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Christian Lacroix: from Dec. 1st to Dec. 23rd

Main topics of interest (jointly with F. Sirois):
- Discuss and learn about quench protection techniques 

for future HTS magnets (X. Wang, M. Marchevsky, …)
- Learn about experimental capabilities of LBL regarding 

quench protection and cable fabrication
- Plan joint projects about testing the current flow 

diverter (CFD) concept for DC cable quench protection

Frédéric Sirois: from Nov. 28th to Feb. 7th

Main topics of interest (in addition to above):
- Discuss and learn about internal modeling efforts and 

tools at LBL (C. Messe, L. Brouwer, …)
- Jointly develop code and algorithms specialized for 

HTS magnets
- Prepare the hosting of a Canadian Ph.D. student 

(Gregory Giard) next January
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CHALLENGES WITH REBCO TAPES

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

Longitudinal fluctuations of Ic (10-20%)
à Measurements on Theva tapes

Low NZPV values
à Measurements at 77 K, self-field

Hot spots can be destructive if quench is not rapidly detected

Conventional voltage detection schemes in magnets: 50-500 mV1

Potential solution: increase the NZPV of REBCO tapes 

10%

1Marchevsky, M. 3rd Workshop Accelerator Magnets HTS(2015)

No copper ! 
(2 um Ag only)
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CURRENT FLOW DIVERTER (CFD) CONCEPT

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

Lacroix et al. SUST 27, 035003 (2014) 
US Patent: Lacroix et al. US9029296B2

𝑓 =
Width of the CFD layer
Width of the tape

NZPV obtained at 77 K and in self field

x7

x4
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Supercond. Sci. Technol. 27 (2014) 055013 C Lacroix et al

Figure 4. Dependence of R̃i on 1 � f (black squares), where f is
the CFD coverage fraction (CFD width divided by total width of
tape) measured at liquid nitrogen temperature. The black dashed
line is a fit of the experimental data, showing that R̃i / (1 � f )�1/2.
The red dashed line indicates the ideal case (perfectly insulating
CFD and Ri � Rs), which corresponds to R̃i / (1 � f )�1.

from the same phenomenon, although it is likely that a similar
process is involved.

The dependence of the estimated interface resistance R̃i
on 1 � f at liquid nitrogen temperature is presented in figure 4.
As expected, we observe that R̃i increases with the CFD
width (i.e. as 1 � f decreases). This result confirms that
our fabrication process creates a resistive layer at the etched
surface. Also, the assumption Ri � Rs seems valid here since
if it was not the case, R̃i would be independent of 1 � f when
1 � f is close to 1. The measured values are below 1 µ� cm2

for all samples, except when the CFD is 4-mm-wide, in which
case R̃i ⇡ 10 µ� cm2. In that case, the CFD covers all the top
surface of the HTS layer, and the regions that are not covered
by the CFD are located on the sides of the HTS layer. Since
the HTS layer is 1 µm thick, these uncovered regions are very
small, which explains why R̃i is much higher compared to the
other samples.

It is worth noting that with a perfectly insulating CFD, the
interfacial resistance Ri should scale with (1 � f )�1, i.e. Ri =
R0(1 � f )�1, where R0 is the intrinsic interfacial resistance
between the superconductor and the stabilizer. For commercial
tapes, where f = 0, a value of R0 ⇡ R̃i(0) = 0.22 µ� cm2 was
measured (blue circle in figure 4). Using this value as a starting
point, the ideal characteristics of a CFD tape could be traced
(red dashed curve in figure 4).

In comparison with this ideal case, we observe that
the experimental data points (black squares) are rather best
fitted with a relationship like R̃i = R0(1 � f )�1/2 (black
dashed curve) instead of being proportional to (1 � f )�1. This
suggests that the CFD might not be sufficiently insulating
to completely block the passage of the current and, as a
consequence, the current would partially flow through the
CFD, especially when the CFD coverage fraction f is high.

