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Stray-Capacitance As a Simple Tool for Monitoring
and Locating Heat Generation Demonstrated in Three
Superconducting Magnets

Daniel Davis *“, Tengming Shen

Abstract—Real-time monitoring of heat loads in cryogenic sys-
tems is critical for many applications, particularly high field mag-
nets. We demonstrated that by monitoring changes in the ca-
pacitance of local probes consisting of thin metal strips with a
porous glass fiber dielectric, boiling helium from as little as 0.1 J of
deposited heat can be located by an analysis of the response speed
and amplitude in nearby probes. We further implemented stray-
capacitance monitoring of a magnet’s metal support structures,
a more global probe of the magnet volumes, in three high tem-
perature superconducting Bi-2212 magnet types. Global structural
stray-capacitance monitoring was evaluated for a single racetrack
coil, a common coil dipole, and a canted cosine theta winding,
showing a quench response comparable to voltage signals without
inductive effects. The response of the local and global probes was
compared in the single racetrack coil with well-known quench
properties. Monitoring the cool-down of the common coil dipole
demonstrated the added benefit of the global stray-capacitance
as a liquid level monitor. This simple method of monitoring the
capacitance has proven to be a versatile and robust technique for
monitoring and locating heat.

Index Terms—Bi-2212, high temperature superconducting
(HTS), quench, superconducting magnet.

1. INTRODUCTION

UICKLY detecting and locating heat sources in cryogenic
systems can often prevent damage, conserve cryogens,
and help diagnose problems in real time. This is particularly

Manuscript received December 21, 2020; revised April 30, 2021 and June
20, 2021; accepted June 28, 2021. Date of publication July 7, 2021; date of
current version July 30, 202 1. This work at LBNL was supported by the Director,
Office of Science of the U.S. Department of Energy (DOE) under Contract
DE-AC02-05CH11231. The work of D. Davis was supported by the National
High Magnetic Field Laboratory’s National Science Foundation under Award
DMR-1 157 490, the State of Florida, the U.S. DOE High Energy Physics under
Award DE-SC0010421, and the U.S. DOE Office of Science Graduate Student
Research (SCGSR) program, administered by ORISE and ORAU under Contract
DE-SC0014664. The experimental work was performed at LBNL where D.
Davis was a visiting student supported by the SCGSR program. This article was
recommended by Associate Editor T. Salmi. (Corresponding author: Daniel
Davis.)

Daniel Davis is with the National High Magnetic Field Laboratory, Tallahas-
see, FL. 32310 USA (e-mail: ddavis@asc.magnet.fsu.edu).

Tengming Shen and Maxim Marchevsky are with the Lawrence Berke-
ley National Laboratory, Berkeley, CA 94720 USA (e-mail: tshen@lbl.gov;
MMartchevskii @Ibl.gov).

Emmanuele Ravaioli is with the CERN, 1211 Geneve, Switzerland (e-mail:
Emmanuele.Ravaioli @cern.ch).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TASC.2021.3094769.

Digital Object Identifier 10.1109/TASC.2021.3094769

, Maxim Marchevsky

, and Emmanuele Ravaioli

true for high field superconducting magnets, where heat drives
the conductor to the resistive state. Traditional heat detection
methods in superconducting magnets rely on voltage monitoring
of the coil resistance or oxide resistor thermometers in contact
with the cold mass of the magnet. Thermometer responses have
delays and voltage monitoring, while often fast, can be easily
compromised by inductive signals. In high temperature super-
conducting (HTS) magnets, early detection of heat can avoid
thermal runaway, or quench, by allowing the transport current
to be reduced in a reasonable amount of time before temperature
limits, usually 300 K, are exceeded. At higher temperatures, coil
damage rapidly becomes more likely, especially for the slow
normal zone propagation of HTS coils. Higher field magnets
reaching 20 T-40 T are being sought after that will require
HTS. At the same time, low temperature superconducting ac-
celerator subscale magnets for future accelerators are limited by
progressive quench training challenges. Novel diagnostics that
can provide information about quench dynamics and location
are being sought after [1]. This has resulted in rapid imple-
mentation of techniques such as diffuse ultrasound and quench
antenna [2], [3]. Further development of the stray-capacitance
technique could make it a complementary diagnostic tool for un-
derstanding the sources of training. Sensitive heat detection and
localization are becoming increasingly important to advancing
magnet technology for both condensed matter scientists and the
accelerator community.

