rs combined with a reduction in critical
current, such as ideal graded conductor, reduces the steepness
of the QPL boundary and may provide wider design tolerance
in the engineering of the contact resistance value. More
broadly, there is the open possibility that contact resistance Rs
near but above the QPL, together with active protection
methods, may offer protection advantages over that of a fully
insulated system. The manner in which the increased contact
resistance would be obtained is expected to be an extension of
present work on surface coating and surface treatment of steel
co-wind. The resulting coil technology would appropriately
be called RI coils.
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