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Screening Current-Induced Magnetic Field in a Non-
Insulated GABCO HTS coil for the 24 T All-
Superconducting Magnet

Lei Wang, Qiuliang Wang, Member, IEEE, Jianhua Liu, Hui Wang, and Xinning Hu

Abstract—A 24 T all-superconducting magnet, comprising of a
9 T GdBCO high temperature superconducting (HTS) inner coil
and 15 T low temperature superconducting (LTS) outer coils, has
been manufactured and tested at Institute of Electrical
Engineering, Chinese Academy of Sciences. The screening
current generated in the GABCO HTS coil causes a central
magnetic field reduction and drift in the superconducting magnet
system. Hence, it is crucial to estimate the screening current-
induced magnetic field in the HTS coil. In this paper, the
magnetic field generated by the screening current was
numerically calculated based on magnetization analysis. To
verify the simulations, related experiments were performed by
three different cases at 4.2 K: i) Charging the HTS coil at
different ramping rates; ii) Charging the LTS coils with central
field of 10.82 T firstly and the HTS coil subsequently; iii)
Charging the LTS coils with central field of 15 T firstly and the
HTS coil subsequently;. The calculation results show a good
agreement with the measured data.

Index Terms— Non-insulated HTS insert, screening current,
numerical simulation, characteristic resistance

. INTRODUCTION

THE REBCO HTS coils have been widely used in Nuclear
Magnetic Resonance (NMR) magnets beyond 1 GHz[1],[2]
because of their excellent current-carrying capacities under
high magnetic field. However, there will be a screening
current [3]-[9] flowing in the REBCO superconducting tape,
which is induced by the magnetic field perpendicular (radial
direction of the coil) to the tape width while the high
temperature superconducting (HTS) coil is ramped up/down or
exposed to an external magnetic field. The magnetic field
induced by screening current results in a central field
reduction in the superconducting magnet after the coil is
charged. And also, the relaxation of the field reduction with
time due to the flux creep motion is harmful for the field
homogeneity of the high accuracy NMR magnet. The spatial
homogeneity and temporal stability, which are important for
the applications of MRI and NMR, will be deteriorated by the
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screening current. To design a reliable superconducting
magnet system, it is crucial to estimate the screening current-
induced magnetic field (field reduction) in the REBCO HTS
insert.

Recently, many research have been conducted on the
screening current-induced magnetic field (SCIF) in the
insulated or non-insulated REBCO HTS single pancake and
coils [10]-[20]. However, the SCIF in non-insulated GdBCO
HTS insert under a LTS outsert, especially for the
superconducting magnet with high central field, is still unclear.
Fully understanding the filed reduction induced by the
screening current is one of the important key points to develop
high accuracy NMR magnet with central field above 30 T in
the future.

In this paper, numerical and experimental analyses on the
central magnetic field reduction in a GABCO HTS insert for
the 24 T all-superconducting magnet were conducted. A
numerical method developing from magnetization analysis in
a thin film [21] is adopted to calculate the SCIF. The charging
experiments of the HTS insert were carried out under a LTS
outsert with central field of 0 T, 10.72 T, and 15 T,
respectively. Furthermore, the effect of ramping rate on the
SCIF was investigated at 4.2K (liquid helium bath). The
simulation results are compared with the experimental data,
which shows a good agreement.

Il. EXPERIMENTAL SETUP

A. Design of GdBCO HTS Insert and LTS Outsert

The 24 T all-superconducting magnet consists of a GdBCO
HTS insert and a LTS outsert, which is comprised of 4 Nb3Sn
coils and 3 NbTi coils. The LTS outsert is cooled at 4.2 K
under atmospheric pressure by using liquid helium bath, and
an operating current of 2155 A could generate a central
magnetic field of 15 T in a 160 mm diameter cold bore [22].

The GABCO HTS coated conductor produced by SUNAM
Inc was chosen to wind the HTS coil. The width and thickness
of the GABCO conductor are about 4.2 mm and 0.155 mm,
respectively. The inner diameter, outer diameter, and height of
the GABCO HTS coil are 36 mm, 104.2 mm and 150 mm,
respectively. The GABCO HTS coil consists of 15 double
pancakes and each one has 220> turns. There is no turn-to-
turn insulations in a single pancake. The configuration of the
GdBCO HTS insert is shown in Fig. 1.
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Fig. 1. Configuration of the GABCO HTS insert

B. Equivalent Circuit Model of GdABCO HTS Insert

For the HTS coils with turn-to-turn insulations, the field
reduction induced by the screening current could be
determined at the time when the operating current reached at
the target value. However, in the non-insulated HTS coil, there
is still an I, when the operating current reached the target
value due to the typical charging/discharging delay. Prior to
determining the SCIFs in the HTS insert after it is charged, the
charging delay should be simulated firstly. The equivalent
circuit model of the non-insulation coil is shown in Fig. 2,
which is connected with a switch, a DC power supply, and a
shunt resistor.

