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At present, the Tokamak has become amainstream form of themagnetic confinement fusion device.The toroidal field (TF)magnet
in the Tokamak system is required to generate a high-steady field to confine and shape the high temperature plasma. To secure high
current density and high thermal stability, the no-insulation (NI) winding technique is used in the fabrication of the TF magnet.
During plasma operation, heat is generated in the TF magnet caused by the interaction with central solenoid (CS) coils, poloidal
field (PF) coils, and the plasma current. The heat generated in NI coils is complex owing to the existence of current flow between
adjacent turns. Thus, it is necessary to calculate the thermal problems. Taking into consideration the effect of turn-to-turn contact
resistance, this paper presents the thermal behavior of a NI toroidal magnet under different operating conditions. The NI toroidal
magnet is composed of 10 double-pancake (DP) coils woundwith BSCCO tapes.The analysis procedure combines the finite element
method (FEM) with an equivalent circuit model. This analysis has applicability and practical directive to the design of cryogenic
cooling system for NI toroidal magnet.

1. Introduction

The magnet system is a crucial part of Tokamak machine. It
consists of toroidal field (TF) coils, central solenoid (CS) coils,
and poloidal field (PF) coils. The magnet system is generally
designed to generate a high magnetic field to confine and
shape the performance of plasma.

In the process of plasma discharge, one of the essential
issues is the operational stability of the magnet system.
Generally, the TF coils provide a steady toroidal magnetic
field to confine the plasma movement, while CS and PF coils
operate in pulse mode to control the plasma current. Thus,
during plasma discharge, the TF coils are operating under
steady state in a variant magnetic field. The nuclear fusion
device contains very strict requirements for the intensity and
stability of the toroidal magnetic field. In order to keep the
plasma confined and stable, the intensity of the magnetic
field requires reaching the Tesla level. For example, the
max toroidal magnetic field of ITER system is 11.8 T, as
the operation current is 68 kA and the max perpendicular
magnetic field on the conductor is approximately 4 T. When

a plasma current exists, the current fluctuation of the constant
direct current (DC) power supply requires it to be less than
1% to ensure the stability of the magnetic field.

The successful application of superconducting technol-
ogy to the Tokamak magnet is a major breakthrough in the
study ofmagnetic confinement fusion.With the development
in the properties of high temperature superconducting (HTS)
conductors, theHTSmagnet could be considered as potential
Tokamak magnet components with the advantages of higher
operation temperature and critical current density [1–3]. At
present, the application of HTS in fusion devices mainly
focuses on the design and fabrication of high temperature
superconducting high current conductor [4–8], the design
and fabrication of high temperature superconducting current
lead [9, 10], and the concept design and small model fab-
rication of HTS magnet [11, 12]. It was revealed that when
the TF coil system operates at the temperature range of 10
to 20 K, accordingly, the manufacturing and operating cost
of the device could be reduced [13]. When the operation
temperature is 20 K, the cost of the refrigeration system is
about 40 % lower than that under the operating temperature
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of 4.5 K, realizing that the conduction cooling technology
would be available in the Tokamak magnet system [14, 15].
In general, using high temperature superconducting wire
to replace low temperature superconducting wire possesses
the following advantages: the higher operating temperature
and higher thermal stability, savings in the refrigeration
cost, as well as improving the temperature margin. The
larger current carrying capacity under high field leads to
enhancing the energy density, in addition to decreasing
the power consumption. The higher current density can
reduce the distance between the center of the magnet and
the plasmas, thereby significantly reducing the formation
of plasma current. Therefore, the HTS Tokamak system
is a significant research direction in the field of nuclear
fusion. However, the complex electromagnetic operation
environment leads to alternating current (AC) losses induced
in TF coils and eddy losses induced in the cooling component
of TF coils. Consequently, the temperature distribution of TF
coils varies along with time during this procedure, presenting
the issues of thermal stability and quench protecting of
superconducting magnet.

