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#*ASC2018 (Seattle, USA) (10.28-11.2)
“Influence of Inner Diameter and Height of Ring-
shaped REBaCuO Bulks on Trapped Field and
Mechanical Stress during Field-cooled
Magnetization”

*1SS2018 (Tsukuba) (12.12-14)
“Mechanical reinforcement of
REBaCuO bulk during field-cooled
magnetization to achieve higher trapped
field without fracture”
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2019 (R1)

*PASREG2019 (Prague, Czech) (8.27-30)

“A new mechanical reinforcement structure for
REBaCuO bulks during field-cooled
magnetization to achieve higher trapped fields
without fracture”

*EUCAS2019 (Glasgow, England) (9.1-5)
“A Hybrid Trapped Field Magnet Lens
(HTFML): concept and realization”

*1SS2019 (Kyoto) (12.3-5)

“A Hybrid Trapped Field Magnet Lens
(HTFML): concept and experimental

realization”

2020 (R2)
2021 (R3) | *PASREG (Shanghai, China: WEB) (11.11-13)
“A Hybrid Trapped Field Magnet Lens
(HTFML): concept and validation”

BE | 7 |FKe ARK-E bradiih A1 B ERM DR RER R RS
1990 | H2 | 34 |AMIKBHF 0 0 0
1991 H3 | 35 | BFXBF 0 0 0
1992 | H4 | 36 0 0 0
1993 | H5 | 37 BFXBKIE 1(hFH4) 1 1
1994 | H6 | 38 2(43YT 7T R) 1 0
1995 | H7 | 39 0 1 0
1996 | H8 | 40 3NH)— F4Y, FxO) 0 0
1997 | H9 | 41 1(F=RSYT) 0 0
1998 | H10 | 42 24BYT AXYR) 0 0
1999 | H11 | 43 2R —F2, D425 UK) 1 0
2000 | H12 | 44 0 2 0
2001 | H13 | 45 2 (FHAYH, AAR) 2 0
2002 | H14 | 46 2((R—5 K, Fx2) 2 1
2003 | H15 | 47 2(43)F .52 R) 2 0
2004 | H16 | 48 2(F=RLS)T. T AH) 1 1
2005 | H17 | 49 2(F—AR)T T A)H) 2 1
2006 | H18 | 50 | BEFE XK 0 1 0
2007 | H19 | 51 1(AF¥YR) 1 0
2008 | H20 | 52 1(ZA)H) 1 0
2009 | H21 | 53 2(F4Y, Fx1) 1 1
2010 | H22 | 54 1(7A)H) 1 0
2011 | H23 | 55 2(F524, Fx2) 0 0
2012 | H24 | 56 2(7AY)H, hE) 1 1
2013 | H25 | 57 2437, Fx12) 1 1
2014 | H26 | 58 2(FAND, hFTH) 1 1
2015 | H27 | 59 SAFYR ANF—, BE) 0 1
2016 | H28 | 60 1(ZA)H) 0 0
2017 | H29 | 61 1(F524) 1 0
2018 | H30 | 62 1(ZA)H) 1 0
2019 | R1_| 63 | M¥-FI%E 2 (Fxa, (X¥YR) 1 3
2020 | R2 | 64 0 0 0
2021 | R3 | 65 1(WEB) 4314: 0 2614: 1 1314:
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Low Temperature Thermal Diffusivity and Conductivity Measurements under an
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Synopsis:

A thermal diffusivity measuring system employing a closed cycle helium refrigerator was de-
veloped, which also enabled the thermal conductivity measurement under an identical experimen-
tal setup. The diffusivity was measured by a discretional heating method and the conductivity
was measured by a steady-state heat flow method. The errors and the accuracy in measurements
were evaluated by measuring the diffusivities of an austenitic stainless steel standard sample
(SRM 1460), a Pyrex glass (Corning #7740) and a high purity copper between 12 to 200K. The
diffusivity ranging from 10-% to 2cm?/s could be determined with an uncertainty of 3%. The

results agreed with the reported values within 10 %.
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Fig.2 The principle of determination of the ther-
mal diffusivity a. (a) the temperature changes
(Ty(t), To(t)) at the two measuring points
(P, Pyfor the stainless steel specimen (SRM
1460) at 150 K, after applying the current pulse
(9 mA, 5s). (b) the comparison of the mea-
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Fig.3 Dependence of the determined thermal
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Fig.4 Dependence of the determined thermal
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is fixed at 10s.

