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Abstract

A no-insulation (NI) winding technique was originally developed in 2011 to enhance the thermal
stability of Rare-Earth Barium Copper Oxide (REBCO) pancake coils. Thereafter, several
similar techniques of controlling turn-to-turn contact resistance have been proposed, and they
can be categorized as the conventional NI winding technique, named a conventional-based NI
(CNI) technique in this paper. Recently, a few novel winding techniques different from the CNI
winding technique but similar have been proposed: an intra-layer no-insulation technique and a
conductive-epoxy-resin-coating technique. These techniques utilize supplementary conductors
attached or embedded on REBCO coils as bypassing current paths, which is, in this paper,
categorized as supplementary-conductor-based no-insulation (SNI) techniques. These
conventional-based and supplementary-conductor-based NI techniques have high a potential for
high-field applications. As of today, the applications of these NI techniques are nuclear magnet
resonance and magnetic field imaging, and compact nuclear reactors. Those applications require
a high performance; however, it is still uncertain which NI technique is suitable for which
application since the differences in the characteristics are not clarified well. Therefore, we have
systematically investigated the thermal stability of SNI REBCO pancake coils with different
circuit parameters in this paper. The thermal stability simulation results of SNI REBCO coils
were compared with those of CNI REBCO coils. As a result, the SNI REBCO pancake coils are
able to be operated with high thermal stability without deteriorating charging performance as
long as the turn-to-turn contact resistances between REBCO tapes and supplementary conductors
are low.

Keywords: no-insulation winding technique, REBCO pancake coil, supplementary-conductor-based no-insulation technique,
thermal stability

1. Introduction

The no-insulation (NI) winding technique proposed by Hahn, et al. has been attracting attention since its proposal because
NI Rare-Earth Barium Copper Oxide (REBCO) pancake coils can be avoided thermal runaway and burning-out [1]-[10]. When
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a local hot spot appears on a turn of NI REBCO pancake windings, an enforced current can bypass the local hot spot into the
adjacent turns through the turn-to-turn contact surface to suppress heat generation [11], [12].

Recently, the metal-as-insulation (MI) technique [13]-[15] the metal-insulator transition (MIT) method [16], and the partial-
insulation (PI) technique [17] have also been proposed as a new concept of NI winding technique. Their basic concept is that
additional materials are inserted between turns to improve the coil-charging time delay by increasing the turn-to-turn contact
resistance. The current behaviors are basically the same as the first-proposed NI technique. These newly proposed NI techniques
can also be modeled by parallel RL circuits, and we call these techniques “conventional-based” no-insulation (CNI) winding
in this paper.

Furthermore, several different types of NI winding techniques that electrical conductors are additionally attached to as
current bypass paths have been proposed. Miyazaki, et al. have proposed an insulated REBCO pancake coil whose top surface
is coated with electrically conductive epoxy resin [18]. The conductive-epoxy-resin-coated (CERC) REBCO pancake coils
showed significantly high thermal stability [19]. The CERC REBCO coils behaved against a normal state transition as a kind
of no-insulation winding technique. The RIKEN has proposed a new NI structure for layer-wound REBCO coils, named intra-
layer no-insulation (LNI) coils [20]. In the LNI coils, a bypass current flows into copper plates (supplementary conductors)
inserted between layers of layer-wound REBCO coils. These CERC and LNI REBCO coils essentially have a common feature
different from the ordinary NI pancake coils: i.e., a bypass current passes through supplementary electrical conductors. They
have the identical equivalent electrical circuit structure shown later, and they are called “supplementary-conductor-based” no-
insulation (SNI) winding.

All the NI techniques have great potential for practical high magnetic field applications. Some researchers started to apply
these NI techniques to not only magnetic resonance imaging (MRI) [21]-[24] and nuclear magnetic resonance (NMR) [25]-
[27] but also compact nuclear fusion [28]. Typically, Nl REBCO magnets with small charging delay and high thermal stability
have been desired for high-field applications. For instance, some nuclear fusion devices need higher turn-to-turn contact
resistance to suppress induced currents due to pulse fields. It is well known that high contact resistance deteriorates thermal
stability. The NI structures and parameters should be carefully designed depending on applications. However, it is still uncertain
what kind of NI structures is applicable or appropriate for applications with severe requirements, i.e., high thermal stability,
short charging delay, and so on.