Recently, we have developed a toroidal magnet with no-
insulation (NI) BSCCO superconductors as a series of TF
coil prototypes [16]. The NI technique is a promising option
for enhancing the operational safety and stability of DC
HTS magnets. In the form of an NI structure, the adjacent
turns of the coil contact through the metal layer. On the
one hand, the coil is more compact and the overall current
density of the magnet is enhanced. On the other hand, the NI
contact can improve the cooling effect of the coil and reduce
heat accumulation. Moreover, according to a previous study,
when a thermal runaway occurs in the NI coil, the azimuthal
current in the superconductor layer will turn towards the
radial direction, which endues a self-protecting performance
and a higher thermal stability for the HTS magnet [17].
These advantages cater to the demand for enhanced toroidal
magnetic field stability of Tokamak system.

In a previous study conducted by the authors, the con-
struction details of the magnet and test results in liquid
nitrogen at 77 K were reported. Accordingly, the magnetic
field stability and self-protecting feature of the NI toroidal
magnet was verified. The experimental results also show that
using BSCCO tape can achieve a lower turn-to-turn contact
resistance. Thus, NI BSCCO magnet appears better electro-
magnetic stability under external disturbance compared to
NI YBCOmagnet, which is relevant for the assessment of the
NI technology. In the present study, the conduction cooling
structure is used and the NI toroidal magnet is cooled by
Gifford-McMahon (GM) cryocooler to 14 K.The electromag-
netic characteristics and thermal stability of magnets under
different flow patterns are also simulated and analyzed. The
simulation model utilizes finite element method (FEM), in
which equivalent circuit of NI magnet is established. The
thermal simulation model contains all the structures related
to cooling and support.The cooling process is then simulated
and different operation conditions are introduced. Moreover,
the results of numerical analysis for thermal behavior of
the NI toroidal magnet are presented, including energizing
process in different charging rate and operating in a variable

Table 1: Main parameters of the toroidal magnet.

Parameters
Number of pancake coils 10
Tape width 4.5mm
Tape thick 0.36mm
Inner radius of coil 31 mm
Number of turns 100
Length of straight section 40 mm
Conductor per coil 72m
Operating temperature 14 K
Critical current 395 A
Max toroidal field 1.02 T
Total contact resistance 207𝜇Ω
Self-inductance 71.8 mH

external magnetic field. The simulation results have practical
directive significance to the design of conduction cooling
system of NI toroidal magnet, as well as providing basic
data and conceptual technical principles for future design,
fabrication, and operation management of NI-HTS magnet
for the Tokamak.

2. Structure of the Toroidal Field Magnet

Table 1 shows themain parameters of the NI toroidal magnet.
The NI toroidal magnet is composed of 10 racetrack double-
pancake (DP) coils. The DP coils are manufactured by
BSCCO tapes of Sumitomo Electric Ind. Ltd. (Osaka, Japan).
The coil frame and support structure aremade of 304 stainless
steel. The cooling plates are made of copper (OFHC). The
thickness of cooling plates and support structure are 1 and
2 mm, respectively. Two polyimide plates with thickness of 1
mm are installed on both sides of the DP coil to ensure the
insulation between the DP coil and the cooling plate.

Themagnet system is cooled by conduction cooling using
2 cryocoolers. The main magnet is cooled by an AL-325
cooler. There are 2 copper conduction cooling plates with
thickness of 15 mm, which are installed at the top and bottom
of the toroidal magnet. These are connected to the cold
stage of the AL-325 GM cryocooler. There are also 16 copper
support bars acting as cooling channels around the magnet.
The current leads and cold shield are cooled by KDE-415.The
first cold stage of KDE-415 is used to cool the cold shield and
the high temperature end of the superconducting section of
the current lead. The second cold stage is used to cool the
low temperature end of the superconducting section of the
current lead. The conduction cooling scheme of the magnet
system is shown in Figure 1.The details of the toroidalmagnet
and each double-pancake coils are illustrated in Figure 2.

