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Second-generation high-temperature superconducting (2G-HTS) magnets operating in persistent current mode (PCM)
hold great promise for applications such as magnetic resonance imaging. The development of joint-less closed-loop magnets
has effectively tackled the challenges of fabricating joints for REBCO tape. However, certain closed-loop magnets cannot
utilize conventional persistent current switches (PCS) and instead require multi-pulse magnetization techniques. This study
explores the effects of multi-pulse magnetic field excitation on the flux trapping behavior of a four-pancake coil (FPC). A
detailed comparison of the effects of different pulse types and periods on the FPC reveals that the background magnetic
field exceeds the critical magnetic field of the coil, thereby creating resistance in the superconducting loop. The critical
magnetic field of the FPC is determined experimentally, and a reasonable speculation on the multi-pulse field excitation

mechanism is presented.

Keywords: joint-less coil, second-generation high-temperature superconducting (2G-HTS) coil, multi-pulse,

excitation
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1. Introduction

Second-generation high-temperature superconducting
(2G-HTS) magnets operating in persistent current mode are
crucial for devices requiring high magnetic field stability, such
as magnetic resonance imaging (MRI) and nuclear magnetic
resonance (NMR) devices.!!®! The superior critical mag-
netic fields and critical temperatures of 2G-HTS magnets have
driven extensive research and gradual industrialization.!’-10]
Due to the immaturity of joint fabrication technologies in
REBa,Cu3z0;_5 (REBCO, RE: rare earth) tape, researchers
have proposed various joint-less closed-loop structures to en-
hance magnetic field stability, which has demonstrated prelim-
inary success.!!!"12] Up to now, several joint-less designs have
been explored, including 2G-HTS rings, joint-less stacked
pancake (JSP) coils, and bitter-like HTS magnets.[!3-10] In
our previous work, we proposed a four-pancake coil structure
with potential for commercial applications, referred to as the
‘four-pancake coil (FPC)’.[17-18]

However, the excitation methods for joint-less closed-
loop coils remain significantly constrained, posing a ma-
jor challenge to their development. For instance, bitter-like
HTS magnets cannot be energized using conventional persis-
tent current switches (PCS) and often require field cooling
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14,19-211 15 previous studies, it has

or multi-pulse techniques. !
been reported that successful charging of 2G-HTS closed-loop
magnets has been achieved using a multi-pulse background
magnetic field."?!=23] The flux trapping behavior of closed-
loop coils under different pulse waveforms has been less re-
ported.

Therefore, this paper presents a detailed investigation into
the effects of multi-pulse magnetic field excitation on the flux
trapping behavior of the FPC. By energizing the background
magnetic field with a programmable AC power supply, a sys-
tematic comparison was made between the effects of slow-
rise steep-fall pulse, steep-rise slow-fall pulse, and symmet-
ric pulse on the flux trapping characteristics of the FPC. A
possible theoretical explanation of the experimental results
was provided by determining the critical magnetic field of the
FPC. These findings hold significant potential for advancing
the multi-pulse magnetic field excitation of joint-less coils and
improving their practical applications.

2. Structure and testing

The joint-less closed-loop coil was fabricated utilizing
REBCO tapes supplied by Samri Co., Ltd., China. In pre-
vious studies, the REBCO tape was precisely slit along its
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central axis while preserving the endpoints, with each half
subsequently wound into a double-pancake coil configura-
tion. This process ultimately formed a compact four-pancake
structure (referred to as the FPC) characterized by a joint-
less design.!!'”] Notably, this coil exhibits zero resistance in
its closed-loop configuration, thereby offering a highly stable
and reliable structure for magnetic applications.

FPC -

AC power supply

Excitation copper coil

Fig. 1. Schematic diagram of the excitation experiment.

The background field coil was fabricated by helical layer-
winding of enameled copper wire, and it is electrically con-
nected via copper electrodes to an external AC power supply
to generate the requisite background magnetic field. A central
support frame was designed at the center of the background

field coil, allowing the FPC to be mounted coaxially, as illus-
trated in Fig. 1. The key parameters of the copper coil, the
original REBCO tape before slitting, and the final FPC config-
uration are systematically presented in Table 1.