In this paper, we systematically investigate the characteristics of these NI techniques, categorizing them into two different
types of NI structure based on their electrical equivalent circuits as shown in Table 1: the conventional-based and the
supplementary-conductor-based NI structures. The time constant and thermal stability of CNI and SNI coils are simulated as a
function of their parameters to clarify how we develop NI REBCO coils towards high thermal stability and short time constant.
The detailed electrical and thermal behaviors are also discussed.

2. Simulation models

2.1. Supplementary-conductor-based NI (SNI) REBCO coils

The simulation model of supplementary-conductor-based NI (SNI) REBCO coils is explained below, using a CERC REBCO
pancake coil as a representative of SNI REBCO coils. Figure 1 shows the schematic view of the CERC REBCO pancake coil

*Not to scale

Supplementary
Supplementary- Conductor
Conductor-Based
NI REBCO

Pankcake Coil

Table 1. Category of SNI and conventional NI coils

Supplementary- Conductive-epoxy-resin-coated [18]

conductor- Intra-layer no-insulation [20]

based Y

Conventional- Metal—gs—msulatlon [.13]—[15] . Copper Matrix Hastelloy
based Metal-insulator-transition material [16] Insulator Layer Substrate

Partial insulation [17]

Figure 1. Schematic view of supplementary-conductor-based NI
(SNI) REBCO pancake coil. A supplementary conductor
(conductive epoxy resin [18] in this figure) is attached to the top
surface of the insulated REBCO pancake coil as a current bypass
path.
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Figure 2. Equivalent circuit of SNI REBCO coil. Each turn is modeled as the combination of fundamental circuit elements. Azimuthal- and
radial-directional elements are connected in parallel.

[18]. An insulated pancake coil is wound with REBCO tape, and a conductive epoxy resin is attached onto the surface of the
insulated REBCO pancake coil. This structure enables a current to bypass a local hot spot into adjacent turns through the
attached supplementary conductor (conductive epoxy resin).

In general, to avoid currents from passing through a local normal zone in SNI REBCO coils, the currents flow into attached
supplementary electrical conductors, such as conductive epoxy resins or copper plates, not REBCO tapes. As a major Joule
heat generation occurs in the attached supplementary conductors, it is desired that the thermal stability is enhanced, compared
with the CNI REBCO pancake coils.

Figure 2 shows an equivalent circuit of CERC (SNI) REBCO coils with current paths through attached supplementary
electrical conductors. One circuit element on each winding turn consists of the REBCO layer resistance Ry, the copper matrix
resistance Ry, and the inductance L [29]. The REBCO layer resistance is calculated from an E-J relationship considering the
dependency of temperature and field amplitude and angle, and we used an index power model whose characteristic values were
presented in the reference [30]. The attached supplementary conductor resistance and the contact resistance between the
supplementary conductor and the REBCO tape are represented as Ry, and Ren, respectively. When a local normal zone appears,
a bypass current flows into the top-attached conductive epoxy resin through contact surfaces between the pancake coil and the
attached epoxy resin. The current paths in the azimuthal and radial directions are represented as a parallel circuit. An equivalent
circuit of an entire SNI REBCO coil is shown at the bottom of figure 2.

The attached supplementary conductor resistance Ry, of the CERC REBCO coil is given by

w
Rsp,i = psp@ €Y)

where pg,, w, l;, and t, are the volume resistivity of the attached supplementary conductor (conductive epoxy resin), the
thickness of one turn, the REBCO tape length of ith turn, and the thickness of coated conductive epoxy resin, respectively.
The contact resistance R, is derived from
1
Reni = pcnr @
cn,l
where p¢, and S¢,, ; are the REBCO-coil-to-supplementary-conductor contact surface resistivity and the contact surface area of
ith turn, respectively.
The presented equivalent circuit structure of the CERC REBCO pancake coil is identical to that of the LNI REBCO coils
proposed in [20]. This is the reason why both the CERC and the LNI REBCO coils are categorized into supplementary-
conductor-based NI REBCO coils.
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2.2. Conventional-based NI (CNI) REBCO pancake coils

Figure 3(a) shows the schematic view of a CNI REBCO pancake coil. The REBCO pancake coil is wound without turn-to-
turn electrical insulation. An operating current flows into adjacent turns through turn-to-turn contact surfaces when a local
normal state transition occurs.

Figure 3(b) shows the equivalent electrical circuit of the CNI REBCO pancake coil, proposed in [31] and used widely.
Similarly to the CERC (SNI) REBCO coils, the element equivalent circuit of each winding turn consists of the azimuthal
inductance L, the REBCO layer resistance R, the copper matrix resistance R, and the radially directional turn-to-turn contact
resistance R.