3. Analysis Method

3.1. Calculation Procedure. There are two methods to deal
with the electromagnetic-thermal coupled field calculation
of superconducting magnet: direct coupled-analysis model
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Figure 1: The conduction cooling scheme of the magnet system.

and indirect coupled-analysis model. In the indirect coupled-
analysis model, time is divided into n substeps. First, starting
from the initial value, with calculation of the current and
magnetic field after the first substep, heat losses are achieved
from hysteresis and eddy current effects. The results are
transmitted to the temperature field of thermal analysis for
calculating the temperature distribution. Then, the calcula-
tion of the next substep is followed. For the direct coupled-
analysis model, all the variables (i.e., magnetic field, heat
rate, temperature, etc.) must be simultaneously calculated.
However, variations in temperature result in changes in the
electromagnetic and thermal properties of thematerial.Thus,
cyclic iteration calculation is necessary until the precision
of each variable would be within a certain range of error,
then the procedure can continue on with the next substep.
Otherwise, it is interpreted as nonconvergence. The direct
coupled-analysis model is adopted in this study because
the electromagnetic and thermal fields of superconducting
magnet are tightly coupled, and the material properties of
superconductor are very sensitive to temperature.

In the NI magnet, the current contains dual directions in
each turn of NI coil because of the no-insulation contact. An
equivalent circuit of the NI field coil is required to determine
the current distribution. Following, the electromagnetic anal-
ysis is used to obtain the AC loss in the magnet, as well as
the eddy current loss from the cooling plates and structural
supports. The temperature field can be obtained by applying
these losses as heat loads into the thermal analysis. Then,
a new group of temperature-dependent material properties
could be defined in the electromagnetic analysis. The calcu-
lation process continues until the result reaches convergence,
as displayed in Figure 3.

3.2. Establishment of FEM-Circuit Model. In the present
study, the conduction cooling magnet is placed in the Dewar.
There are three main heat sources: internal heat caused by
the loss generated by the magnet, the heat leakage from

supporting structure and current lead, and the heat radiation
between the magnet and the cold shield. Since the vacuum
pressure in Dewar is 10−3 Pa, the heat convection between the
magnet and the environment can be ignored. Therefore, the
governing equation in the conduction cooling magnet can be
presented as a heat conduction differential equation:

𝜕𝑇
𝜕𝑡

= 1
𝑐𝜌 [ 𝜕

𝜕𝑥 (𝑘𝑥 𝜕𝑇𝜕𝑥) + 𝜕
𝜕𝑦 (𝑘𝑦 𝜕𝑇𝜕𝑦 ) + 𝜕

𝜕𝑧 (𝑘𝑧 𝜕𝑇𝜕𝑧 )]
+ 𝑞V𝑐𝜌 ,

(1)

where 𝜌 is the density of the materials, c represents the
specific heat capacity, T denotes temperature, and qv is the
rate of internal heat generation. x, y, and z are the coordinates
in the reference system, and t denotes the time. 𝐾𝑥, 𝐾𝑦, and𝐾𝑧 are the thermal conductivity of thematerial in the x, y, and
z directions, respectively.

Since the BSCCO wire is a multifilament structure, it
is composed of superconductor and matrix metal. It is
important to handle the electrical and thermal characteristics
of the BSCCOHTS coils. However, it is difficult to accurately
establish such a complicated model. In the thermal analysis,
using effective properties is a useful solution to the problem.
The thermal characteristic and volume fractions of the
component material are used to obtain the effective thermal
conductivity as well as specific heat of the BSCCO wire. The
effective thermal conductivity is calculated as

𝑘𝑃 = ∑
𝑖

𝑓𝑖𝑘𝑖 (2)

1
𝑘𝑆 = ∑

𝑖

𝑓𝑖𝑘𝑖 , (3)

where f i and ki are the volumetric proportion (f i=Vi/V)
and thermal conductivity of the ith material, respectively.𝑘𝑃 is the parallel thermal conductivity and 𝑘𝑆 is the series
thermal conductivity. The energy change specific heat △𝑄
can be written as