s Switch
— | DC Power Supply

Fig. 2. Equivalent Circuit Model of the GABCO HTS insert

The equivalent circuit model could be described by the
following equations (1):

dl |
Lirs =2 +V, (-2)" = 1 R
HTS dt C(IC) r'c
ey
V.CE) - LR, @

g+l +1 =1,

Where Lyrs is the self-inductance of the non-insulated HTS
coil. Iy, Iy, lsc, and I are the current flowing through the spiral
direction, radial direction, superconducting film, and stabilizer
layer in the HTS coil, respectively. Rc and Ry are the
characteristic resistance of the non-insulated coil and the
stabilizer resistance, respectively. Ve, n, lop, and Ic are the
voltage criterion (10* V/m), n-value, operating current input
from the power supply, and critical current of the GdBCO
HTS coil, respectively. Because the experiment was conducted
below the critical current and temperature, the azimuthal
resistance, including matrix resistance and index loss, is
assumed to be zero to facilitate the calculations [23]-[24].
Then, (1) could be simplified by (2)

di
Lirs d—t” =1.R, @)
o+l =1,

A sudden discharge test was carried out at 77 K (liquid
nitrogen bath) to obtain R. of the HTS insert. During the test,
lopincreased to 20 A at a charging rate 0.1 A/s, and maintained
at 20 A constantly during steady-state operation for 2000 s,
then cut off. The time constant t of the HTS insert is defined
as the time at the normalized B, of 1/e, i.e., 69 s as shown in
Fig. 3.
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Fig. 3. Normalized B, versus time during the discharging test

The self-inductance of the HTS insert Lurs is 0.87 H. Then,
the characteristic resistance could be determined by (3) as
12.61 mQ.

R, =Ly /7 €))

By adding R into the equivalent circuit model, the time when

Ir decreases to zero could be determined by (2).

I1l.  SIMULATION METHOD

Prior to calculating the central field reduction induced by
the screening current in the HTS insert, the current distribution
should be determined firstly. The 30 single pancakes are
labeled as i=1, 2, 3,...., 30. Each turn in the ith layer is
modeled as a concentric ring and labeled as j=1,2,3,...., 220.
The width of each turn 2wy is discretized into N points, labeled
as k=1, 2, 3,..., N. Because the aspect ratio of the GdBCO
coated conductor is large, the current distribution along the
thickness direction is assumed to be uniform. The simulation
model for the HTS insert is shown in Fig. 4. The radial and
axial directions are labeled as x-axis and y-axis, respectively.

<1,2,3,....,220
Fig. 4. Simulation Model of the GABCO HTS insert

v

When the GdBCO HTS insert is charged into a transport
current I, each turn will also be exposed to an external
magnetic field generated by other turns of the HTS insert.
Hence, the transport current distribution in a certain turn is
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nonuniform and asymmetrical to the conductor center. The
magnitude and direction of the transport current and external
field will determine the current flowing directions at two sides
of a certain conductor. At the jth turn in the ith layer, the
criterion m(i,j) for judging the effect of the external magnetic
field B«(i,j) and transport current I; is shown in (4)

r(I J) 4
(J)I(j) (B(IJ)) (4)
Where B.(i,j) is the radial magnetic field, Bp(i,j) and Ic(i,j)
are the full penetration field and critical current, respectively.
I¢(i,j) depends on the magnitude and direction of the external
magnetic field. If m(i,j)>0, the current will flow in the same
direction at two sides of the conductor, the azimuthal current
density J(i,j,k) at the kth point in ith layer and jth turn is
determined by (5). If m(i,j)<0, the current will flow in
different directions at two sides of the conductor, J(i,j,k)
should be calculated by (6) [21].

3G, k) = J (l i)
J(i,j,k)—.]c(l, i) -w, <y(i,j,k)< p-a; pra<y(i, jk)<w,
(y(i,j,k)—p)-(_wo_—p)—az)

a-(wo —y(i, j,k))
(y(i, j, k)= p)-(w, + p) +a’

———[H-L+7] ly(i,j.k)-pl<a

H =arcsin(

L =arcsin( —
a-(w, +y(i, j,k))
(5)
3G, ok = e J)[H+L] ly(i.j.k)-pl<a
3600 =3,0. 1) w, <y(i, j.k)-p<-a Q)
3G, §,K) =3, G, ) a<y(i,j,k)-p<w,