The radially directional turn-to-turn contact resistance R, is derived as follows:

1
Ryi = pr S (3)
1,

where p, and S;; are the radially directional contact resistivity on one turn and the contact surface, respectively.
It is noted that the equivalent circuits of SNI and CNI REBCO coils have the same configuration as each other when Ry, = R,
and Ren = 0.

2.3. Coupling with thermal analysis

To grasp the current behaviors, the circuit equations based on Kirchhoff’s laws are solved as an electromagnetic analysis.
Furthermore, the thermal analysis is coupled with the electromagnetic analysis to investigate the magnet stability. The thermal
conduction equation is solved in the radial direction with a 1-D finite element method. The governing equation is as follows:

C))

Lq

Rcu,d

*Not to scale]

(b)

Conventional
NI REBCO
Pancake Coil

Copper Matrix Hastello
REBCO Layer Substrat)elz

Figure 3. (a) Schematic view and (b) equivalent circuit of ordinary NI REBCO pancake coil.
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Figure 4. Cross sectional view of CERC REBCO pancake coil. It is assumed that heat generation on contact surface is equally divided to
supplementary conductor (conductive epoxy resin) and REBCO winding.
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where C, T, A, and q are the volumetric heat capacity, the temperature, the thermal conductivity, and the heat generation density,
respectively. The composite specific heat and thermal conductivity are used for the consideration of multiple materials. Also,
the changes in the thermal properties are considered as a function of temperatures [33], [34]. In this paper, it is supposed to be
adiabatic as a boundary condition. It is also assumed, as shown in figure 4, that the heat generation on the contact surface
between the supplementary conductor and the REBCO winding is equally subdivided into the heat generation ¢ in (4) of both
the supplementary conductor and the REBCO winding.

3. Characteristics of SNI REBCO coils

In this section, we have investigated the time constants and thermal stability as a function of the supplementary conductor
resistances and the contact resistances. Table 2 lists the specifications of REBCO tape and coil, based on the MRI magnet of
[18]. The supplementary conductor resistivity ps, changes in the range of 10 nQ-m to 10 mQ-m. The contact resistivity pcn
takes three values: 1.0 uQ-cm?, 100 uQ-cm?, and 10000 uQ-cm? for the SNI coil. The typical contact resistivity pe, of SNI
coils is the order of 100-10000 uQ-cm? [20], [32]. The operating conditions are also shown in table 3. It is assumed that the
coils are operated at 50 K and cooled by conduction cooling [18]. The operating current is 50 A for the time constant
investigation and 300 A for the thermal stability investigation. In the simulation of thermal stability, the whole middle turn
(50th turn) transitions into a normal state at £ =0 s. As the coil load factor (/o / Ic) is low, no sequential quench by induced
currents occurs [35].

A. Time constants

The time constants are investigated by sudden discharge tests in simulation. The time constants are defined as a time when
the magnetic field reaches 36.8 % of initial field after disconnection from the power source. Figure 5 shows the time constants
of CERC REBCO pancake coils as a function of the averaged supplementary conductor resistance Ry, for three different
averaged contact resistance Re, [0.042 pQ (red), 42 pQ (green), and 4200 pQ (blue)]. The time constants of CERC (SNI) coils

Table 2. REBCO tape and coil specifications

Parameters Units Values
REBCO tape

Tape width [mm] 4.1

Tape thickness [mm] 0.15

Cu stabilizer thickness (each side) [pm] 40

REBCO layer thickness [pm] 2.0

1. @ 77K, self field [A] 130
CERC (SNI) Coil

Coil i.d.; o.d. [mm] 500; 536

Number of turns [turn] 100

Insulator thickness [um] 30

Conductive epoxy resin thickness [mm] 1.0

Conductive epoxy resin resistivity [Q'm] 1.0x10% - 1.0x102

Contact resistivity between epoxy [uQ-em?] 1,100, 10000

resin and REBCO tape

Number of single pancakes [-] 1
Conventional-based NI (CNI) Pancake Coil

Coil i.d.; o.d. [mm] 500; 530

Number of turns [turn] 100
Radial turn-to-turn contact resistivity ~ [uQ-cm?] 6.3x10* - 6.3x10*
Number of single pancakes [-] 1

Table 3. Operating conditions

Parameters Units  Values
Operating current [A] 50, 300
Operating temperature K] 50
Load factor /,/I. @300A [-] 0.60

Normal-state-transitioned turn [-] 50th
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show the non-linear relation against the supplementary conductor resistance for three cases. For instance, in the case of R, =
4200 p€, the time constant does not change in the range of Rcn = 1.0 nQ to 1.0 mQ because the contact resistance is high
enough to dominantly determine the time constants. By increasing the supplementary conductor resistance Ry, the time
constants shorten linearly.