Figure 5. Electric field over time measured from several voltage
probes on a sample in which a 3-mm-wide CFD was inserted
( f = 0.75, R̃i = 0.5 µ� cm2). The numbers correspond to the pairs
of probes as described in figure 2. During measurement, the sample
was placed in a liquid nitrogen bath. Inset: applied current versus
time.

An example of NZPV measurement is presented in fig-
ure 5. This measurement was obtained on a tape with a
3-mm-wide CFD ( f = 0.75, R̃i = 0.5 µ� cm2) in which we
imposed a square current pulse of 112 A (see inset). For the
sake of clarity, we only show the voltages measured on the right
side of the magnet (the pairs of probes with positive numbers
in figure 2). We observe that the voltage first appears between
pair #0, then #1, #2, etc. The variation of the measured voltage
over time is similar for all pairs of probes, except that each
curve is shifted in time with respect to the others. The voltage
first slowly rises, then increases exponentially up to an electric
field value of ⇡0.5–0.7 V cm�1, at which point the HTS
resistance is in the same range as that of the stabilizer. Beyond
this point, we observe a clear change of slope, which physically
corresponds to a complete quench of the HTS volume between
the voltage taps, as well as heating of the stabilizer, since all
current now flows into it (the HTS layer is now very resistive).
In other words, this change of regime indicates that the HTS
temperature has just risen above its critical temperature (Tc).

By taking the distance between the middle points of two
adjacent voltage probes (⇡2.5 mm) divided by the time elapsed
for reaching the same value of electric field on two successive
curves, we finally obtain the NZPV. For instance, in figure 5
we obtain a NZPV of ⇡2 m s�1.

The dependence of the NZPV on R̃i for tapes with a CFD
interface is presented in figure 6 (black squares). Values of
NZPV as high as 16 m s�1 were measured, which is ⇡35
times higher than those measured on a commercial tape (blue
circle). In comparison, tapes with a uniform interface (red
diamonds) also yielded NZPV values as high as 16 m s�1,
but at a much higher R̃i value (more than 200 µ� cm2) [14].
In that latter case, the fabrication method used was different
from the one used in this work: the interfacial resistance was
modified by first totally removing the silver with chemical
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Figure 2. Simplified schematics of the experimental setup using
two custom-made sources for performing limitation tests and
critical current measurements.

thickness of the silver layer (1.6 µm), we could deduce the res-
istivity of the silver coating (black line in figure 1). Then, using
the resistivity of tin from literature [16] (red line in figure 1),
we were able to determine the exact thickness of the tin coat-
ing in the HTS tape after the soldering process, which gave
24 µm. We note that the resistivity of tin changes drastically
at 505 K, which corresponds to its melting temperature.

2.3. Critical current measurements and DC limitation tests

The DC fault current limitation test setup is schematically
represented in figure 2. It utilizes two custom-made sources:
a voltage source Vs and a current source Is. In both cases,
the electric energy is provided by a large supercapacitor
(48 V/165 F). The voltage source was used for the limitation
tests, while the current source was used for critical current
measurements. The sample can be connected to either one of
the two sources using a knife switch (dual pole, dual throw).
Two shunts with respective values of 1 and 0.5 mΩ were used
to monitor the current generated by the voltage and the cur-
rent sources, respectively. The intrinsic resistance (12 mΩ)
and inductance (3 µH) of the limitation setup connected to
the voltage source have been characterized since they play a
key role in determining the current amplitude during a fault
current limitation experiment. On the contrary, the electrical
parameters of the Ic measurement setup, which uses the cur-
rent source, are not critical since the current source allows to
precisely control the current in the sample during the critical
current measurements.

The sample holder used for the electrical measurements
allowed testing 14 cm long samples and had four evenly
spaced spring-loaded contacts (pogo pins), identified as
voltage taps in figure 3. The voltage taps are used to measure
the voltage drop along the sample length. The pogo pins were

Figure 3. Illustration of the sample holder used for electrical
characterization. Four pogo pin probes (voltage taps) were used to
monitor the voltage drop in different sections of the HTS tape. The
numbers on top of each voltage tap are used to identify them.