Where p and a are the center position (CP) and half width
(HW) of the field invariant region at the jth turn in the ith
layer, respectively. p and a could be determined by (7)
p=w, (I, /1.(i, ) tanh(B. (i, J) / B, (i, ))

a=(w, /cosh(B, (i, j)/ B, (i, N)yI- (I, /1.0, i)
When the LTS outsert is charged first, the conductors are

initial in a virgin state, firstly exposed to an radial field Bi(i,j)
generated by the LTS outsert, the current density Ji(i,j,k)

could be obtained by (8)

Jeg k) .
J K) = (i) t y J ) ) ,k
L@, j,k) = 77[ arctan( m \Ial Jk) —a, <y(i,jk)<a

@)

Jl(i!jvk)=_‘]c(i,j) a1<Y(ivjvk)<W0
3G, 3.K) =3, -w, <y(i,j.k)<—q
a, =W, /cosh(B, (i, j)/ B, (i, )
(8)

CP locates at the conductor’s center and HW is au.
Afterwards, the HTS insert is charged and a certain turn will
be subjected to a transport current I, and an external field
Ba(i,j) generated by other turns. There will be two different
cases my(i,j)>0 or my(i,j)<0 for the effects of I, and Ba(i,j). In
each case, the current distribution cannot be calculated by (4)-
(7) because the conductor is not from a virgin state [21].

For the case my(i,j)>0, the current distribution Ja(i,j,k) could
be obtained by the following simulations. When the jth turn in

the ith layer is subjected to I, and Bx(i,j), CF and HF are set to
be p2 and a,, respectively. The conductor is separated into
three different regions: region A (—a<y(ki)<pz-a2), region B
(p2-az2<y(k2)<pz2t+az), region C (pz+az <y(ks)<wp), each region
is discretized into M points. Regions A and C are saturation
regions, and region B is the field invariant region. For the
regions A and C, the current density could be calculated by (9):

3y (k)=J. (1) = 3, (k) _a<Y(k1)< P, —&,

3, (k)= (1) -y (k) p,+a, < y(k3)<Wo
The current flowing in region B, from the combining
contributions of regions A and C, could be calculated by (10)

(9)

J,(k,) =J._J2(k1 [arcsin( ﬂ+K)+2Ma2) arcsm(a(ﬂ K)+2Ma2 )]
A 7 7+ v-
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c T ntK NiTK
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(10)

Iy is equal to the summation of discretized current densities
over the conductor’s cross-section and Bx(i,j) is equal to the
radial magnetic field generated at point p, by the other points
in the conductor. Then, the current and field equations could
be obtained by (11)

| :LWOO'O I 5,0
®) (11)
B ,uo o J
D=5 -,

The two unknowns p2 and a, could be obtained by solving
(11). Adding p2 and a; into (8)-(10), the Ju(i,j,k) is obtained.
So, the final current density Js(i,j,k) is equal to the sum of
Jo(i,j,k) and J1(i,j,k).

The central axial magnetic field of the GABCO HTS insert
is the sum of contributions from all of the points, and can be

calculated by (12)
- J(i, j,k)w,dyx(i, j,k)?
B, = 3B, (i, j k) 2o (1 IoX( 1)
N(x(i, j. k)" + (i, j,k)%)
Where b is the magnetic permeability. The HTS insert
constant (axial filed per ampere at center) Bg is 0.0536 T/A.

Then the simulated central magnetic field reduction By in the
GdBCO HTS insert could be calculated by By=Bo*I:-Be.

12)

IV. RESULTS AND DISCUSSIONS

In order to study the central magnetic field reduction in the
GdBCO HTS insert, three different charging tests were
performed in a bath of liquid Helium.

A. Charging the HTS insert only

In this case, the HTS coil was charged following two series.
The 1st series is charged from 0-160 A by the following
sequences: 0 A-10 A, 10 A-20 A, 20 A-30 A, 30 A - 40 A,
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40 A-60 A,60 A-80 A, 80A-100A, 100A-110A, 110 A -
120 A, and 120 A - 140 A at a rate of 0.1 A/s, 140 A - 160 A
at a rate of 0.05 A/s. The 2nd series is charged from 0-200 A
by the following sequences: 0-120 A (0.05 A/s), 120 A -140 A
(0.03 A/s), 140 A -160 A and 160 A -161.7 A (0.015 AJs),
161.7 A-180 A, 180 A - 190 A, and 190 A - 200 A (0.01 Als).
For all of the cases, the operating current was held for 700 s
between each two sequences, which is the time when the
simulated I, decreases to zero through (2). Then the center
magnetic field By, is measured by a Hall sensor.

