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Metal-as-Insulation HTS Insert for Very-High-Field
Magnet: A Test Report after Repair

Jung-Bin Song, Xavier Chaud, Francois Debray, Steffen Kramer, Philippe Fazilleau, and Thibault Lécrevisse

Abstract—This study is a sequel to our previous study on a 38
mm diameter cold bore metal-as-insulation (MI) HTS insert that
reached 32.5 T in a 18 T background magnetic field. For refurbish-
ing, 7 MI double-pancake (DP) coils were re-wound with used
REBCO tapes to just replace the damaged HTS pieces by new ones
at inner junctions. 2 DP coils were fully fabricated using new
REBCO tapes. The new assembled insert was then tested under
various background magnetic fields at 4.2 K. The key focuses of
this paper are: 1) the damages in the DP coils; 2) their repair; 3)
the characteristics resistance change of the insert; 4) the resistance
value of each DP coil; 5) the maximum field of the HTS-resistive
hybrid magnet; and 6) the field stability estimation of the hybrid
by NMR characterization.

Index Terms— HTS insert, Very-high-field, Metal-as-insulation
winding technique, No-insulation, Quench protection

I. INTRODUCTION

OR quench protection of high-temperature superconducting

(HTS) magnets, we have chosen the metal-as-insulation
(MI) winding technique by co-winding the bare HTS tape with
a metal ribbon which has high electric resistivity and mechan-
ical strength [1],[2]. This winding technique not only utilizes
the self-protecting feature of the no-insulated (NI) coil, but al-
S0 mitigates the charging-discharging delay of NI coils. In ad-
dition, mechanical strength of HTS coils is enhanced by the
co-wound metal tape [3]-[5]. In 2019, a 38 mm cold bore MI
HTS insert developed by two French research institutes
(LNCMI-CNRS and DACM-CEA), successfully generated a
field of 14.5 T at 322 A (REBCO tape’s current density of 716
A/mm?) in a background magnetic field (Bext) of 18 T, which
yields a combined field (Btwt) of 32.5 T [6]. However, because
this insert experienced two quench events, one because of an
unanticipated fault event of the resistive background at Bt =
28 T and the other because of a thermal runaway at Bt = 32.5
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T during a field plateau, more than half of the instrumentation
channels were lost [6]. To check the HTS insert after those
two events, the wiring (mostly voltage taps) and the overband-
ing (OB) were replaced and the insert tested again up to 300 A
ina Bext = 8 T at 4.2 K. Although the Ml insert had survived
quenches, the total resistance of the insert has increased by an
order of magnitude in comparison to the initial experiment.
Therefore, in this study, 7 Ml double-pancake (DP) coils were
re-wound with the former REBCO tapes to just replace the
damaged HTS pieces by new ones at the inner junctions.
However, 2 DP coils have to be fully fabricated with new
REBCO tapes. The repaired DP coils were tested individually
in a bath of liquid nitrogen (LN2) at 77 K in self-field (SF) to
compare their critical current (I¢), coil constant («) and electri-
cal resistance values of those they have originally and after be-
ing damaged. After assembly of the DP coils, joining and OB,
the 9 DP stacked insert was mounted on a newly made probe
with a 34 mm bore size tube allowing an access to the center
of the coil for further in situ characterizations and future ex-
periments by end users. The insert was tested under various
Bex: in a bath of liquid helium (LHe) at 4.2 K. The key focuses
of this paper are: 1) the damages of DP coils; 2) the repair of
DP coils; 3) the characteristics resistance (R¢) change of the
MI insert; 4) the electrical resistance (R) value of each DP coil
in various Bex at 4.2 K; 5) the maximum center field of the
HTS-resistive hybrid magnet; and 6) the field stability estima-
tion of the hybrid magnet by an NMR probe.