The results of conventional-based NI coils are also plotted as a black line since the supplementary conductor resistance Ry,
corresponds to the turn-to-turn contact resistance R;. Here, it is noted that the radial turn-to-turn contact resistivity p., is

changed from 0.63 nQ-cm? to 63 m Q-cm?, which enables plotting the result in the same figure. The time constant of CNI

REBCO coils decreases linearly with an increase in turn-to-turn contact resistance. In the high turn-to-turn contact resistance
region, the time constants are not largely different, compared with the SNI REBCO coils with the same value of the
supplementary conductor resistance.

Since the SNI REBCO coils have two parameters, the supplementary conductor resistance Ry, and the contact resistance Rcn,
they potentially have an advantage against the CNI REBCO coils by controlling the parameters to balance the time constant
and the thermal stability.

B. Thermal stability

Here, we focus on the temperature rise of the SNI REBCO pancake coils. The coils are operated at 50 K and the operating
current of 300 A flows in the coils. When a normal-state zone appears on the 50th turn at = 0 s, the temperature rises in 2 s
are plotted in figure 6 against the supplementary conductor resistance. The temperature rises of the SNI REBCO coil with the
actual resistivity of the reference [32] is depicted as point A. Also, the temperature rises of the CNI REBCO coil with the turn-
to-turn contact resistivity of 70 pQ-cm?, which was measured in [36], is also indicated.

The temperature rise of the CNI REBCO coil (black line) monotonously increases with the turn-to-turn contact resistance,
although the CNI REBCO coil turns to the normal state in the high turn-to-turn contact resistance region beyond 2.3 mQ. This
simulation result well agrees with our previous simulation results [37].

In the case of Rcn = 4200 pQ (blue line), the temperature rises are almost constant in a wide region, but it slightly increases
with the increase of supplementary conductor resistance Rg,. The SNI REBCO coil turns to the normal state entirely when the
supplementary conductor resistance exceeds 2.3 mQ. It is noted that the temperature rise is higher than that of the CNI coils
due to its high contact resistance in the whole region.

When the contact resistance R, is decreased such as 42 pQ (green) and 0.042 pQ (red), the increased temperature decreases.
Especially, in the case of Ry = 0.042 pQ (red line), very low temperature rises can be observed, When the supplementary
conductor resistance Ry, is 0.2 uQ or higher, the temperature rise is lower than that of the CNI REBCO pancake coil. The
mechanism of more stable operation is discussed in Chapter 5.

It is preferred that an SNI REBCO pancake coil has a contact resistivity as low as possible from the viewpoint of the thermal
stability. An LNI REBCO coil could have a low contact resistance due to a wide contact area between REBCO tape and copper
plate (supplementary conductor). However, the contact resistivity reported in [20] is 25 mQ-cm?, and 0.28-1.3 mQ-cm? for the
CERC REBCO coil in [32]. These values of the contact resistivity are much higher than the value of 1 uQ-cm?, which is at
least two orders lower than the actual values. Consequently, it is necessary to develop a new technique for decreasing the
contact resistivity or a new structure of SNI REBCO pancake coils.

Furthermore, the electromagnetic characteristics, i.e., the time constants, do not deteriorate in the enclosed region by the
dotted orange line in figure 6, compared with the CNI REBCO coils. In that region, the high thermal stability and the short
charging delay are well balanced, and such SNI coils possibly have high advantages for applications that need to meet severe
requirements.
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Figure 5. Time constant of supplementary-conductor-based N1 (SNI) REBCO coils as a function of supplementary conductor resistance Rsp
for different contact resistances Ren: 0.042 pQ (red), 42 uQ (green), and 4200 pQ (blue). The time constants of conventional-based NI (CNI)
REBCO coils are also plotted as a function of turn-to-turn contact resistance Ry.
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Figure 6. Temperature rises in 2 s after appearance of local normal state transition as function of supplementary conductor resistance Rsp for
SNI REBCO pancake coils. The black line shows the case of the CNI REBCO pancake coil as a function of turn-to-turn contact resistance
R:. The temperature rises of the CNI REBCO pancake coil with turn-to-turn contact resistivity of 70 pQ-cm? [36] is indicated as a reference.
Blue, green, and red lines show SNI REBCO pancake coils with contact resistances of 4200 pQ (10000 pQ-cm?), 42 pQ (100 uQ-cm?), and
0.042 puQ (1.0 pQ-cm?), respectively. The more stable region of SNI REBCO pancake coils than the CNI REBCO coil is shown with an
enclosed dotted orange line. Points A and B are investigated in detail in the next chapter.
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4. Current escaping behaviors