Table 1. Key parameters of the copper coil, REBCO tape, and FPC.

Parameters of the copper coil

Length ~ 550 m

Linear diameter 0.6 mm

Inside coil diameter 150 mm
Outside coil diameter ~ 160 mm

~ 1000 turns
layer wound

Turns
Winding method

REBCO tape parameters (before slitting)

Length Sm
Encapsulation process silver
Width 12 mm

Critical current (77 K, Self-field) 160 A

FPC parameters

Insulation method no-insulation

Inside coil diameter 34 mm
Turns ~21x2x2
Coil critical current (77 K) ~30A

b
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Fig. 2. The three pulse waveforms output by the AC power source.

The output pulse of the AC power source was program-
matically controlled using LABVIEW software, as shown in
Fig. 2. This study investigates the effects of three pulse wave-
forms (slow-rise steep-fall pulse, steep-rise slow-fall pulse,
and symmetric pulse) on excitation under three different pulse
periods. The steep-rise and steep-fall segments each constitute
10% of the total period. In the symmetric pulse, the current
rises and falls at the same rate. The peak value of the excita-
tion current was set to 7 A, at which the magnetic field gener-
ated in the copper coil is close to the critical field strength of
the superconducting coil at 77 K.

The experimental setup is immersed in a liquid nitrogen
environment, with the FPC sleeved onto the central cylindrical
support inside the copper coil, and the Hall sensor positioned
on the inner side of the central tube, as depicted in Fig. 3(a). To
determine the critical magnetic field of the FPC, a PCS is used
to excite the FPC, as illustrated in Fig. 3(b). The PCS com-

prises two thin-film heaters, which are externally connected to
a DC power supply.[?42 By selectively heating a small sec-
tion of the tape (~ 1 cm), the PCS induces quenching of the
wrapped tape, thereby enabling its switching functionality.

N Hall sensor

Fig. 3. (a) Multi-pulse magnetic field excitation device and (b) the FPC
is excited using a persistent current switch.
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3. Results and discussion

In this work, the positive and negative values of the mag-
netic field detected by the Hall sensor are used to indicate the
direction of the trapped field. Specifically, the axial upward
magnetic field is defined as a positive value, while the axial
downward magnetic field is defined as a negative value. The
current induced inside the FPC during the increasing phase
of the pulsed magnetic field is defined as positive, whereas
the current induced during the decreasing phase of the pulsed
magnetic field is defined as negative. Initially, the FPC is
charged using a slow-rise steep-fall pulse. According to Fara-
day’s law of electromagnetic induction,?”) as the background

field increases, a positive current is induced inside the FPC,
generating a magnetic field opposite to the background field.
Conversely, when the background field rapidly decreases, a
negative current is induced inside the FPC. Notably, during a
single pulse cycle, the magnitude of the negative current ex-
ceeds that of the positive current. Consequently, the net cur-
rent (calculated as positive current minus negative current) fol-
lows the direction of the negative current, resulting in the mag-
netic field generated by the FPC after one cycle being in the
same direction as the initial increase in the background mag-
netic field. Experimental results for pulse periods of 5s, 10 s,
and 20 s are presented in Fig. 4.
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Fig. 4. Impact of the slow-rise steep-fall pulse on flux trapping in the FPC.

As shown in Fig. 4(a), the magnetic field measured by
the Hall sensor gradually increases with the number of pulses,
and the induced magnetic field inside the FPC aligns with the
background magnetic field. A notable observation is that a
shorter excitation period results in higher excitation efficiency,
which is related to the number of pulses. Figure 4(b) presents
a magnified view of Fig. 4(a), elucidating the impact of dif-
ferent excitation periods on the field increase process. The
experiment with a 10-s excitation period was examined in de-
tail, showing that the FPC’s magnetic field increases along an
upward trend as the number of pulses increases. The lowest
magnetic field value of each pulse corresponds to the trapped
field in the FPC when the background magnetic field is zero,
as shown in Fig. 4(c). Experimental results demonstrate that
approximately 3.04 mT of the magnetic field was successfully
trapped after about 200 pulses. The minimum field value con-