ROBALZEZH L TEL D& 3L UNTERIEREY
WECESL - ENHEHLNCH o7, DVM 04y fikE
HERBROBEEBEL T, ADER A SAr20iEE X
&, Ti(t) oL 3~5K L7223 X544
BRI TRIE LT,

3.2 RFrvLAEERE (SRM 1460) O RIEHER
Fig.5(a) k27 v v 2 BHERBOMGER ¢ &,
Fig. 5 (b) 2 BEBRE « OEBERFEEORIER R % 7
+, Fig.5(a) Hiziz, #riEE o NIST (2 & 2851EF
— H R FERER Lz, WEShiz#riBe i NIST
DEEF — & L LT 150K LIF T2 %, 150K
PETH 4 BN TREX CESh, Fig.5(0) ic
i, NIST kv #HEShor T v v 2 ZHERE O #

£ ' I %

_73_



200 rrro.jJjryrrryrororo oy
= Stainless steel (SRM 1460)

adod i s 2

3
£
9_ b
2150 b
£ L b
‘Z-. o
2100 k .
© o b
= . o
-] [ recommended o
S b data by NIST o
© 50t J
© 3 E
E o
s ]
£ ol 0 vy o101yl
0 50 100 150 200
Temperature (K)
(a)
0,3 13 L§ L) L) ' L] L L. I L} L} L] L ! T T L] ¥

Stainless steel (SRM 1460)

2

Thermal Diffusivity {cm “/sec)

©
O
T
1

01r recommended data =4
by NIST
O[ PR U S U TN NN SR T NN SN BN SR T S 1
0 100 200 300 400
Temperature (K}
(b)
0.5 7 L] L] L] , Ll T L) ¥ l L] L] 1 L l L) T L ¥
- Stainiess steel (SRM 1460) -
< 0.4
o
)
: 0.3
©
P L
I
o 02r
-g o
0.1
(% €. reported data
IR R U S N SO T TR T R S R

0 50 100 150 200
Temperature (K)

()
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Abstract

The trapped field B} = 5.20 T has been realized on the GdBaCuO bulk superconductor by a modified multi pulse technique combined
with a stepwise cooling (MMPSC), which surpassed the previous highest record of BY. = 4.47 T. At the first stage, a small amount of the
magnetic field ~1 T was trapped at the bulk center with a concave field distribution at a high starting temperature 7 ~ 45 K by the low
pulse field application B, ~ 4.5 T. Following the first stage, the higher field of B., ~ 6.7 T was applied at a lower T ~ 30 K at the second
stage. The concave trapped field profile over the bulk at the first stage and the optimization of the higher applied pulse field at the second

stage are key points to enhance Bt above 5 T.
© 2006 Elsevier B.V. All rights reserved.

PACS: 74.25.Bt; 74.80.Bj; 74.60.Ge

Keywords: Pulse field magnetizing; Temperature rise; Bulk superconductor; Trapped field

1. Introduction

The pulse field magnetizing (PFM) on high-T7, bulks has
been recently intensively investigated instead of the field
cooled magnetizing (FCM) because of the relatively com-
pact, inexpensive and mobile setup [1]. However, the
trapped field B} by PFM had been pretty smaller than that
attainable by FCM at low temperatures possibly due to the
large temperature rise AT by the dynamical motion of the
magnetic flux. The highest BS value ever reported had been
3.80 T on the SmBaCuO bulk at 30 K by an improved iter-
ative pulse field magnetization method with reduced ampli-
tude (IMRA) [2]. We have systematically measured the
time evolution of the temperature rise A7(¢) on the surface
of the cryo-cooled REBaCuO bulks during the PFM and

" Corresponding author. Tel./fax: +81 19 621 6363.
E-mail address: fujishiro@iwate-u.ac.jp (H. Fujishiro).