A. Stray-Capacitance Monitoring

A simple method of quickly detecting heat generation through
changes of stray-capacitance has been demonstrated within
subscale HTS coils [4]-[6]. In general, any adjacent and elec-
trically isolated metal structures can be treated as a capacitor.
When this is unintended and we measure the dynamic voltage
response between the isolated structures, we label the resulting
stray-capacitance. As there are multiple isolated structures in
a superconducting magnet, each has some stray-capacitance
against the others nearby, as represented in the schematic Fig. 1.
Alternatively, dedicated diagnostic sensors in the form of paral-
lel plate capacitors, with classical capacitance, can be incorpo-
rated into key locations. Multiple factors affect the capacitance
measured across structures and sensors. Capacitance will change
if distances between structure surfaces change or if the dielectric
properties are modified. When even small amounts of heat are
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Fig. 1. Generalized circuit representation of stray-capacitance monitoring for
a superconducting magnet system.
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Fig. 2. Dielectric permittivity €, of helium (left) and nitrogen (right) as a
function of temperature at atmospheric pressure showing a shift from the liquid
to gaseous form [14]-[22]. Figure reproduced from [6].

generated in a liquid cryogen bath cooled system a volume of the
cryogen can boil, and due to an abrupt change in the permittivity
of both nitrogen and helium in the phase change from liquid to
gas shown in Fig. 2, any boiling cryogen between the metallic
structures will register a measurable change in capacitance.
The effectiveness of the technique is primarily due to the
phase-change effect on the stray-capacitance, which is larger
than that from thermal contraction or variations of permittivity
with temperature in the liquid phase. The temperature rise and
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subsequent thermal expansion is negligible for heat loads smaller
than needed to initiate boiling of cryogens. The size of the change
in permittivity when boiling is larger than the cumulative shift
from operating temperatures of 1.8-4.2 K for liquid helium
and 60-77 K for liquid nitrogen to the boiling temperature in
Fig. 2, although both the in-phase and phase-change shifts in
permittivity are higher in the nitrogen system. This effect has
been utilized for liquid cryogen level determination for decades
but has only recently been investigated as a magnet diagnostic
tool [7]-[9].

B. Implementation in High Temperature Superconducting
Magnets

The stray-capacitance technique was tested in three magnets
made with the HTS BisSroCaCusOr, (Bi-2212) conductor.
Like both Nb3Sn and Nb-Ti, round-wire Bi-2212 can be made
into Rutherford cables, the most common conductor geometry
for building accelerator magnets. Simple double-pancake race-
track coils (RCs) have been used as a research and development
program to investigate technology variants and demonstrate
improvements in conductor performance [10], [11]. The canted
cosine theta (CCT) magnet geometry is under investigation with
continued research and development for Bi-2212 as a scalable
solution to address the low yield-strength of Bi-2212 Rutherford
cables [12], [13].

This article will compare these magnet systems in order to
illustrate simple design considerations for implementing capac-
itance heat detection. The first question addressed by this study
is whether this method can be useful to locate heat sources. In a
simple RC magnet, RC6, we installed two identical capacitance
probes symmetrically in the magnet to localize the response to
pulses of a fixed heater located near one of the probes.

A second question addressed is how this method will work in
practical magnet systems or other cold structures, as one of the
strengths of this technique is the ease of implementing the system
for existing magnet designs. With varying level of confinement
of liquid cryogens, i.e., film interfaces with high surface tension
or nearly enclosed volumes with tortuous or narrow openings,
boiling cryogens can escape more or less easily, affecting the
onset, saturation, and recovery of the capacitance change. The
available structures for measuring stray-capacitance may extend
over multiple possible heat sources or not cover the entire
volume of interest, making it difficult to identify and isolate
the causes of heat.