tinuously rises, and its waveform resembles that of the exter-
nal background field, as shown in Fig. 4(d). This phenomenon
can be attributed to the counteracting effect of the induced cur-
rents within the superconducting coil which effectively miti-
gates external field fluctuations. As a result, the fluctuation
range is smaller than that of the external magnetic field.
However, when the experiment was repeated using the
steep-rise slow-fall pulse, the FPC magnetic field direction re-
mained consistent with the background field, and no signif-
icant change in excitation efficiency was observed. Accord-
ing to conventional electromagnetic theory, during the rapid
rise of the background field, a positive current is induced in
the FPC, generating a magnetic field in the opposite direction
as the background field. Conversely, during the slow decay
of the background field, a negative current is induced in the
FPC. Since the magnitude of the positive current exceeds that
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of the negative current, the net current (positive current minus

negative current) aligns with the positive current direction, re-
sulting in the FPC generating a magnetic field in the opposite
direction of the initial increase in the background field. How-
ever, the experimental results did not exhibit this expected re-
versal, as shown in Fig. 5(a). Furthermore, we compared the
effects of different pulse periods on excitation. The results in-
dicate that a longer pulse period leads to a lower excitation
efficiency. Figure 5(b) presents a magnified view of Fig. 5(a),
revealing that the magnetic field increases in a steep-rise slow-
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Magnetic field (mT)

Magnetic field (mT)

(==}

10

I —— Pulse period 20 s

—— Pulse period 5 s
—— Pulse period 10 s

(a)

500 1000 1500 2000 2500 30

00

Time (s)
—— Pulse period 10 s (c)
Stable magnetic field|

(~5.71 mT)

4000 6000 8000

Time (s)
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fall pattern, consistent with the background field. Specifically,
we investigated the excitation effect with a 10-s pulse period,
as demonstrated in Fig. 5(c). After approximately 420 pulses,
the FPC trapped a magnetic field of about 5.71 mT. The entire
device is removed from the liquid nitrogen and a rapid drop
in the magnetic field can be observed. Figure 5(d) provides a
zoomed-in view of Fig. 5(c), showing that the magnetic field

exhibits a distinct steep-rise slow-fall characteristic during the

increase phase.
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Fig. 5. Impact of the steep-rise slow-fall pulse on flux trapping in the FPC.
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Fig. 6. Impact of the symmetric pulse on flux trapping in the FPC.
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Fig. 7. Comparisons of slow-rise steep-fall pulse, steep-rise slow-fall pulse, and symmetric pulse on the magnetization process of the FPC.

Subsequently, the effect of symmetrical pulses on the
trapped magnetic flux of the FPC was investigated. Symmetri-
cal pulses were still able to generate an induced current inside
the superconducting coil, as shown in Fig. 6. As the number
of pulses increased, the current inside the FPC gradually in-
creased (Fig. 6(a)). In Fig. 6(b), it can be observed that the
magnetic field gradually increased after each pulse, indicat-
ing that the negative current generated within the FPC was
larger than the positive current. Similarly, using a symmet-
ric waveform with a pulse period of 10 s, the FPC successfully
trapped a magnetic field of about 2.74 mT after approximately
150 pulses (Fig. 6(c)). From Fig. 6(d), it can be seen that the
magnetic field exhibited asymmetry in its upward and down-
ward amplitudes during a cycle, indicating that the positive
current induced within the FPC was not symmetric in magni-
tude concerning the negative current.

Furthermore, the effects of the slow-rise steep-fall pulse,
steep-rise slow-fall pulse, and symmetric pulse on excitation
efficiency were compared. As shown in Figs. 7(a)-7(c), com-
paring the effect on the trapped flux of the FPC under 5-s,
10-s, and 20-s excitation periods, it can be observed that there
is no too obvious difference in the excitation efficiency of dif-
ferent pulses in a short time. Therefore, conventional theory
no longer applies in this context.