0921-4534/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.physc.2006.04.077

investigated the relation between AT and B$ [3-5]. The heat
generation results from both the pinning loss Q,, related to
the flux trapping and the viscous loss Q, related to the flux
movement. The successive pulses with the same strength
make the AT value decrease and the BY. value increase with
increasing number of the pulse application. The lowering
of the bulk starting temperature T is expected to result
in a higher B} due to the enhanced pinning force F,, but
it also brings about a larger AT due to an increase of Q,
and a decrease of the specific heat C(7). As a result,
B¥ at T, = 10 K was not enhanced contrary to our expecta-
tion [6]. Recently, we proposed a new PFM technique
named as a modified multi-pulse technique combined with
a stepwise cooling (MMPSC) [7]. This technique consists of
two stages; firstly, a small amount of magnetic field
(B% ~ 1 T)is trapped in the bulk center by applying a lower
field Bex(1) ~4.5T at a higher temperature T(1) ~ 45 K,
realizing a concave trapped field distribution over the bulk
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sample. Secondly, the bulk is cooled down to T(2) ~ 30 K
and the higher pulse fields of B (2) ~ 6.7 T are applied
twice. As a result, we obtained BY. = 4.47 T on the surface
of the GdBaCuO bulk, which was the highest record using
PFM technique at that time [8]. The reduction of AT due to
the already trapped flux at the first stage and the applica-
tion of the higher B.,(2) at the second stage are key points
to enhance B

In this paper, we inquire into this technique and report
the renewed highest BY value of 5.20 T by the MMPSC
technique. We elucidate the importance of the optimization
of Bex(2) at the second stage and investigate the effect of the
stainless steel ring set onto the bulk disk on the B} value.

2. Experimental

A highly c-axis oriented GdBaCuO bulk disk (45 mm in
diameter and 15 mm in thickness, Nippon Steel Co., Ltd.)
was used. The experimental setup around the bulk is shown
in the inset of Fig. 1(a). The stainless steel ring with 4 mm
in thickness and 15 mm in height was tightly set onto the
bulk disk using Apiezon-N grease in order to reduce AT
during PFM [8]. The bulk with the ring was stacked on
the soft-iron disk on the cold stage of the GM cycle helium
refrigerator and was magnetized using a solenoid-type
pulse coil dipped in liquid N, with a soft-iron cylinder
[7]. Three Hall sensors (F.W. Bell, model BHA 921) were

8 : ; .
- I(a) pulselNo. 1 (RLIJN-1) .
" T,=47K, B,,=4.80T —— 5,0
6 ’ yoke =
|:__‘ 5L ‘ bulk
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:i: 3 SUS ring
2
1
0 '
T T T T | T T T T
. (b) pulse No. 3 (RUN-1)
i T,=28K, B, =6.73T ]
6
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-
Q4
Iw
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Fig. 1. The applied field [p0H,(7)] and the local fields [By (C)(z), BL(C)(2),
By (E)(t)] for RUN-1 after applying the (a) pulse No. 1 and (b) pulse No. 3.

adhered to the position C (bulk center), M (8 mm distant
from the bulk center) and E (16 mm distant from the bulk
center) and the time evolutions of the local fields [ By (C)(?),
BL(C)(?) and B (E)(¢)] were monitored on a digital oscillo-
scope. The applied field poH,(?), of which the maximum
strength was defined as B.y, was monitored by the current
I(¢) flowing through the shunt resistor. The rising time of
the pulse field was 13 ms and the duration was ~80 ms.
The bulk temperature 7(¢) was measured at the position
T using a fine thermocouple.