Quench detection utilizing stray-capacitance of the exist-
ing mechanical structures is compared between RC6 and two
accelerator-type magnets. The first is a common coil dipole
composed of two racetrack coils RC7 and RC8, abbreviated
RC7n8, in which the external structure (iron yoke and loading
pads) does not extend past the magnet to cover the terminal
splices and is open enough to allow boiling gasses an easy path
away from the magnet. The second is an outer layer from a
CCT magnet, labeled CCT-OL, tested independently within a
strong aluminum-alloy shell which does not cover the terminal
splices but creates a narrow annulus for cryogen gases to escape
the magnet. Whereas for single racetrack magnet testing, the
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Separated by S2-glass and Kapton

Fig. 3. Top: Capacitance sensors C'; and Cs installed above Bi-2212 RC6.
Bottom-left: One of two Kapton and S2-glass isolated iron plates that constrain
RC6. Middle-right: Heater location on outer turns of RC6. Bottom-right: Resis-
tive four-wire heater. Figure reproduced from [6].
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Fig. 4. 2-D cross section of the RC6 racetrack coil test structure with metal
and dielectric structures forming capacitive elements labeled. A simple plate
model is approximated by the iron, Kapton, S-2 glass, cryogen, and the sensors
Cy and C5. Modified figure reproduced from [6].

iron structure provides tight cryogen containment and spans the
entire windings as well as the terminal joints.

II. SINGLE RACETRACK COIL MEASUREMENTS
A. Magnet and Measurement Description

The first magnet results are for the highest performing Bi-
2212 Rutherford cable racetrack coil, RC6, made of Bi-2212
Rutherford cable for setting the stage for the measurement and
researching the possibility of heat localization. These 30-cm
long coils with a 15-cm straight section are wound around
an Inconel structure and surrounded by a rectangular stainless
steel enclosure, three sides making a horseshoe (HS) shaped
piece and the last side filled by an “end-shoe” between the
cable terminations. This is enclosed in iron consisting of two
rectangular plates and bars shown in Fig. 3.

High sensitivity probes were formed between thin stainless
quench-heater strips, located over straight sections of the su-
perconducting windings, and the iron plate covering the entire
magnet, acting as simple parallel plate capacitors with a porous
dielectric separation. The two strips were separated from the
plate by 0.2-mm woven S-2 glass and 0.13-mm thick Kapton
shown in Figs. 3 and 4. The woven S-2 glass cloth acts as a spacer
to allow a volume of cryogen to fill a portion of the space between
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the plate and the strips, C; and Cs. In general, pairs of stainless
strip could be used, rather than a single plate and the structure,
for better sensor isolation at the cost of increased thickness.
Such probes can be easily insulated from the magnet with thin
sheets of Kapton polyimide, as used here, or any nonporous
insulator with high dielectric strength. This formed a flexible,
low cross-sectional capacitance probe, with no low-frequency
interference to the magnet circuit and a strong thermal link to
any heat generated on either side of its overlap area. By placing
multiple such probes, cryogenic systems or magnets can be
subdivided into regions of interest.

The “U” shaped steel coil support, or HS, was also instru-
mented, as it has a very large parallel area overlap with the
plate and can produce a sensitive response to any heat within the
magnet system, as demonstrated in previous measurements [4].
As in the Fig. 1 schematic, with only two wires, the capacitance
changes can be monitored in multiple ways without interference
with the superconducting windings by connecting to the man-
drel, the mechanical structure, or diagnostic sensors The three
measured capacitors in RC6 testing were HS to the iron plate,
(1 to the iron plate, as well as C5 to the iron plate.