△𝑄 = (∑𝐶𝑖𝜌𝑖𝑉𝑖) △ 𝑇. (4)

The effective specific heat is given by

𝐶𝑒𝑓𝑓 = △𝑄
𝜌𝑒𝑓𝑓𝑉 △ 𝑇, (5)

where △𝑇 is the temperature variation, V represents the
volume, and𝜌𝑒𝑓𝑓 denotes the effective density of theHTS tape,
which is presented as

𝜌𝑒𝑓𝑓 = ∑𝜌𝑖𝑓𝑖. (6)

Owing to the existence of polyimide insulating plate
between each single pancakes, a NI double-pancake coil
is equivalent to 2 single pancake coils in series. Figure 4
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Figure 2: Structure details of the NI toroidal magnet and each double-pancake coil.
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illustrates the equivalent circuit of NI single pancake coil.
The NI coil is divided into N units, where N is the number
of turns [18, 19]. Each unit contains an inductance ∑𝑀𝑖𝑗 in
series with the resistance 𝑅𝜃. Adjacent turns are connected in
parallel with contact resistance, Rc. 𝐼𝜃 and 𝐼𝑟 are the currents
flowing in the azimuthal and radial directions, respectively.𝑅𝜃 represents the characteristic resistance of each turn in
the azimuthal direction. ∑𝑀𝑖𝑗 includes the self and mutual
inductances of the inductance units. The inductance ∑𝑀𝑖𝑗
can be obtained by the finite element model built by turns: in
the finite element model of electromagnetic analysis, the size
of the superconducting coil is established by superconducting
portion, and the thickness of the superconducting layer is
about 1 micron. Each element of per turn of the coil in the
FEM model is coupled to the inductors in the circuit model.
Thus, the inductance ∑𝑀𝑖𝑗 in the circuit can be carried
through the FEM model. IO is the operation current flow

Figure 4: Equivalent circuit of a NI single pancake coil.

through the current lead. 𝑅𝐶(𝑖) denotes the ith turn-to-turn
contact resistance, which is calculated as follows [20]:

𝑅𝐶(𝑖) = 𝑅𝑐𝑡(2𝜋𝑟n + 2𝑙) 𝑤 . (7)

In (7), Rct is the turn-to-turn contact resistivity. rn, l, and𝑤 are the radius of the nth turn, straight length of racetrack
coil, and width of HTS tape, respectively.

The characteristic resistivity 𝜌sc is calculated based on
Faraday’s law and E-J power law, in which it is expressed as

𝜕 (𝜇𝑟𝜇0H)
𝜕𝑡 + 𝜌𝑠𝑐∇ × J = 0, (8)

where

J = ∇ ×H,
𝜌𝑠𝑐 = 𝐸0𝐽𝑐 (𝐵)


𝐽

𝐽𝑐 (𝐵)

𝑛−1 . (9)

In (8) 𝜇0, 𝜇r, and 𝜌sc are the vacuum magnetic perme-
ability, relative magnetic permeability, and resistivity of the
superconductor, respectively. 𝜇0 and 𝜇r are 4𝜋×10−7 H/m
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Figure 5: Cooling power along with temperature: (a) AL-325; (b) KDE-415.

and 1. E0 denotes the electrical field criterion of 1 𝜇V/cm.
The magnetic field dependent critical current density Jc(B) is
calculated by [21]

𝐽𝑐 (𝐵)
= 𝐽𝑐0

× (0.9756 × 𝑒(−5.28×𝐵⊥) + 2.05 × 𝑒(−0.1106×𝐵⊥)) ,
(10)

where

𝐽𝐶0 = 𝛼[1 − ( 𝑇
𝑇𝐶)
2]
1.5

. (11)

Jc0 is the self-field critical current density, Tc denotes the
critical temperature of 110 K, and 𝛼 is the value of the self-field
critical current at zero magnetic field. 𝛼 = 3.98×108 A/m2 is
used in the analysis representing Jc0 = 0.5×108 A/m2 at 14 K
[22].