Il. REPAIR AND EXPERIMENTAL SET-UP

A. Investigation of conductor and joints after two quench events

The I, @ and R values of each DP coil were measured at 77 K
in SF after disassembling the Ml insert. The DP coils were un-
wound and their conductors were closely examined for defor-
mation or burn. Fig. 1 shows the top surface and conductor of
DP9 which is the top DP of the insert. As seen in Fig. 1, a
wavy pattern formed on the surface of DP9, and the edge part of
the conductor was deformed according to this pattern. The
height of the winding being 0.2 mm higher than that of the
stainless steel (SS) inner ring used as mandrel, this area with-
out mechanical support has been deformed repetitive high
magnetic field charging or quenching. Except for DP9 and
DP1 located at the top and bottom of the insert respectively,
the conductors of the 7 other DP coils were not deformed. To
evaluate the damage on conductor of DP9, I. distribution was
measured by Theva using a Tapestar quality control device.
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Fig. 1. Photographs of surface and conductor of DP9 after disassembling.
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Fig. 2. I distribution along the conductor length of DP9 showing regular defects.

Fig. 3. Photographs of the inner most turn and the kinked HTS joining pieces
for inner and outer electrical junctions after two quenches.

Fig. 2 shows the I distribution along the conductor length of
DP9. The I; values are regularly degraded at deformed areas by
about 15 %. Fig. 3 shows the photographs of the inner most
turn (joining area) and the joining pieces of DP coils. The mid-
dle part of the HTS joining pieces for inner and outer electrical
junctions is kinked due to high magnetic pressures generated
by charging and quench events despite uniaxial preloading
prior to soldering and the use of Belleville washers. In addi-
tion, the inner most turns of the DP coils were delaminated.

To identify the main cause of the high thermal dissipation in
the coils, the DP9 was re-wound with used REBCO tape by
just replacing damaged HTS pieces by new ones. Table I lists
the test results of the original, dismantled and rewound DP9
at 77 Kin SF. As seen in Table I, the R and « values of repaired
DP9 are of the same order of magnitude as those of original one.

TABLE |. I, @ AND RESISTANCE VALUES OF DP9 AT 77 K IN SELF-FIELD

_ After After
Original . . et
dismantling repairing
lc (1 pV/em) [A] 66.7 65.6 65.5
o at center [mT/A] 9.3 9.4 9.4
Resistance at 40 A [nQ] 375 10800 580

In addition, even if the conductor I of dismantled DP9 was
degraded due to deformation, the decrease of I. remains small
because a portion of the coil current bypassed the degraded
spots and was shared with the nearest turns [7]. It was recently
reported that a NI winding with defect cooled by cryocooler is
able to be stably operated in 70 ~ 80 % of its estimated I val-
ue at 20 K [8].

B. Repair, 77 K test and assembly of the MI DP coils

7 DP coils out of a total number of 9 DP coils were re-wound
with used REBCO tapes and just the damaged HTS pieces were
replaced at inner junctions. Although the repaired DP9 shows
electrical resistance close to the original one, because the con-
ductor deformation was obvious and we fear a more severe deg-
radation under high magnetic field, we decided to replace DP9
and DP1 by DPs fully manufactured using brand new REBCO
tapes. During repairing process of DP coils, a sapphire plate was
inserted for electrical insulation and thermal conduction be-
tween the SP coils to enhance the cooling condition inside each
DP coil [5]. Fig. 4 shows test results of original, dismantled
and repaired MI DP at 77 K in SF. The R values of DP 2~8
with just inner joints replaced were 0.32, 0.17, 0.23, 0.6, 0.33,
0.12 and 0.12 pQ, respectively. The R values of the DP coils
were significantly reduced by making new inner junctions.
The nine DP coils were mounted on a support structure and an
axial preload pressure of 10 MPa was applied using Belleville
washers. For better cooling between DP coils, 0.3 mm thick
copper plates insulated by 0.2 mm G-10 sheets, one on each
side, were inserted in between DP-DP coils. Each pancake coil
was so-called over-banded by about 45 turns of 75 um thick
316L SS tape. 3 turns of REBCO tape were wound onto the
middle of over-banding to eventually reduce induced voltages,
currents and unbalance forces generated by quench events.
The method of our construction technique for the MI insert
has already been described in detail in a previous paper [4].
Table I1 lists the specifications of the repaired Ml insert.
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Fig. 4. Measured critical current (I¢), electrical resistance (R) and coil constant
(o) of original, dismantled and repaired DP coils at 77 K in self-field.