The capacitance was measured for RC6 and RC7n8 using
a ground-referenced Agilent E4980 A precision LCR meter at
100-300 kHz with a sampling time of 100 ms per measure-
ment including settling and dead time. Using Numato Systems
electro-mechanical relay multiplexing of three channels, the
sampling time increased to 300 ms per channel and 1 s per
measurement of all channels of RC6. The signals were routed
using untwisted wires due to lack of feed-through channels,
yet the noise level was manageable due to the fixed frequency
signal used for measurement. For more sensitive applications,
coaxial wires can be implemented from sensor to LCR meter,
given dedicated feed-through channels. Before evaluating the
quench response, a baseline measurement ac frequency sweep
and capacitance response calibration with a controlled heat
source like a film resistor was performed. Then the capacitance
of multiple probes can be recorded in real time using a simple
multiplexer. For transient events, the heat source can be located
by comparing the response onset, peak amplitude, and recovery
time (for transient sources) to determine the proximity of the
hot spot to each sensor. The symmetry of probe locations and
the primary heat paths must be analyzed when making location
determinations. This requires some knowledge of the possible
heat sources in the system such as developing resistance during
a quench or accelerator beam losses.

B. Investigating Sensitivity and Localization

1) Heater Pulses: RC6 was equipped with an insulated rib-
bon heater, 1.4 cm x 0.7 cm, on the broad face of the outermost
turn in the middle of the straight section adjacent to capacitance
probe C7. It was used for generating heat to initiate quenches
in the coil windings and as a controlled energy source for
evaluating the capacitance response in both liquid nitrogen and
liquid helium.

Powering the heater for 6 s in liquid helium deposited 6 J of
heat producing the change in capacitances shown in Fig. 5. The
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Fig.5. Typical capacitance response from RC6, a single racetrack coil encased
in a steel structure, for local strip sensors C (green) and C'5 (red), and structural
sensor HS (blue) to a heater current pulse (purple) in liquid helium. Figure
reproduced from [6].

shape of the response is typical with a rapid rise during the heat
pulse and a logarithmic return to the baseline. Fig. 6 summarizes
the nonlinear heater pulse response with the peak change in
capacitance as a function of the energy deposited in the heater
for both cryogens. In liquid nitrogen, heat loads above 4 J are
needed to produce a significant capacitance change. Above 25 J,
the probe C; response flattens at a change of 6 pF. Conversely,
the liquid helium response rises above the noise with only 0.1 J
in the heater.

Fig. 5 shows that for constant heater pulses with no magnet
transport current, we were able to observe a stronger and faster
reaction from the capacitive probe, C1, closer to the heater
than from the probe further away, C5. HS consistently had the
strongest response and fastest recovery. The peak response was
within a few seconds of the end of the heater pulse, but the
half life for returning to baseline is closer to 5 s, reflecting
a characteristic cooling time. The peak capacitance change is
proportional to the deposited energy and begins to saturate at
higher energies shown. This is consistent with all of the liquid
between the sensor and plate being displaced with gas. No
significant change in capacitance was observed for any sensor
when pulsing the heater with the coil in nitrogen or helium gas.

2) High Current Quenches When Exceeding Ic: Sponta-
neous quenches were caused by exceeding the critical current
of the symmetric, high-field, central windings above 8600 A.
In contrast to the localized heater pulses, when a global super-
conducting transition occurred both C; and Cs responded in
kind. The structural sensor HS showed a more constant value
when ramping the magnet far from the quench current, while
C1 and Cj increased steadily with current. Despite the constant
ramp rate, the capacitance change accelerates 5-10 s prior to
energy extraction in Fig. 7, indicating more rapid heating prior
to thermal runaway, as the rapid voltage rise only exceeded the
25 mV noise level for 10 ms before exceeding the quench detec-
tion threshold in Fig. 8. This is possible due to the high thermal
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margin of Bi-2212. The ~1 s time required for multiplexing
the three measurements does not appear detrimental to early ca-
pacitance detection, particularly for HTS-cable-wound magnets,
where the stability is increased by strong current sharing.