When the magnet is in the excitation process, the magnet
loss is composed of two parts: the hysteresis loss PH of
superconducting tapes and the joule loss PC caused by the
contact resistance between adjacent tapes. The resistivity and
hysteresis loss of the superconducting layer is calculated by
electromagnetic analysis. The operation current IO is then
applied in the transient analysis. From step by step, the
azimuthal current and radial current of any time point can
be obtained, and the unit of Ir is A. Then the joule loss of
the turn-to-turn contact resistance is calculated. According
to the critical current density presented by (10) and (11),
the hysteresis loss power of the ith inductor element 𝑃𝐻(𝑖) is
expressed as

𝑃𝐻(𝑖) = ∫
Ω(𝑖)

𝐸 ⋅ 𝐽𝑑V, (12)

where Ω(𝑖) is the volume of the ith superconductor
inductor. The joule loss power of each turn-to-turn contact

resistance 𝑃𝐶(𝑖) is obtained by calculating the contact resis-
tance and radial current:

𝑃𝐶(𝑖) = 𝐼2𝑟(𝑖) ⋅ 𝑅𝐶(𝑖). (13)

The heat radiation energy between the magnet and
the cold shield should also be taken into account in the
thermal characteristic analysis. The energy balance formula
for thermal radiation is given by Siegal and Howell [23],
expressing a relationship between the energy loss and the
surface temperature, which can be written as

𝑄𝑅𝑖 = 𝜎 (𝑇4𝑖 − 𝑇4𝑗 )
((1 − 𝜀𝑖) /𝐴 𝑖𝜀𝑖 + 1/𝐴 𝑖𝐹𝑖𝑗 + (1 − 𝜀𝑗) /𝐴𝑗𝜀𝑗) , (14)

where 𝜀𝑖 denotes the effective emissivity of surface i, Fij is
the radiation view factor, Ai is the area of surface i, QRi is the
power loss of surface i, 𝜎 represents the Stefan–Boltzmann
constant, and Ti denotes the absolute temperature of surface
i.The radiation boundary is specified on the exterior surfaces
of the magnet and the cold shield. The adiabatic boundary is
assigned to the rest of the surfaces in the Dewar. In order to
reduce the effect of radiation leakage heat on themagnet, heat
shield papers are used on the surface of the cold shield and
the external surface of the magnet. The effective emissivity is
chosen to be equal to 0.1 in the thermal analysis.

In order to define the boundary conditions of the thermal
simulation model, heat convection is used on the surface of
the cold stage of the cryocooler. The temperature-dependent
cryocooler load maps of AL-325 and KDE-415 are depicted
in Figure 5 [24, 25]. The temperature at the outside terminal
of the current lead is set as 293 K, which is the room
temperature.

4. Operating Conditions of
the Toroidal Magnet

4.1. Cooling of the Magnet. Figure 6 shows the variations of
temperature along with time at the point A (top of the NI
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DP coil) and point B (middle of the NI DP coil); the position
of A and B is shown in Figure 7. The maximum difference
of temperature between points A and B is 2 K during the
cooling process. This is owing to the absence of insulation
layer between adjacent turns. The DPCs have a preferable
isotropy of heat conduction in the radial direction. After
about 30 hours have passed, the temperature of the entire
magnet tends to be stable, where the magnet is cooled to 14
K.