The tested By induced by the screening current for the 1st
and 2nd series is shown by the circles and asterisks in Fig. 5,
respectively. The central filed reductions of the 1st and 2nd
charging series at 1,p=120 A, 140 A, 160A are 0.57 T, 0.67 T,
0.6885 T and 0.581 T, 0.653 T, 0.6766 T, respectively. The
charging rates of the 1st and 2nd charging series at 1,5,2=120 A,
140 A, 160A are 0.1 A/s, 0.1 AJs, 0.05 A/s and 0.05 AJs, 0.03
AJs, 0.015 AJs, respectively. By is not affected by the ramping
rate of the HTS insert. When the operating current is larger
than 170 A, B tends to be saturated. The largest By is 0.7034
T and the ratio of B/B. is 6.2%.

B. Charging the LTS coil with a center field of 10.72 T firstly
and the HTS coil subsequently

In this section, the LTS outer was charged from 0 A -154 A
firstly, corresponding to a central field of 10.82 T. Afterwards,
the HTS insert was charged from 0 A to 160 A by the
following sequences: 0 A - 60 A, 60 A - 100 A at a ramping
rate of 0.05 A/s, 100 A - 150 A at a rate of 0.03 A/s, 150 A -
160 A at 0.01 A/s. The results are shown by the squares in Fig.
5. B at lop= 60 A, 100 A, 150 A, and 160 A are 0.2364 T,
0.4079 T, 0.4731 T, and 0.4785 T, respectively. The ratios of
B#/B. are 7.16%, 7.42%, 5.73%, and 5.44%, respectively. The
experimental data shows that, although B increases with the
operation current, the ratio of Bx/B. decreases with lo, when
the operating current is larger 100 A.

C. Charging the LTS coil with a center field of 15 T firstly
and the HTS coil subsequently

In this section, the LTS outer was charged from 0 A - 215.5
A firstly, corresponding to a central field of 15 T. Then, the
HTS insert was charged from 0 A to 150 A by the following
sequences: 0 A - 60 A, 60 A - 100 A at a ramping rate of 0.03
AJs, 100 A - 150 A at 0.02A/s. The results are shown by the
triangles in Fig. 5. By at lop= 60 A, 100 A, and 150 A are
0.0565 T, 0.1488 T, and 0.1673 T, respectively. The ratios of
B#/Bc are 1.71%, 2.7%, and 2.03%. B tends to be saturated
after the operation current is larger than 100 A.

D. Discussions

The simulation results are compared with the experimental
data of the three cases mentioned above as shown in Fig. 5.
While 1,=60 A, 100 A, and 150 A, By and Bg#/B. are
summarized in Table | for the LTS outsert with central field of
0T, 10.82 T, and 15 T, respectively. By decreases with the
central field of LTS outsert increasing, the reductions of By
will increase with the operation current while the reductions of
Bn/Bc decreases with lop increasing. When the operation

current is 150 A, By in the LTS outsert with central field of 15
T is 75% less than that of By in the LTS outsert with central
field of O T, the suppression for By is significant while the
central field of LTS outsert increases from0 Tto 15 T.

TABLE | THE RESULTS OF Bgz AND Bi:/Bc

No. 60 A 100 A 150 A
LTS(OT) 0.3025 T 04915 T 0.667 T

(9.1667%) (8.9364%)  (8.0848%)

LTS (10.82T) 02364 T 04079 T 04731 T

(7.1636%) (7.4164%)  (5.7345%)

LTS(15T) 0.0565 T 0.1488 T 01673 T

(1.7121%) (2.7055%)  (2.0279%)

The simulation results agree well with the experimental data
except that lo, is larger than 180 A when the central field of
LTS outsert is O T. Because the critical current density
distribution is assumed to be uniform along the conductor’s
width in the numerical calculation, but it distributes
nonuniformly along the real conductor’s width if the
conductor is discretized into N points. In some points, the
critical current density is larger than the average one, which
causes the calculated Bf less than the tested one. The
decreasing of simulated value is more significant for cases that
the central field of LTS outsert increases. The simulation
model will be improved in the future to increase the accuracy.
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V. CONCLUSIONS

The screening current induced magnetic field in a non-
insulated GABCO HTS insert for the 24 T all-superconducting
magnet is studied through the numerical simulations and
charging test. Based on the experimental and numerical results,
the conclusions are summarized as follows: 1) The simulation
results show a good agreement with the experimental data
except that the operating current is more than 180 A. 2) When
the central field of LTS outsert increases, the central filed
reduction decreases sharply as large as 75 % (from 0.667 T to
0.1673 T) while the operating current is 150 A. The
suppression is significant. 3) The central filed reduction is not
affected by the ramping rate of the operation current. The
results will provide an important reference to quantify the
SCIF in the non-insulated GdBCO HTS insert, which could
help us design and fabricate a 15 T non-insulated HTS insert
for the 30 T all-superconducting magnet in the future.
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