The Bi-2212 Rutherford cable is so stable that the magnet
was held at fixed currents of up to 90% of the quench limit
with constant nonzero dissipative voltages and only a small
decrease in capacitance for over 200 s without quenching. By
ramping the magnet stepwise with plateaus of constant current,
the Ohmic voltage could be measured at a much lower noise level
shown in Fig. 9. This revealed a rise in the voltage with current
analogous to the short sample power law I-V curve. When
the magnet current was decreased to 70% of the quench limit,
the capacitance change and voltages returned to their previous
values, with a delay for the recovery of the capacitive signals.

3) Heater Induced Quench: Capacitance and Voltage Com-
parison: By running current pulses into the heater with the
magnet at 90% of the quench current, the capacitive sensor
response was compared to the magnet terminal voltage rise in
Fig. 10. A deposited heater energy of 2—6 J was required to
see dissipation in the voltage, while only 1 J was required to
see a capacitive response. The sensor C; closer to the heater
increased faster with higher deposited energy until an 8-J heater
pulse. For subsequent pulses, it appears that the system may not
have had enough time to cool sufficiently between heater pulses
as the capacitive signals show a depressed baseline and a lower
deposited energy of 6.4 J initiated a thermal runaway, requiring
energy extraction to protect the magnet. The other possibility
is that the higher power delivery of 6.1 W was sufficient to
overcome cooling and generate a propagating normal zone. The
voltage response was significant for the highest energy heater
pulse with a multisecond recovery indicating the temperature
was increased into the current sharing regime for some portion
of the magnet windings.

C. Discussion—Modeling Local Sensors as Parallel Plate
Capacitors With Series—Parallel Dielectrics

A simple plate capacitor model is formed of the support plate,
Kapton, S-2 glass, and cryogen mixture, and either strip C; or
(s, as detailed in Fig. 4

CZ C'Kapton Cs
Cs = Cvcryogen + CSZglass~ (2)

The dielectric is assumed to have the fixed thickness Kapton
layer in series with a parallel mixture of the liquid or gas cryogen
and the S-2 glass cloth with an approximate 40% glass volume
fraction

Ai
Cl - k150 dz . (3)
The subscript for the dielectric constant k;, the area A;, and the
distance between surfaces d; refers to the three dielectric mate-
rials S2-glass, Kapton, and the liquid cryogen (either nitrogen
or helium). Cryogenic temperature dielectric constants for each
material were obtained from the literature [23]—[25]. Effects of
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thermal contraction on the material volumes were neglected.
Despite multiple approximations, the calculated capacitance
values, a total of 477 pF when liquid and 474 pF while gas, are
within 20% of the measured values, 574 pF liquid and 566 pF
gas, and the capacitance change between liquid and gas values
are within a factor of three, a change in capacitance of 0.63%
calculated versus 1.4% observed.

A straightforward explanation for the faster detection and
slower recovery of C; than Cy for heater pulses is that the
cryogens boil near the heat source and travel out from the
system through all available paths. This would explain the faster
recovery of HS as it has the easiest cryogen exchange with the
surrounding bath. The thermal source of the response explains
the impressive sensitivity, shown in Fig. 10, to detect less than 1J

of heat in an electromagnetically noisy environment, in which
voltage detection required 5—10 times as much heat input and
noise reduction to see a clear response.

III. CoMMON COIL DIPOLE MAGNET MEASUREMENTS
A. Magnet and Measurement Description

The common coil configuration is a block design, the simplest
of which has two RCs with opposing currents generating a dipole
field for the two apertures between the straight sections. The
racetrack coils RC7 and RCS are of a nearly identical design to
RC6, except for a completely Inconel winding mandrel with a
smaller diameter to accommodate 11 turns per layer instead of
6. To form a dipole, the RCs are separated by G-10 within an
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Fig. 11.  Common coil dipole magnet composed of RC7 and RC8 with struc-
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iron yoke inside an aluminum shell preloaded by a bladder-and-
key process [26] as outlined in Fig. 11. One of the capacitance
probe wires is connected at the steel HS around one of the coils
and both HS are electrically shorted by the steel splice support
connections. The other capacitance probe wire is connected to
one of the iron loading pads and is electrically shorted to the iron
yoke and other pressure pad through the loading keys, shims, and
solid aluminum outer containment cylindrical shell (not shown).
The thickness of dielectric layers was 0.13 mm of Mylar sheets
for the common coil dipole.