3. Results and discussion

We have performed three MMPSC runs (RUN-1-
RUN-3). Table 1 summarizes the initial conditions [T
and B.,] and the results [T jhax, ATmax and B(C)] for each
run, where BY means By (1 — 00). For RUN-1, at the first
stage, the pulse field of B (1) =4.8 T was applied twice
(pulse No. 1 and No. 2) at T(1) =47 K. Then the bulk
was cooled down to Ty 2)~28K and the higher
Bex(2) ~ 6.7 T was applied twice at the second stage (pulse
No. 3 and No. 4). The highest BY = Br(C) = 5.20 T was
attained for the pulse No. 4. The first stage procedure of
RUN-2 and RUN-3 was performed under the similar con-
ditions to that of RUN-1 and, for the second stage, the
higher B.(2) (=7.01 T for RUN-2) and lower Be(2)
(=6.04 T for RUN-3) were applied in order to clarify the
importance of the strength of Be(2). In Table 1, the initial
conditions and the results using the same bulk without the
stainless steel ring are also shown as RUN-0, in which
BY = 4.47 T was obtained [7].

Figs. 1(a) and (b) show the time dependences of the
applied field poH,(¢) and the local fields [By(C)(?),
Br.(M)(1), BL(E)(#)] for RUN-I1 after applying the pulse
No. 1 and No. 3, respectively. By (E)(¢), BL(M)(¢), and
B (C)(¢) rise up in this order, take a maximum and then
slowly decrease to a final stable value. The maximum value
of BL(E)(¢) is 4.0 T but that of By (C)(¢) reaches only about
0.9 T. The maximum temperature rise ATy« (=18 K) takes
place, which may mainly come from the heat generation
due to the flux trapping. For the pulse No. 2, the maximum
of BL(E)(7) decreases to 2.9 T and AT, also decreases to
5K due to the already trapped fluxes which obstruct the
intrusion of the magnetic flux. B(C) shows a slight
increase to 1.10 T but the Br(M) and Br(E) are nearly
unchanged, both of which are higher than Br(C). For the
pulse No. 3 as shown in Fig. 1(b), the maximum of By (E)(¢)
remains at 4.2 T, while that of By (C)(¢) increases to 6.0 T
and BY = Br(C) survives at 5.12T. These results come
from the AT reduction due to the trapped fluxes during
the first stage and the small AT}, (=29 K) and low Tjax
(=57 K) prevent the escape of the magnetic fluxes from
the bulk. For the pulse No. 4, BY = B;(C) slightly increases
to 5.20 T.

Figs. 2(a) and (b) present the time evolution of the local
field By (7) as a function of the distance along the radius
direction on the bulk for the pulse No. 1 of RUN-1 for
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Table 1

The initial conditions [T}, Bex] and the results [Tiax, ATmax, final B$] of three MMPSC runs; the RUN-0 shows the previous results in which BY. =4.47 T

was attained [7]

Run First stage Second stage Final B
Pulse No.1 Pulse No. 2 Pulse No. 3 Pulse No. 4

RUN-1 Ty(Bey) 47K (4.80T) 47K (4.80T) 28K (6.73T) 28 K (6.56 T)

Tonax(ATomax) 65K (18 K) 52K (5K) 57K (29 K) 50K (22K) 520T
RUN-2 Ty(Bex) 47K (4.80T) 48K (4.94T) 27K (7.01T) 29K (6.72T)

T A max) 65K (18 K) 52K (4K) 59K (32K) 53K (24K) 3.02T
RUN-3 TyBey) 46K (4.52T) 46K (4.527T) 29K (6.04 T) 30K (6.87T)

Tonax(ATonax) 64K (18 K) 50K (4K) 49K (20 K) 52K (22K) 410T
RUN-0 T(Bey) 45K (4.54T) 48K (4.60T) 29K (6.72T) 29K (6.59T)