4.2. Operating Current of the Magnet. Generally, there are
6 PF coils in the Tokamak magnet system. The current of
each PF coil is a different pulse wave and is controlled by the
feedback of plasma current [26]. The operating current of PF
coils is simplified in order to conduct an easy analysis. In this
study, the current of PF coil is simplified to a triangular wave,
which is sufficient for producing a variable magnetic field.
The structure of each unit, which consists of one TF coil and
six PF coils, is shown in Figure 7.Theposition of current input
port and output port is at the outside of coil. Each PF coil

is a double-pancake coil manufactured by BSCCO tape with
insulation layer, and the number of turns is 80. The location
of PF coils is defined by ri and hi. r1, r2, and r3 are 170, 180, and
55mm, and h1, h2, and h3 are 60, 20, and 90mm, respectively.
In this analysis, two operational conditions are analyzed. In
condition A, the TF coils are excited to 395 A and kept steady
until the magnetic field saturates from the charging delay. In
condition B, the magnetic field of TF coils is saturated under
395 A and kept in a steady state. The PF coils are then excited
by triangular current with the current amplitude Id (from 25
to 125 A) and changing rate K (from 25 A/s to 250 A/s) in
one cycle. The operating current waveform in TF coils and
PF coils are displayed in Figure 8.

5. Results of Numerical Simulation of
Thermal Behavior

The loss in the NI toroidal magnet is composed of the
hysteresis loss in superconducting tapes, the turn-to-turn loss
from contact resistance, and the eddy current loss in metal
component. In this study, the losses and temperature rise in
NI coil were assessed during energizing and interaction with
PF coils.

5.1. Energizing. According to a previous study performed
by the authors, the NI toroidal magnet possesses excellent
magnetic field stability benefited from the RC in the radial
direction, characterizing the typical electromagnetic behav-
ior of an RL parallel circuit in time-varying conditions.
This advantage caters to the demand for enhanced toroidal
magnetic field stability of the Tokamak system. However,
this characteristic also brings about a long time constant of
charging. Thus, different charging rates are studied to meet
the requirement of practical engineering. In conditionA, only
the TF coils are energized. The transport current is ramped
to the rated current of 395 A with the current ramp rates of
0.1, 0.5, 1, 5, and 10 A/s, respectively. The losses and duration
of magnetic field saturation (99%) vary with ramping rate,
which are displayed in Figure 9. During excitation, when the
ramping rates are 10, 5, 1, 0.5, and 0.1 A/s, the turn-to-turn
losses are 5557.3, 5354.5, 4079.5, 3069.5, and 957.2 J, and the
hysteresis losses are 636.5, 618.3, 378.8, 209.7, and 101.1 J. The
turn-to-turn loss is a major part, which is nearly one order
of magnitude higher than the hysteresis loss. Meanwhile, the
value of eddy current losses is only a small part of total losses,
which are 212.9, 207.3, 183.8, 150.4, and 81.6 J.That is owing to
the fact that the joule heating between adjacent turns is very
large, and the long charging delay causes the magnetic field
to slowly vary. When the charging rate increases to certain
extent, the excitation loss will significantly increase, and
the magnetic field saturation time will decrease. When the
ramping rate exceeds 5A/s, both themagnetic field saturation
time and excitation loss reach a stationary value. This can be
explained as follows: a redistribution procedure of current
exists during the charge of theNI coil.The rate of current flow
from turn-to-turn contact to the superconducting layer has a
maximum value, which is only related to the coil inductance
and contact resistance and is independent of charging rate.
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This specified value limits the magnetic field saturation time
of NI coil. As the charging rate increases to 10 A/s, the
magnetic field saturation time almost reaches the minimum
value (1852 s). Following, the increase of ramping rate does
not contribute to the decrease of magnetic field saturation
time. The total magnet loss power in different ramping rates
along with time is shown in Figure 10. The peak value of
loss power increases with ramping rate, and the maximum
temperature growths under the rates of 0.1, 0.5, 1, 5, and 10
A/s are 0.02, 0.09, 0.17, 0.56, and 0.93 K, respectively. These
results show that an appropriate ramping rate can reduce the
charging delay to meet the actual needs, as well as control the
increase of temperature within engineering requirement.