B. Demonstrations in a Common Coil Dipole Magnet

For the tests of the common coil dipole RC7n8, the global
stray-capacitance between the coil winding mandrels and the
mechanical structures surrounding the magnets was monitored
as if it were a quench detection signal. Typical results are shown
in Fig. 12. The capacitance varied with current in the same
fashion as the coil section voltages that are typically used for
quench detection. The stray-capacitance signal had more noise
than for the single racetrack structure. This noise is smoothed
by taking a moving median with a bin size of 21 data points,
with the effect demonstrated for the as measured and smoothed
voltage data on the right in Fig. 12. The additional inductive
portion of the voltage signal is clear when the current ramp
is paused or changes direction. No significant difference in the
stray-capacitance was observed between increasing and decreas-
ing currents prior to quench. Additional capacitance change was
observed when ramping up the current of RC7n8, a portion of
which dissipated when the current was held steady at currents
less than 5 kA. At higher currents, when the coil was within
5%—-10% of the quench current, the signal held steady when the
current stabilized.

C. Observing the Liquid Cryogen Fill Level From the
Structural Stray-Capacitance

The stray-capacitance of the dipole, RC7n8, was monitored
during the cool-down and cryogen fill to get a calibration of
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the decrease in capacitance with temperature and a long-term
baseline before magnet operations. As a useful consequence of
the phase-change mechanism of the change in stray-capacitance,
the helium fill could be observed in Fig. 13 as an increase in
capacitance after the magnet was at constant cold-mass temper-
ature, as measured by a Cernox resistor. This is not unexpected,
as capacitive cryogen level meters exist, but the clarity of the
change from a dropping value during cool-down, to a rising
capacitance while the level rises, with a stable stray-capacitance
when the level is above the top of the structure was a sur-
prising extra benefit for a diagnostic that requires no sensors
to be installed. The temperature rises during the helium gas
cool-down period relate to manual pressure control of the fill
system. The stray-capacitance does not correlate directly with
all of these more temporary temperature changes. The Cernox
resistor is measuring only one part of the structure, while the
stray-capacitance in gas depends upon the temperature of the
dielectric and thermal contraction of multiple materials. The
fill is more or less monotonic as the cold mass is at a much
more uniform temperature once liquid can condensate and fill
the volume.

IV. CANTED COSINE THETA OUTER LAYER COIL
MEASUREMENTS

A. Magnet and Measurement Description

In the CCT configuration, the Rutherford cable follows ma-
chined grooves in an easily machinable aluminum-bronze alloy
mandrel that has been found to be chemically compatible with
the Bi-2212 reaction. A full CCT magnet consists of even
numbered layers of tilted helices, with the current directions
such that the axial field cancels and a “perfect” dipole component
remains.

The mechanical layout, as well as images of the Bi-2212
windings and assembled structure of CCT-OL test, is detailed
in Fig. 14. The capacitance probe wires were attached at the
end of the aluminum bronze winding mandrel and to the end of
the aluminum-alloy shell, separated by 0.2 mm of Kapton and
G-10. For CCT-OL, capacitance was recorded with a GW Instek
LCR-6020 at a maximum frequency of 20 kHz. A long averaging
time was used during the system cool-down and warm-up for
higher stability and precision, while the shortest averaging time
was used during heater and quench events.