Table 1. Critical currents and power law indices at 77 K of the
samples before starting the limitation tests.

Sample Critical current (A) Power law index

Name (Ec= 100 µVcm−1) (n-factor)
FG-EPM-15-1 975 19.5
FG-EPM-15-2 900 22.2
FG-EPM-16-1 980 28.7

inserted in a plastic support, whichwas screwed in a wood sup-
port to adjust the pressure of the pogo pins on the sample. The
current leads were made of thick copper blocks that were also
screwed in the wood support. To minimize the contact resist-
ance at the current contacts, a thin copper sheet was soldered
on top of the Hastelloy shunt at each end of the sample, using a
low temperature alloy. Some amount of solder was also added
at the extremities of the tape, i.e. at the current contact loca-
tions, in order to minimize Joule heating. Finally, additional
voltage taps were attached to both current contacts in order to
monitor the contact resistance during the measurements.

During the experiments, the sample and sample holder were
immersed together in a liquid nitrogen bath (77 K). The screws
of the sample holder were not fully tightened prior to put-
ting the sample in liquid nitrogen to avoid generating thermo-
mechanical stresses. The screws were tightened only after the
sample and sample holder were in thermal equilibrium with
the liquid nitrogen bath.

Prior to each limitation test, the current source circuit was
used tomeasure the critical current of the samples, using 10ms
long square current pulses. The total voltage drop between pins
1 and 4 was measured. A National Instruments card (NI-8255)
was used for the data acquisition. For each pulse, the current
amplitude was increased until the critical field criterion was
reached (100µVcm−1). We note that this criterion is higher
than the 1 µVcm−1 criterion generally used. However, the
pulsed current method used in this work to measure Ic gen-
erates noise that is higher than a DC method, which forced
us to use a higher electric field criterion. In table 1, the crit-
ical currents and power law indices of the samples measured
before the limitation tests are given.

After each critical current measurement, the sample was
disconnected from the current source and connected to the
voltage source to perform a DC limitation test. The voltage Vs
of the supercapacitor, as well as the length of the pulse, were
set to the desired values. Four differential measurements of the
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3LPo1G-04 Fault current limiters based on REBCO tapes: impact of the

normal zone propagation velocity
Christian Lacroix, Anthony Martin, Jaël Giguère and Frédéric Sirois

Laboratory of Superconductivity and Magnetism (LSM), Polytechnique Montréal (Québec), Canada

Introduction

I The H2020 European project FASTGRID aimed at developing the best high-temperature
superconductor (HTS) conductor design to be integrated in a superconducting fault current
limiter (SFCL) for high voltage direct current (HVDC) grids [1]

I The main objective of this work was to evaluate the impact of high normal zone propagation
velocity (NZPV) on the limiting behavior of REBCO tapes and verify their integrity after
several limitation tests

I DC limitation tests were performed on bare REBCO tapes and high NZPV REBCO tapes with
the current flow diverter (CFD) architecture [2]

I A high-resolution sample holder was developed specifically for these experiments

Experimental setup

I Experimental setup consists of two parts
I The upper part is the circuit used to perform the limitation tests

(pulsed voltage source)
I The lower part is the circuit used to perform the critical current

measurements (pulsed current source)
I The sample holder can measure simultaneously up to 38

differential voltages along 100 mm long REBCO tapes

1 2 … …38

HTS tape

Current contact (-)

G10 support

Current contact (+)
Voltage taps

0.254 cm 0.301 cm

9.398 cm

… … 

PCB

knife switchknife switch

Is

Limitation setup

(voltage source)

Ic meas. setup (current source)

sample

12m⌦

3µH

1m⌦

� +

Vs

0.5m⌦

Samples description

I Bare REBCO tapes from
THEVA (B1, B2, B3)