TABLE Il. SPECIFICATIONS OF THE REPAIRED MI HTS INSERT

Parameters Value
Provider of REBCO tape SuperPower
REBCO tape width/thickness [mm] 6/0.075
Inner/outer diameter of DP coils [mm] 50/110.8
Metal tape for co-winding Durnomag
Width/thickness of co-winding metal tape [mm] 6/0.03
Number of turns per SP coils 286
Number of DP coils 9
Outer diameter after stainless-steel OB [mm] 118.7
Calculated coil constant [mT/A] 443

Magnet inductance (L) [H] 0.82
Initial characteristic resistance (Rc) [mQ] 295
Initial contact surface resistivity [mQ-cm?] 14.7

% NMR coll

with sa
/Y ) %

Fig. 5. The photographs of the repaired MI insert, new probe and homemade
insert supporting five Hall sensors (Arepoc) and NMR coil with an #Al sample.

C. New probe and NMR characterization

The MI HTS insert was mounted on a newly made probe
with a 34 mm bore size tube to access to its center for NMR
characterization and eventually for use by real end-user. To
estimate the field stability of the insert, an NMR coil with a
1 mm? of Al metallic foil sample (gyromagnetic ratio/gamma
= 11.1122 MHz/T) as well as some Hall sensors were placed
on a support that can be displaced from outside in the 34 mm
bore size tube. Fig. 5 shows photographs of the repaired Ml
insert, new probe and homemade 3D printed support for the
Hall sensors and NMR coil. NMR signals were measured un-
der various magnetic fields from 10 T to 28 T. 200 single shot
NMR records were taken at each field during 7-8 minutes. All
signals but NMR were monitored and simultaneously recorded
using a NI cDAQ-9178 chassis comprising several embedded
NI1-9225, 9229, 9238 and 9239 modules.

I1l. RESULTS AND DISCUSSION

A. Characteristics resistance change of the Ml insert

Re, the sum of resistances within the NI variant magnets, is
mainly dominated by the turn-to-turn contact resistance, which
is an important factor in determining the current distribution
within the magnets [9]-[19]. Since 2018, we have estimated R
value of the Ml insert by sudden discharge (SD) at low current
level (10-20 A) in SF without any specific test interval. In ad-
dition, to investigate R; change with respect to increasing Bexs,

we also performed this time SD tests from 0 to 15 T. Note that
although the screening current induced fields were included in
the HTS insert after charging/discharging tests, constant induct-
ance value (0.82 H) of the insert was used for estimation of R
regardless of existence of them. Fig. 6 shows the measured ¢
and estimated R values in SF at 4.2 K. As seen in this Fig. 6, R¢
varies continuously ranging from 185 to 683 mQ. The initial R¢
value of the insert increased probably because the turn-to-turn
contact resistivity increased along with the cryogenic work hard-
ening of copper stabilizer under repetitive magnetic pressure
load [5], [20]. Meanwhile, after repair, the range of the R¢
change is slightly larger but does not deviate significantly.

Left of y-axis in Fig. 7 shows estimated R values at Beyx =
0,5, 10, 15 T. The R values in SF and 15 T were 185 and 339
mQ, respectively, indicating that the R value increased by
83 %. One of several possibilities for this phenomenon might
be the magneto-resistance (MR) of the REBCO tape. MRs of
samples prepared in 6 mm x 4 mm size were measured with an
alternating current of 5 mA amplitude at 4.0 K. The direction of
current and magnetic field applied to the samples are perpen-
dicular and parallel, respectively. For accurate MR measure-
ments, each sample was measured at an optimal frequency that
exhibits an in-phase state between output and input phases. Note
that AC loss can be negligible because: 1) the directions of
magnetic field applied to nonmagnetic samples are parallel; and
2) 5 mA amplitude is quite small to generate AC loss component.
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Fig. 6. The measured z and estimated R; values of the insert in SF at 4.2 K.
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The right of y-axis in Fig. 7 shows the normalized MR