Tonax(ATomax) 62K (18K) 53K (5K) 58K (29 K) 53K (24K) 447T

T T T T T
(a) ascending
6 | (Pulse No.1)

T T T
(b) descending
| (Pulse No. 1)

1 1 1
10 15 20 25
r (mm)

|
0 5

Fig. 2. The time evolution of the local field By (¢) as a function of the distance along the radius direction for the pulse No. 1 of RUN-1 for the (a) ascending

and the (b) descending processes.

the ascending and descending processes, respectively, both
of which are reconstructed on the basis of Fig. 1(a). For the
ascending process, the flux intrusion starts to increase from
the periphery and the small amount of the fluxes arrives at
the bulk center. After the uoH,(¢) value takes a maximum
at t= 13 ms, the intruded fluxes gradually escape in the
region outer than r =10 mm but the local fields at posi-
tions C and E continue to increase slightly. If the Bt profile
is assumed to be symmetrical along the circumferential
direction, it should be noted that the By profile for the first
stage shows the concave and ““M-shaped” one. This Br dis-
tribution must be a key point to bring about the trapped
field higher than 5T at the second stage.

Figs. 3(a) and (b) show the similar By (¢) profile for the
pulse No. 3 (B =6.73T) of RUN-1 for the ascending
and descending processes, respectively. By (E)(¢) increases
but By (C)(¢) and By (M)(¢) hardly change for the ascending
process. For the descending process, however, By (C)(7)
sharply increases just after poH,(¢) takes a maximum and
Br(M)(?) also slightly increases and the conical trapped
field distribution with By (C) > BL(M) > BL(E) is obtained.

These behaviors suggest that the already trapped fluxes in
the first stage are pushed into the bulk center and that
the additional fluxes are supplied from the peripheral
region. The “M-shaped” profile in the first stage changes
to the “cone-shaped”’ one at T, ~ 30 K for the pulse No.
3 with By =6.73 T. It was pointed out in the previous
paper [9] that the height of the cone (=Br(C)) at the second
stage depends on the height of the edge in the “M-shaped”
profile; Br(E) should be higher and Bt(C) should be lower
at the first stage.

Figs. 4(a) and (b) present the time dependences of the
applied field and the local fields for RUN-2 and RUN-3
on applying the pulse No. 3, respectively. In RUN-2, where
B.x = 7.01 T of the pulse No. 3 is higher than that in RUN-
1, all the maximum values of local fields, especially
B (M)(1), increase. Then By (C)(¢) cannot maintain the
higher value and drastically decreases for > 60 ms by a
spontaneous flux jump. As a result, the trapped fields at
the positions C, M and E decrease to ~2 T and the large
heat generation should be the origin for the depression.
For RUN-3 shown in Fig. 4(b), where lower pulse field

_80_



H. Fujishiro et al. | Physica C 445-448 (2006) 334-338

337

7 T T T T T T T 1 L
(a) ascending 13 (b) descending /
6 | (Pulse No. 3) 9 | (Pulse No. 3) /16
8 \ F/ 8
5 . Y
6
c 4
= 5
= 3 A
2 s | .
1 2l A
A
. c M
oL | 1 ] | L ] | | ] |
0 5 10 15 20 25 0 5 10 15 20 25"
r(mm) r (mm)

Fig. 3. By(¢) as a function of the distance along the radius direction on the bulk for the pulse No. 3 of RUN-1 for the (a) ascending and the (b) descending

processes.
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Fig. 4. The time dependences of the applied field and the local fields for
(a) RUN-2 and (b) RUN-3 after applying the pulse No. 3.

of Bex =6.04 T was applied, the increase of the By (7) at
each position is small and the B(C) value attains only
3.6 T with a round shaped Bt distribution.