I High NZPV CFD REBCO
tapes made from modified
THEVA tapes

I Tape width = 12 mm

Bare REBCO tape CFD REBCO tape

Critical currents Ic (Ec = 100 µV/cm) and power
law indices (n-factor) at 77 K before and after

the limitation tests

Sample Ic (A) n Ic (A) n
name (before) (before) (after) (after)
B1 782 26.8 772 27.2
B2 818 26.4 161 4.6
B3 836 22.8 331 7.2

CFD1 739 30.5 741 34.9
CFD2 777 23.8 772 23.7

Critical currents Ic and power law indices
at 77 K before and after each limitation test

0 2 4 6 8 10
0

200

400

600

800

1,000

Number of limitation tests (n.d.)

C
r
it
ic
a
l
c
u
r
r
e
n
t
(
A
)

B1

B2

B3

CFD1

CFD2

0 2 4 6 8 10
0

10

20

30

40

Number of limitation tests (n.d.)

P
o
w
e
r
-l
a
w

in
d
e
x
(
n
.d
.)

Limitation tests for prospective fault current close to Ic

Current and global electric field for prospective fault current close to Ic

I Sample B3
I Gradual limitation

of current
I Degradation of Ic

after each
limitation test

I Sample CFD2
I Sharp limitation of

current
I No degradation of

Ic observed

0 2 4 6 8
0

0.5

1

1.5

Time (ms)

C
u
r
r
e
n
t
(
k
A
)

0 2 4 6 8
0

20

40

60

80

100

Time (ms)

G
lo
b
a
l
e
le
c
t
r
ic

fi
e
ld

(
V
/
m
)

11.08 V

12.07 V

Local electric field for prospective fault current close to Ic

I Sample B3
I Highly localized

quench due to low
NZPV (hot spot)

I Rapid degradation
of Ic at the hot
spot location

I Sample CFD2
I Sample almost

fully quenched
due to high NZPV

I No degradation of
Ic observed

0 2 4 6 8
0

200

400

600

800

Time (ms)

L
o
c
a
l
e
le
c
t
r
ic

fi
e
ld

(
V
/
m
)

0 2 4 6 8
0

100

200

300

400

500

Time (ms)

L
o
c
a
l
e
le
c
t
r
ic

fi
e
ld

(
V
/
m
)

2.45 ms

3.51 ms

4.58 ms

4.10 ms

4.74 ms

6.30 ms

References

[1] Tixador et al. (2022) IEEE Trans Appl
Supercond 32 5601006
[2] Lacroix et al. (2014) SUST 27 035003

Acknowledgements

This project has received funding from the
European Union’s Horizon 2020 research
and innovative program under grant
agreement No 721019.

Limitation tests for prospective fault current much higher than Ic

Current and global electric field for prospective fault current much higher than Ic
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Conclusion

I Low NZPV and Ic inhomogeneities of commercial REBCO tape reduce limitation performance
and increase the risk of degrading superconducting properties

I High NZPV CFD REBCO tapes improve limiting capabilities and tend to be very robust (no Ic
degradation observed after several limitation tests)
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Temperature 
range = 63-77 K
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REBCO side. The epoxy consisted of Stycast 2850 FT (Cata-
lyst 11) mixed with SiC filler (20 vol.% of SiC). Furthermore,
E-glass fibers with a diameter of 14µmwere added in the coat-
ing to improve the mechanical properties. Further details on
the fabrication process can be found in [22]. This sample is
called ‘Sty400’ later on.

2.5. CFD tapes

The current flow diverter (CFD) concept was introduced
in [23]. Two different fabrication routes were used to fabric-
ate CFD tapes. The first route corresponds to that described
in [24]. In this route, base THEVA tapes with a 1 µm thick sur-
rounding Ag layer were used. First, the silver on the Hastelloy
substrate and on the sides of the tape was completely removed
using chemical etching. On the REBCO side, a shadow mask
was used to remove the silver solely on the central part of
the tape. The silver strip that was etched had a width of
10.8 mm. After the chemical etching, the only silver left was
two 0.6 mm wide strips located on the two edges of the
REBCO side of the tape. Finally, a 2 µm thick silver layer
was deposited on the REBCO side using DC sputtering. This
sample is called ‘CFDAg2’ later on.