5.2. Interaction with PF Coils. In condition B, the thermal
behavior of NI TF coil is related to the operating current of
PF coils as shown in Figure 8(b). An example of increase of
temperature varying with time of the NI TF coil is shown
in Figure 11. In earlier period (before 0.6 s), the increase
of temperature appears at the top and bottom of the outer
layer. This can be explained as follows: the magnetic field of
PF coils is mainly perpendicular to the tapes at the top and
bottom of the TF coil and parallel to the tape at straight-line
segment.The critical current density of superconducting tape
is significantly reduced owing to the perpendicular magnetic
field. As a result, the AC loss at the top and bottom is
much larger than the straight-line portion. After 1.2 s, the
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Figure 10: Total thermal loss power of the magnet along with time
under different charging rates.
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Figure 11: Temperature distribution of TF coil along with time in
operational condition B when Id = 50 A and K =100 A/s.

temperature near the current input port and output port is
remarkably higher than other parts of the TF coil. This is
attributable to the fact that the tape at the end of the port
is not in thermal contact with the coil; the heat generated
in the tape can not be transmitted through metal contact.
Thus, the accumulation of heat is more rapid than inside
the NI coil, where the heat generation could bypass through
the turn-to-turn contact and suppressing temperature rise.
The temperature difference between the current port and the
NI coil is less than 2.3 K. Moreover, in another position of
the NI coil away from the current port, the temperature is
much more uniform as the temperature difference at the left
part is less than 0.5 K. Thus, the thermal conductivity in the
radial direction has been greatly improved comparedwith the
insulated coil, allowing it to become relatively more uniform,
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Figure 12: Loss dependence on Id, with a constant K of 50 A/s.
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Figure 13: Loss dependence on K, with a constant Id of 50 A.

contribute to the reduction of temperature difference in the
radial direction, and enhance the thermal stability.

In addition, the components of the NI coil losses and
their variations with current wave are analyzed. The average
loss power dependence on Id and K is shown in Figures 12
and 13. In the interaction with PF coils, the major loss in
NI TF coils is hysteresis loss. This is because the direction
of changing magnetic field is parallel to the cooling plate
and perpendicular to the axis of NI TF coils, so the induced
current in cooling plates and the induced voltage in NI coil
are not high. Consequently, the eddy current loss and turn-
to-turn contact loss are relatively low. On the other hand, the
direction of the changing magnetic field is perpendicular to
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some parts of the arc section of NI coil, which may cause
a large amount of hysteresis loss. The hysteresis loss shows
a linear increasing trend with Id and K. However, the eddy
current loss tends to rapidly increase with the increase of
K. Besides, the turn-to-turn loss remains limited, which is
entirely different from condition A. The achieved results
demonstrate that the faster the ramping rate of PF coils
current is, the more losses and higher temperature rises are
generated. In order to ensure thermal stability of NI TF
magnet, different issues should be taken into account in
varied operational conditions.

6. Conclusion

This study aims to describe the analysis procedure con-
sidering the influence of PF magnetic field. The numerical
simulation results show that (1) when the magnet is charged
in different rates, the magnetic field saturation time and
excitation loss are different, so it is necessary to choose an
appropriate charging rate to meet the engineering require-
ments and control the heat load; (2) when the magnetic
field of PF coils affects the TF coils, the components of
the thermal losses of the magnet are different from tradi-
tional insulating magnets. The temperature distribution in
the DPC is relatively uniform because of the turn-to-turn
metal contact. Moreover, there are dangerous areas with
higher temperature rise near the current port, which still
require further optimization of the electromagnetic design
and strengthening of the capacity of conduction cooling to
avoid quench.The simulation result can be used to predict the
losses and temperature distribution along with time variation
and could assist scholars in understanding how to improve
the design of the cooling system of NI toroidal magnet made
of a single tape.However, the behavior of hugemagnetwound
of conductors made of a large number of superconducting
tapes may be different from a TF magnet made of a single
tape. Thus, long-term research and development program
is still needed to demonstrate the feasibility of HTS NI TF
magnets.
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