Finally we comment on the effect of the stainless steel
ring. Fig. 5 shows the time dependences of temperature
T(t) after the pulse No. 3 application of each run. For
RUN-1 to RUN-3, T{(¢) rises up, takes a maximum at

L e e e e S B e e
| pulse No.3 ]
60 -
50
3
-~
40
~—— RUN-1 (B,,=6.73T)
! ——&—— RUN-2 (7.01T)
30 g —+— RUN-3 (6.04T) -
®— RUN-0 (6.72T) (without SUS ring) | |
foTo ) S T EI S S S ST S S
0 5 10 15 20
Time (s)

Fig. 5. The time dependences of temperature 7(¢) at position T after the
pulse No. 3 application of each run.

t = 2 s and then slowly decreases. The local heat generation
and the large temperature rise must mainly occur in the
inner part of the bulk within the pulse duration 7 ~ 0.1 s,
but the temperature change is observable with a long time
delay determined by the thermal diffusivity. The maximum
temperature rise A7, increases with increasing By of the
pulse No. 3. 7(¢) of RUN-0 without stainless steel ring is
also shown in Fig. 5 for comparison. It is to be noticed that
1(¢) for RUN-0 is much different; 7(¢) slowly increases and
takes a maximum at ¢ ~ 7 s in spite of the identical ATy,
and T,,.x values to those in RUN-1. These results suggest
that the heat propagation changes owing to the metal ring
setting and, as a result, the B¥ is enhanced from 4.47 T to
520T.

In summary, we performed the MMPSC method on the
GdBaCuO bulk under several conditions and clarified what
are the important factors to enhance B} over 5T. At the
first stage in the MMPSC process, the “M-shaped”’ trapped
field profile should be realized on the bulk; Bp(C) at the
bulk center should be as low as ~1 T and the barrier height
Br1(E) at the periphery region must be enhanced to 2.5-3 T.

_81_



338 H. Fujishiro et al. | Physica C 445-448 (2006) 334-338

At the second stage at lower T, the optimum higher field
Bex, which is 6.7 T for this bulk, should be applied. The
BY value increased from 4.47 T to 5.20 T as a result of
the stainless steel ring setting onto the bulk disk. The
microscopic change in the heat propagation should take
place by the ring setting onto the bulk. The detailed study
is in progress.
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Abstract

A theoretical simulation of electromagnetic and thermal fields was performed for a cryocooled
superconducting bulk disc after applying a magnetic pulse. The results of the simulation
qualitatively reproduced the experimental ones for the time and applied field dependences of the
trapped field B; and the temperature 7" on the bulk surface. For magnetic pulse application with
arise time of T = 0.01 s, the magnetic flux propagation was about two orders of magnitude
faster than the heat propagation because of the low thermal conductivity of the bulk. The results
show that the intruding magnetic flux escaped because of the delayed temperature rise. For a
longer magnetic pulse application with T = 1 or 10 s, the flux propagation speed becomes slow
and approaches the heat propagation speed. In this case, the magnetic flux escape attributable to
the flux creep becomes small and a higher trapped field can be achieved. The method of
exploring the enhancement of the trapped field using pulsed field magnetization is discussed.

1. Introduction

Recently, pulsed field magnetization (PFM) for REBaCuO
bulk (RE: rare earth element or Y) has been investigated
intensively for practical applications as a substitute for
field-cooled magnetization (FCM) because PFM is an
inexpensive and mobile experimental set-up with no need for
a superconducting magnet. The trapped field B, achievable
by PFM is nonetheless lower than that achievable by FCM
because of the large temperature rise caused by the dynamical
motion of the magnetic flux. Several approaches have been
performed and have succeeded in enhancing B, including
an iteratively magnetizing pulsed field method with reducing
amplitude (IMRA) [1] and a multi-pulse technique with step-
wise cooling (MPSC) [2]. We have experimentally examined
the time and spatial dependences of the temperature 7' (¢, x),
local field B, (%, x), and the trapped field B, on the surface of
cryocooled REBaCuO bulks during PEM for various starting
temperatures T and applied fields B [3-5]. To enhance B,
it is believed that the reduction in temperature rise A7 and
the lowering of T; are effective because of the enhancement
of the critical current density J., similar to the case for FCM.
Considering the obtained experimental results, we proposed a

0953-2048/10/105021+08$30.00

new PFM technique named modified MPSC (MMPSC) [6] and
successfully realized a highest field trap of B, = 520 Ton a
245 mm GdBaCuO bulk at 30 K [7], which is a record-high
value by PFM to date. However, experimental research has
been limited. Results have shown little progress to explore the
enhancement of the trapped field using PFM. It is necessary
to use a theoretical simulation to elucidate the multi-physics in
the bulk during PFM.