The current behaviors are unclear yet, thus, we show the current escaping behaviors and the temperature distributions of
CERC REBCO pancake coils to understand the current behaviors for high and low contact resistances (the points A and B in
figure 6, respectively). And the improvement of thermal stability is also investigated. Here, it is noted that point A corresponds
to SNI REBCO coils with the actual resistivities, and point B is the case with lower contact resistivity.

A. Point A (High contact resistivity)

In case of the point A in figure 6, the contact resistivity p., and the conductive epoxy resin (supplementary conductor)
resistivity py are 100 uQ-cm? and 20 pQ-m, respectively. The average contact resistance Re, is 42 p€, and the average
supplementary conductor resistance Ry is 2.3 pQ. Figure 7 shows the current and thermal transitions on each turn of CERC
REBCO pancake coils. The azimuthal current distribution is shown in figure 7(a). At # = 0.1 s, the current is induced around
the middle (50th) turn. The current distributes more extensively as time advances. The radially directional bypassing current is
shown in figure 7(b). In the beginning, the bypassing current flows into or come out of the conductive epoxy resin
(supplementary conductor) within 40 turns. At ¢ =2 s, the current sharing area widens to 60 turns. The high contact resistivity
results in the wide current sharing region.

The Joule heat is generated all over the CERC REBCO pancake coil. Consequently, as shown in figure 7(c), the temperature
rise on the 50th is 160 mK in 2 s after the local normal zone appearance.

B. Point B (Low contact resistivity)

In the case of pen = 1.0 uQ-cm? (average Ren = 0.042 pQ) and ps, = 20 pQ-m (average Ry, = 2.3 puQ), the quench simulation
results are depicted in figure 8. After the occurrence of local normal-state transition on the 50th turn, the currents are induced
in the adjacent turns, which are slightly larger than that of the high contact resistivity [figure 7(a)]. The induced currents are
observed in a smaller area than that of figure 7(a). Figure 8(b) shows the bypassing current distribution. The current bypassing
occurs within a small number of turns around the 50th turn. As shown in figure 8(c), the maximum temperature rise is only
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Figure 7. Normal-state transition simulation results when Ren = 42 pQ and Rsp = 2.3 pQ. (a) Azimuthal current, (b) bypassing current, and

(c) temperature time-transitions are depicted on each turn of SNI REBCO pancake coils when a local normal-state transition occurs on 50th
turnat7=0s.
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Figure 8. Normal-state transition simulation results when Ren = 0.042 pQ and Rsp = 2.3 pQ. (a) Azimuthal current, (b) bypassing current, and
(c) temperature time-transitions are depicted on each turn of SNI REBCO pancake coils when a local normal-state transition occurs on 50th
turnat7=0s.

4.7 mK. It is also seen that the temperature distribution is narrower than that of figure 7(c). Due to the low contact resistance
and the narrow current-sharing area, the temperature rise is very small.

5. Detailed thermal behavior investigation

In the previous chapter, we showed the current behaviors and the effect of contact resistance on the current distribution of
the SNI REBCO coils. Here, the thermal behaviors are further investigated to clarify the mechanism for thermally stable
behaviors of the SNI REBCO coils. The results are compared with the CNI REBCO coils as well.

To investigate the thermal characteristics against the supplementary conductor resistance, the ratios of each part to the total
heat generation are computed. The definitions of each heat generation ratio are as follows:

Wen
Ton = ©)

Wep
- 6
Tsp W (6)

Wee + Weu

Ttape = Tau @)

W
e ®
where Wen, Wep, Wie, Weu, Wi, and Wy are the Joule heat generation on the contact surface, the supplementary conductor, the
REBCO layer, the copper matrix, the turn-to-turn contact surface, and the total heat generation, respectively. Each ratio is
plotted as a function of the supplementary conductor resistances for the low and high contact resistances as well as the
conventional NI REBCO pancake coil.