B. Demonstrations in a Canted Cosine Theta Coil

For the tests of the CCT-OL, the global stray-capacitance
between the coil winding mandrels and the mechanical struc-
tures surrounding the magnets was monitored as if it were a
quench detection signal. Typical results are shown in Fig. 15.
Similar to RC7n8, the capacitance varied with current in the
same fashion as the coil section voltages that are typically used
for quench detection. The CCT-OL stray-capacitance signal also
had more noise than for the single racetrack structure shown
by the capacitance data in Fig. 15. For the CCT-OL magnet,
the capacitance change remained stable when the current was
held constant, with only a slow drift over time in Fig. 16. The
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capacitance changed gradually with increasing current prior to
energy extraction, after which the capacitance change peaked
before returning to the baseline over a time period of minutes.

V. DISCUSSION
A. Providing Reliable Diagnostics in Practical Magnet Tests

The boil-off mechanism for stray-capacitance quench detec-
tion is independent of the magnet geometry as the heat generated
by the normal state transition will increase in power along with
the power-law I-V response in Figs. 12 and 15. Unfortunately,
it does not discriminate between heat from ramping losses,
terminal or joint splices, flux-creep, and normal state resistance;
so there is the possibility of false positive detection, in which
the coil could recover if the current is held constant or reduced.
This is especially true for the global stray-capacitance measured
with structures where the splices are in thermal contact, like the
HS to plate for the racetrack and winding mandrel to Al-shell
for the CCT magnet. This is often the case in magnets because

the terminal splices require mechanical reinforcement provided
by extending the winding structure.

The global stray-capacitance approach is less than optimal be-
cause the locations with the availability of boiling liquid cryogen
may be thermally insulated from the highest field regions most
likely to quench that tend to be near the metallic mandrel and
filled with epoxy. This may also change as the magnet trains and
epoxy cracks provide unpredictable paths for liquid cryogens
into the magnet. This is in contrast to the local parallel-plate
approach described above, in which the cryogen is provided a
location within the sensor which is thermally linked to a region
of interest. The helium level effect is a beneficial result of the
global approach, as the liquid cryogen filling the magnet is
directly causing the response. If a local sensor is used, like a long
narrow strip along the outside of the magnet, the helium level
of the bath should produce a cleaner signal, but due to the heat
capacity of the magnet cold mass, the global stray-capacitance
may show a slower and more accurate fill as the entire structure
cools.

The difference in stray-capacitance between ramping and
steady current became smaller approaching quench in Fig. 12.
This occurred as the static heat load exceeded 75% of the capac-
itance saturation reached during the quench, which displaced all
of the liquid within the sensor. It appears that less recondensation
is occurring when ramping is halted above 5 kA. This would
be consistent with increased current sharing with the stabilizer
and between filaments because of the higher resistive heat
load and lower hysteretic component from the superconducting
paths. Being able to diagnose when significant current sharing
is beginning gives valuable information about the operating
margins of the magnet, but if this is purely a matter of gas
saturation, then it will be linked to the sensor configuration rather
than the magnet operation. For example, in systems with less
confinement of trapped volumes, the recondensation may occur
up to higher heat loads, giving the system a more proportional
response until all of the liquid is displaced. This is consistent with
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(a) CCT-OL expanded assembly with the dielectric layers, metallic structures, and capacitance probe locations indicated. (b) Reacted Bi-2212 CCT-OL

on the aluminum-bronze mandrel. (c) The fully assembled and instrumented CCT-OL coil.
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CCT-OL in Fig. 16, where there is no jump between ramping
and steady-state operation.

B. Reducing Quench Validation Time With Capacitance
Sensors and Section-Voltages

In using a capacitive sensor for quench detection, it would
seem to be best as a secondary verification tool. Presently, to
avoid false positive detection, a time delay is used to verify
voltage threshold detection. This time could be reduced or
eliminated if both capacitance threshold and voltage thresholds
are surpassed. In the local quench spot case, the capacitance
detection may be faster than the voltage rise as the heat will
generate gas locally before a large conductor volume exhibits
a voltage rise. In the case of a more global transition such as
with overcurrents, the voltage may appear faster than the gas is
generated at the sensor location. A suitable detection system
could operate normally with an integration time for voltage
signals, which could be bypassed if a capacitance condition is
satisfied, either exceeding a threshold or a rate of change. A
similar sort of verification control scheme could be used for heat
load applications in conjunction with thermocouples or pressure
values, as opposed to voltage measurements.