curves as a function of Beat 4.0 K for the Durnomag tape and,
the THEVA and SuperPower REBCO tapes.
The resistance of Durnomag is changing only by a little (4.5 %
increase) while the resistances of THEVA and SuperPower
REBCO tapes increase from 0 to 15 T by 50 % and 114 %, re-
spectively. This result suggests that the R. of the REBCO in-
sert is influenced by magneto-resistance.

In sum, because R is largely depending on surface condi-
tion, contact pressure and intrinsic properties of conductor, it
varies continuously by repetitive operations and change of op-
erating conditions. It implies that simulation work using a sin-
gle value for R. obtained by SD tests at SF struggles to reflect
the reality. Moreover, we also can expect that the local turn-to-
turn resistance varies also depending on the position in the coil.

B. In-field resistance value of each Ml DP coil

Fig. 8 shows the R value of each DP coil under Bex: = 8 and
16 T. All DP coils but DP5 were highly resistive (1.1 ~ 14.1 uQ)
before repair comparing to the original values at the operating
current (lop) of 300 A under Bext = 8 T. After repairing the DP
coils, they show a much lower R value (210 ~ 520 nQ2) under
both Bexx= 8 and 16 T except DP7, indicating that most of re-
paired DP coils are operated well at 4.2 K under very high
magnetic field. The damages occurring at quench are mainly
localized at the inner and outer electrical junctions made by
soldering. The DP coils themselves are well protected by our
passive HTS protection scheme comprising the MI winding
technique and the over voltage mode of our power supply. We
removed the external dump circuit and the breaker prone to
create signal spikes. The high electrical resistance at the re-
paired DP7 occurs because the conductor near the outer junction
for a DP-DP junction was damaged during joining process. This
damage is localized and can be repaired with sufficient care.

Fig. 9 shows a charging test of the MI HTS insert at a cur-
rent ramp rate of 0.5 A/s under Bexy = 18 T at 4.2 K. The re-
paired MI insert generated a field of 10.2 T at 235 A under
Bext = 18 T, which means a total field strength of 28.2 T as in-
dicated by our central Hall sensor. The coil constants of origi-
nal and repaired inserts were 44.0 and 43.4 mT/A [5], respec-
tively, implying that there is no by-passing current within the
repaired DP coils. Note that the coil constant of the refurbished
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Fig. 9. Charging test results of the repaired Ml insert under Bey of 18 T.

insert is slightly smaller than that of original one because a
few turns of tapes were removed for repair at the inner and the
outer junctions. Some instrumentation wires of the insert sud-
denly showed abnormal signals like short behavior from 27.7 T.
This behavior occurs only at high field and may be linked to an
insulation break of our voltage taps when the mechanical pres-
sure increased with the field. It should be noted that at high
field, the cooling condition for the repaired insert were more un-
stable than those for the original one. This might be due to the
probe modification letting much less space for liquid helium
circulation in the inner bore of the insert because of the addi-
tional SS tube. A more stable condition is achieved by pumping
on the helium bath. However, the top temperature of the re-
paired insert increased up to 9 K most probably due to trapped
helium bubbles as already observed during other HTS insert
tests [20], [21]. Therefore, taking all these issues into account,
we decided to stop charging the insert for more higher field.

C. Field stability estimation of the Ml insert

Prior to the measurements, the NMR probe was used to de-
termine the magnetic center of the resistive magnet and the
HTS insert and to align the coils. The NMR probe is placed at
the maximum field. To compare the measurements with
Arepoc Hall sensors and NMR characterization, the magnetic
field was measured at Biw: 0f 20 T with the background field
set to Bex= 10 T at 4.2 K. Fig. 10 shows field stability records
measured by a Hall sensor and NMR at B=20 T and 4.2 K.
The field deviation (AB/B) was estimated as follows.