This phenomenon can be attributed to the fact that the
current induced by the background magnetic field in the FPC
exceeds the critical current under the magnetic field of the RE-
BCO tape, which induces a resistance in the superconducting
loop. The properties of REBCO tape can be described by the
power law of the V—I properties as follows:

R= V. (;) [lo=Vell VL, M
where R, represents the equivalent resistance, V. is the criti-
cal criterion, I. denotes the critical current, I, is the operat-
ing current, and »n is the n-index of the tape. According to
Eq. (1), for an FPC, the strength of the background magnetic
field exceeds the critical magnetic field of the coil at 77 K, re-
sulting in I, > I, and thus R. # 0. The presence of resistance

reduces the positive current, consequently making the nega-
tive current always larger than the positive current. We con-
sider that the asymmetry between positive and negative cur-
rents may be due to the different rates of increase of the re-
sistance from zero to a maximum value (background magnetic
field increasing phase) and decrease from a maximum value to
zero (background magnetic field decreasing phase). As a re-
sult, the final current direction aligns with the negative current
direction, meaning the magnetic field trapped by the FPC al-
ways corresponds to the magnetic field when the background
field initially increases. To further validate this conclusion,
an open-circuit experiment was conducted after removing the
FPC, and the results are shown in Fig. 8. When the excitation
current was set to 7 A, the induced magnetic field measured at
the center Hall sensor was approximately 52 mT, which may
exceed the critical magnetic field of the FPC, that is, the in-
duced current in the FPC may exceed the critical current of
the REBCO tape.

—— Magnetic field (mT)

Wi

00 1200 1800
Time (s)

4 A
3 A
2 A

m

2400 3000

7A
0o 6
Fig. 8. Magnetic field characteristics of the background field without
the FPC.
To determine the critical magnetic field of the coil, the
FPC was excited using an external DC power supply and PCS,
and the critical magnetic field of the FPC at 77 K was obtained

using the field decay method. The field-decay rate of the coil
can be described by

B, = Bye /L,

@

where B; is the induced magnetic field, By is the initial in-
duced magnetic field, ¢ is the time variable, and L is the self-
inductance of the coil. The critical field was approximately
50 mT, as shown in Fig. 9. When the background magnetic
field exceeds the critical field of the FPC, the presence of loop
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resistance causes the magnetic field to gradually decay. The
stable value of the decayed magnetic field can then be used
to determine the critical magnetic field of the coil. Based on
this experimental result, we consider that the current inside the
FPC only gradually accumulates when the background field
exceeds the critical field strength of the coil. Tests with smaller
pulse current amplitudes (5 A) showed that no significant in-
crease in magnetic field was observed in the FPC, regardless
of the number of pulses.

52.0
—— Magnetic field (mT)
51.5F

51.0F

50.5 M

50.01

o M bk ALk
TP T A Yo

49.51

Magnetic field (mT)

49.01
48.51

48.0 4000 6000 8000

Time (s)

0 2000

Fig. 9. The critical magnetic field of the FPC at 77 K, measured through
the magnetic field decay method.

4. Conclusion and perspectives

This study investigates the effects of multi-pulse magnetic
field excitation on the flux trapping behavior of an FPC. Fur-
thermore, the excitation efficiency when using three different
types of pulses for excitation is mainly related to the pulse
period and less correlated to the pulse shape. Based on the ex-
perimental results, it can be further speculated that when the
background field strength exceeds the critical field strength of
the FPC, a resistance is generated within the superconduct-
ing loop, resulting in a smaller induced positive current. As
a result, the negative current is always larger than the positive
current, and the final current direction aligns with the nega-
tive current direction, leading to the trapped field in the FPC
aligning with the background field.

The critical magnetic field of the FPC was determined to
be about 50 mT using the magnetic field decay method, in-
dicating that the net current inside the superconducting coil
gradually accumulates when the background magnetic field
exceeds the critical magnetic field of the FPC under the multi-
pulse magnetic field. This study provides theoretical and ex-
perimental support for the flux trapping behavior of joint-less
closed-loop superconducting coils under multi-pulse magnetic
field excitation.
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