The results of these studies suggest several use cases. The
most direct application from that studied here would be in an
HTS magnet system such as the 32 T all superconducting magnet
at the National High Magnetic Field Laboratory (NHMFL) [27].
This magnet consists of a series of stacked rare earth barium
copper (REBCO) Oxide REBCO double pancakes of HTS tape
conductor. As there are already heaters between the pancakes to
protect the magnet in the case of a quench, a capacitive sensor
could be formed using the heater as one half. The other half of
the sensor could be measured from the magnet windings, thin
isolated strips across the heater, a grid across the heaters, or
even a second heater in parallel to the original by a relay until
firing the heaters. Alternatively, the sensor could be formed of
two polyimide insulated, stainless annuli inside or outside of
the heater area so as to not affect the operation of the heaters.
The advantage of the isolated strips or grid is that it gives
the ability to further localize the heat generation with axial
location (down to two pancakes) from which set of sensors,
azimuthal location from which strip or grid section, and even
possibly radial location if the grid can be subdivided and the
data postprocessed to filter the noise from small capacitance
sections. The downside is the number and complexity of the
signal wiring rising quickly.

For a subdivided system, a set of capacitive bridges and
multiplexing would be more economical. In normal operation, a
parallel connection of the system could be measured to increase
the signal-to-noise ratio and increase the sampling rate. Once an
initial threshold has been exceeded, the system could multiplex
regions or individual sensors during the event. This data could
either be used for further verification or just for later analysis
in order to localize the source of the heat as much as possible.
This can be very useful for correlating with simulations and
for improving operating procedures for avoiding undesired heat
loads.

The joints between double pancake windings and at the cur-
rent lead terminals of a system like the 32 T magnet would
be another set of ideal locations for capacitive sensors. This
could again be a single or double set of isolated strips the same
width as the HTS tape covering the joint. Capacitance would be
measured between the strip and the tape or the second strip. As
the sensor would be in close thermal contact to the joint, there
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the quench protection at 4 KA.

would be little to no delay in the capacitance change. The benefit
of the two isolated strips would be complete insulation from the
high voltages present during a magnet quench, and reduction of
other capacitive signals from the rest of the magnet windings.
The dual-strip sensor would result in a simple easily installed
and repairable monitor of the health of a joint independent of
the superconducting and inductive properties that complicate the
current voltage response.

VI. CONCLUSION

Stray-capacitance monitoring is an effective diagnostic tool,
well-suited to highly stable HTS magnets with low normal zone
propagation velocity. Specifically, we have shown the following.
1) With an array of distributed sensors, it can localize heat
sources in amagnet. Local stray-capacitance probes were used to
locate heat sources, including normal zones, in an HTS Bi-2212
RC. These parallel plate capacitors with a porous dielectric
take up very little space in the magnet cross section but still
generate clear responses. Heater pulses produced stronger and
slower decaying changes in the closer capacitance probe. With
the magnet under power, capacitance change was visible at
less than 1 J heater energy, six times lower than it took to
see a voltage rise. 2) It can even serve as an auxiliary quench
detection method. Working with voltage taps, and it can improve
quench detection integrity independent of magnet geometry, as
demonstrated for a Bi-2212 RC, common-coil dipole, and a CCT
coil. In RC6, the rapid change of capacitance was observed
10 s prior to thermal run-away and a voltage tripped energy
extraction, making a clear case for using this method to reduce
quench detection validation times, providing more time for
active protection of HTS magnets. 3) It can be an in sifu magnet
liquid level sensor using only the magnet structural element as
probes. Due to the liquid cryogen phase change mechanism,
global stray-capacitance probes provided a monitor for the liquid
level in the CCT magnet structure.
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