AB/B = (Bmeasurement - Baverage)/Baverage (1)

In the case of the NMR measurement, the central magnetic
field fluctuation and drift were 5-10 ppm and 5 ppm/min, re-
spectively. Apart from an offset, both measurements agree we
start to pump on the helium bath to stabilize the cryogenic
condition because the top temperature of the insert was in-
creasing. We observed at this occasion that, as the NMR re-
mained almost stable, the Hall sensor signal is affected by the
change of cryogenic condition. Hall records are thus less reli-
able to estimate the field stability if a change of temperature
occurs concurrently. Therefore, the field stability of our resis-
tive-HTS hybrid magnet was only estimated by NMR under
high magnetic field.
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Fig. 11 shows AB/B measured by NMR as a function of
time at Bi= 28 T at 4.2 K. After 4 minutes, the central mag-
netic field drift of the hybrid magnet was 7 ppm/min. In addi-
tion, the standard deviation (o) of field fluctuations after sub-
tracting a second order drift term (small figure in Fig. 11) was
2.6 ppm. The field drift of 7 ppm/min is mainly due to mag-
netic field induced by transient screening currents, as the NMR
record started immediately after reaching the target field. Wei-
jers et al. from NHMFL, Tallahassee reported that the central
magnetic field drift changed from 10 ppm/min to 0.5 ppm/min
(their power supply drift level) after one hour at 32 T [23].

Fig. 12 shows ¢ of field fluctuation as a function of Byt ©
values of field fluctuation at Byt = 18, 20, 24, 26, and 28 T
were 3.65, 3.45, 2.55, 1.75, and 2.45 ppm, respectively, which
decreased as the field of the HTS insert increased until B =
26 T. At Byt = 28 T, instead of an expected o decreasing, we
observed a higher value. Several factors are involved such as
the unstable cryogenic conditions mentioned previously (He
bubbles) or the stability of the power supplies.

IV. CONCLUSION

This paper reports tests of a repaired 38 mm cold bore met-
al-as-insulation (MI) HTS insert under various background
magnetic fields (Bex:) at 4.2 K. Based on these test results, the
conclusions can be summarized as follows.

1. The characteristics resistance (R¢) value has been continu-
ously changed for 4 years, ranging from 185 to 683 mQ in self-
field (SF) at 4.2 K. In addition, the R. values increased with in-
creasing Bex: probably due to an increase of magneto-resistance.
Because R is largely depending on surface condition, contact
pressure and intrinsic properties of conductor, it varies contin-
uously by repetitive operations and change of operating condi-
tions. It implies that simulation work using a single value for
R obtained by SD tests at SF struggles to reflect the reality.

2. Electrical resistance (R) of original, dismantled and repaired
DP coils replaced by inner joints were estimated at Bex: = 8 and
16 T at 4.2 K. All repaired DP coils damaged by outer joining
process show low R value under both Bey;, Which demonstrates
that the damages of DP coils were mainly concentrated at in-
ner/outer electrical junctions after two accidental quenches,
thanks to our passive HTS protection scheme comprising the Ml
winding technique and the over voltage mode of power supply.
3. The repaired insert was charged up to 28 T because cryo-
genic condition was unstable under very high-magnetic field
due to trapped helium bubbles and no liquid helium in inner
bore of the insert.

4. The resistive and HTS hybrid magnet at 28 T showed good
field stability (field drift: 7 ppm/min and standard deviation of
field fluctuation: 2.6 ppm), even though it is strongly influ-
enced by some transient screening current induced fields
(SCIF) because the NMR record started immediately after
reaching the target field. To diminish SCIF effect as much as
possible, field stability of the hybrid magnet will be estimated
again after staying long time (> 1 hour) at target field.

The MI HTS insert will be tested again for the demonstra-
tion of 30 T operation.
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