The second route is described in details in [25]. In this
second route, chemical solution deposition with propionate
yttrium solution precursors was used to create a yttria layer
covering 85%–90% of the REBCO layer on a base THEVA
tape. To form the CFD pattern, before executing the depos-
ition, a polyimide mask was used to protect the remaining sur-
face (≈10%) along the edges of the REBCO layer where no
yttria layer was required. Spin coating of the yttrium propion-
ate solution was used to obtain ultimately a yttria (Y2O3) layer
having a thickness of ≈100 nm. The pyrolysis of the yttrium
proprionate solution to form the yttria was performed in a tubu-
lar furnace heated at temperatures ranging from 350 ◦C to
450 ◦C in 1 bar of oxygen atmosphere for 1 h. Afterwards,
a 2 µm thick silver layer was deposited on the REBCO side
using DC sputtering. Finally, the tape was re-oxygenated at
400 ◦C to reduce the interfacial resistance Ag/REBCO solely
on the yttria-free edges of the REBCO. This sample is called
‘yCFDAg2’ later on.

2.6. bCFD tape

The buffer layers-CFD (or bCFD) architecture was proposed
in [26] and experimentally demonstrated in [18, 27]. In this
work, tapes with a bCFD architecture were fabricated using a
sulfidation process. Sulfidation is the chemical reaction of a
solid material, such as a metal/alloy, with a sulfur containing
environment. This reaction leads to the formation of a sulfur-
based compounds and it is known to form silver sulfide (Ag2S)
on the surface of silver. Ag2S is a semiconductor compound
whose resistivity is several orders of magnitude higher than
silver. This process was used on a base THEVA tape with
a 1 µm thick surrounding Ag layer to change the Ag thick-
ness ratio between the upper and bottom layer of the silver
shunt and achieve the bCFD effect. Prior to the sulfidation, the
tape was partially covered with polyimide tape along the edges

Table 1. Measured critical currents at 77 K (Ic0) using the criterion
Ec = 100 µVm−1 and power law indexes (n-value) in self-field
prior to NZPV measurements. The dynamic CTL (λd) for Iop = Ic0
during quench, as obtained from numerical calculations, is also
given.

Sample Ic0 (A) n-value
λd (mm)

for Iop = Ic0

Ag2 567 38.0 2.7
Ag4 828 28.4 2.2
CuNi100 639 32.7 1.0
Hast500 694 28.6 1.2
Sty400a 650 — 2.8
CFDAg2 639 32.7 9.6
yCFDAg2 348 18.5 9.0
bCFDAg1 335 23.6 10.4
a Critical current measured by THEVA using TapeSTAR.

Figure 2. Illustration of the sample holder used to perform NZPV
measurements.

leaving the central part of the tape on the REBCO side exposed
with a width varying between 10 and 11 mm. The sulfidation,
which lasted 3.5 h, was performed in a closed system with a
vapor pressure of liquid sulfur at 130 ◦C. After the sulfida-
tion, the central shunt part uncovered with polyimide had a
dark black color characteristic of Ag2S with a mild increased
roughness. This sample is called ‘bCFDAg1’ later on. More
details of this bCFD-sulfide process will be given elsewhere.

3. Experimental details

The critical current (Ic0) and power law index (n-value) of
all samples were measured at 77 K with a pulsed current
method [6], except for sample Sty400, whose critical current
was measured using TapeSTAR [19], and are given in table 1.

The NZPV of the tapes was measured using a homemade
pulsed current source. Custom PCB-based sample holders
were fabricated in order to measure simultaneously up to 38
differential voltages along 100 mm long REBCO tapes (see
figure 2). The distance between the centres of two adjacent
voltage taps is 2.54 mm. A cylindrical NdFeB magnet was
used to locally reduce the critical current of the sample to
induce the initial quench.