A. High contact resistivity

Figure 9 shows the heat generation ratios to the supplementary conductor, the contact surface, and the REBCO tapes, and
the temperature rise in the case of the contact resistance Re, = 42 puQ. In the low supplementary conductor resistance region,
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the Joule heat generation on the contact resistance, Wey, is dominant. This means almost all the heat is generated at the contact
surface between the REBCO tape and the supplementary conductor. When the supplementary conductor resistance increases,
the Joule heat on the supplementary conductor Wy, dominates instead of W,. At the high supplementary conductor resistance
region, the Joule heat in the copper takes a relatively large fraction out of total heat. It can be said that the SNI REBCO coils
with high supplementary conductor resistance do not work as the self-protection function of the NI winding technique.

It is noted here that the region of the high supplementary-conductor heat generation ratio r, corresponds to the region where
the SNI REBCO coils are thermally more stable than the CNI coils. A large amount of heat is generated in the supplementary
conductor, and the generated heat indirectly contributes to the REBCO tape due to the structure of SNI. Therefore, the
temperature rise of REBCO tape itself is suppressed, compared to the CNI REBCO pancake coils.

B. Low contact resistivity

Figure 10 shows the heat generation ratios in the case of the contact resistance R, = 0.042 pQ. In this case, the contact
resistance is much smaller than the previous case. At the low resistance region, 7., is also high. However, the area of high rc, is
narrower and the high 7y, region is wider than the previous case. Since the contact resistance is low, most of the Joule heat
occurs in the supplementary conductor. Therefore, the SNI coils with the low contact resistivity are thermally more stable than
CNI REBCO coils in the range of supplementary conductor resistance of 2.3 pQ or higher in figure 6, which is wider than the
case of SNI coils with high contact resistivity.

C. Conventional-based NI coil

Figure 11 illustrates the heat generation ratios against the turn-to-turn contact resistance in the case of the CNI REBCO
pancake coils. It is clearly seen that the heat generation on turn-to-turn contact surface /¥, dominates in the wide region of turn-
to-turn contact resistances R, from 3 nQ to 1 mQ. With the increase of R,, the Joule heat in copper increases since the current
cannot escape through turn-to-turn contact surfaces. The high turn-to-turn contact resistance depresses thermal stability.

6. Conclusion

Several new kinds of no-insulation (NI) winding techniques have been proposed in recent years. From the viewpoint of the
equivalent electrical circuit model, these proposed NI winding techniques can be categorized into two groups: the conventional-
based and the supplementary-conductor-based NI REBCO pancake coils. The ordinary NI REBCO coils [1], the MI REBCO
coils [13], and the MIT REBCO coils [16] belong to the conventional-based. The features of these conventional-based
techniques were well investigated by experiments and simulations in many papers [38]-[47]. Meanwhile, the conductive-epoxy-
resin-coated (CERC) REBCO coil [18], and the intra-layer NI (LNI) REBCO coil [20] are in the group of supplementary-
conductor-based. The supplementary-conductor-based no-insulation (SNI) REBCO coils have supplementary conductors for
currents to pass through when a local hot spot appears.

In this paper, we investigated the electromagnetic characteristics and thermal stability of CERC REBCO pancake coils as a
representative of SNI REBCO coils. First, the time constant and thermal stability of CERC REBCO pancake coils are
systematically investigated as a function of the supplementary conductor resistance, and they are compared with CNI REBCO
pancake coils. The simulation results demonstrated that the SNI REBCO coils with a sufficiently small contact resistance were
thermally superior to the CNI REBCO coils without deteriorating the charging performance.

The mechanism of the thermal stability was also clarified by showing the Joule heat generation ratios. In case of a low
contact resistance, a major heat source is an attached supplementary conductor, because most of the currents easily bypass a
local hot spot into it.

Towards practical applications of HTS magnets such as NMR, MRI, and compact nuclear reactors, the SNI REBCO coils
have great potential due to their structure, compared to the CNI REBCO pancake coils. The contact resistance (resistivity)
between REBCO tapes and supplementary conductors needs to be decreased for such applications, although there is a lot of
work to achieve such a low contact resistance. In future work, we need to develop a new technique to lower the contact
resistance or to widen the contact surface area to achieve a narrow current-sharing region.
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