To perform NZPV measurements, the sample was first
immersed in a liquid nitrogen bath at atmospheric pressure.
Then, 5–30 ms long current pulses of constant amplitude
(close to the critical current of each sample) were applied on
the sample. The heat generated at the location of the NdFeB
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METER-SCALE CFD REBCO TAPES

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

Manufacturer THEVA STI SP

Substrate thickness (µm) 97 50 50

Buffer layers thickness (µm) 3.1 0.58-0.78 1.5

REBCO thickness (µm) 3.1 0.8 1

Silver thickness (µm) 2 
surrounding

2 on top 2
surrounding

Width (cm) 1.2 0.4 0.4 

Length (cm) 74 74 50

Critical current (A) 756 94 160 

Actual fabrication capabilities: CFD tapes up to 5 m (4 mm wide)
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VERY SIMPLE ONE-TURN COIL WITH CFD TAPE

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

Coil support
Current
contact (+)

REBCO tape Current
contact (–)

PCB
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NZPV MEASUREMENTS (77 K, SELF-FIELD)

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

x4

Symbols: experiments

Lines: simulations

CFD coverage 
fraction = 0.77
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NZPV MEASUREMENTS (77 K, SELF-FIELD)

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

NZPV!"#
NZPV$%&'&()*

=
V!"#

V$%&'&()*

x4

I= 133 A I= 154 A

Ic= 160 A
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ALTERNATIVE CFD ARCHITECTURES

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

Giguère et al. SUST 34, 
045010 (2021)

Fournier-Lupien et al. SUST 
31, 125019 (2018) 

Lacroix et al. SUST 27, 
035003 (2014) 

- High NZPV gain (~ 7)
- Thin stabilizer         
(2 um Ag)

- à SFCL applications

- Reduced NZPV gain 
(~ 2-3)

- Thick stabilizer        
(2 um Ag+6 um Cu)

- à Coil applications

- Very high gain        
(~ 12-13)

- Thick stabilizer        
(2 um Ag+3 um Cu)

- à Coil applications
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- Do cables with CFD tapes have higher NZPV?
- Does CFD help in pre-quench regime?
- Does high NZPV provide benefits with novel detection schemes? 
(magnetic field / acoustic / fiber optic detection / …)

Open questions about quench in HTS magnets:
- Quench definition: 1) When voltage rises sharply (thermal 
instability)? 2) When hot spot reaches Tc? 3) …

- Pre-quench regime: voltage rises?
- What temperature elevation would be acceptable after quench?
- What thickness of Cu stabilizer would be needed on REBCO tapes 
(to sustain magnet discharge)?

- Can we accept a reduction of the minimum quench energy (MQE) 
in HTS magnets?

11

CFD FOR MAGNET APPLICATIONS: CAN IT HELP FOR 
QUENCH DETECTION AND PROTECTION ?

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022
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- Do cables with CFD tapes have higher NZPV ? 
- dV/dt measured during quench and NZPV measured on CFD CORC 

cables at 77 K, self-field (Polytechnique)
- dV/dt measured during quench on CFD CORC cables at 4.2 K in 

magnetic field (several tesla)? (LBL) 2 mm wide CFD tape required 
- Does CFD help in pre-quench regime?

- dV/dt measured on single CFD tape at 4.2 K in field (several 
tesla)? (LBL)

- Benefits of higher NZPV with novel detection schemes?
- Test some of Maxim’s novel quench detection schemes on single 

CFD tapes and CFD CORC cables (@77 K? In field?)

12

EXPERIMENTS PROPOSED TO ANSWER QUESTIONS

Lacroix, Ben Saad, Sirois - SMP Technical Meeting, Dec. 13th, 2022

CORC cables to be fabricated in the short term (ongoing):
- 2 layers, 2 standard tapes (4 mm wide) per layer (insulated and non-insul. core)
- 2 layers, 2 CFD tapes (4 mm wide) per layer (insulated and non-insul. core)