Several studies of theoretical simulations for PFM have
been reported. Many of the studies were performed under
conditions in which the bulk was immersed in liquid nitrogen.
Simulations have been performed also for cryocooled bulks;
Kajikawa et al reported theoretical results of the MMPSC
method, in which the experimental results were reproduced
qualitatively through the simulation [8]. Komi et al reported
magnetic and thermal fields during PFM in a cryocooled
bulk with inhomogeneous superconducting properties [9]. We
investigated heat propagation in drilled holes in the bulk both
experimentally [10] and theoretically [11]. The results suggest
that the heat generation took place adiabatically because of
its greater heat generation than the cooling power of the
refrigerator.

As described in this paper, we constructed the framework
of the theoretical simulation in the superconducting bulk with

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Structure and dimensions around the bulk and solenoid
copper coil for pulsed field magnetization (PFEM). The 1 mm thick
spacing plate with thermal conductivity of k.o, Was placed between
the bulk and the cold stage of the refrigerator, which imaginarily
represents the cooling power of the refrigerator and the thermal
contact of the bulk on the cold stage.

homogeneous superconducting properties after a magnetic
pulse application using the finite element method (FEM). We
reproduced the experimental results using the simulation. We
also investigated the effect of a magnetic pulse application with
alonger rise time of T = 1 or 10 s on the B,(¢) and 7 (¢) values
than those using a magnetic pulse with t = 0.01 s, which
was used experimentally because the long pulse application
enhanced the trapped field experimentally [12]. The direction
to explore the enhancement of the trapped field by PFM is
discussed herein.

2. Modelling and theoretical simulation

Based on our experimental set-up around the bulk [5], the
framework of the theoretical simulation was constructed. A
schematic view is presented in figure 1. A superconducting
bulk disc of 46 mm diameter and 15 mm thickness was stacked
on the cold stage of a refrigerator in a vacuum chamber and
cooled to the starting temperature 7, = 40 K. We set the
spacing plate with thermal conductivity k.o between the bulk
and the cold stage to 1 mm thickness, which imaginarily
represents both the cooling power of the refrigerator and the
thermal contact. Then k.on Was set as 0.5 W mK~! based
on the experimental results of 7'(#) on the bulk surface [6].
In the simulation, the bulk was magnetized using a solenoid-
type copper coil (82 mm LD., 116 mm O.D., and 50 mm
height).  Physical phenomena during PFM are described
using electromagnetic and thermal fields. The equations and
parameters were taken from [9]. Commercial software, Photo-
Eddy, combined with Photo-Thermo (Photon Ltd, Japan),
was used for analyses of the magnetic field and temperature
distribution in superconducting bulk during PEM.

Their fundamental equations on
coordinate are as follows.

A CATAYRY B (P DY SPIO
— | ——(r —lv—) =
ar | r or a9z 0z 0

CBT 10 oT n d T Lo @
— = —— | rkgp— — | ke— .
at ror b ar 0z 9z

Therein, A represents the magnetic vector potential, Jy is the
forced current density or coil current density, J denotes the
superconducting current density or induced current density,
and Q signifies the heat generation. In equation (2), T
denotes the temperature, C is the specific heat, and «,, and
k. respectively denote the thermal conductivity in the ab-plane
and along the c-axis.
The J value is given as

the axisymmetric

0A
J=0FE=—-0—, 3)
ot
where E is the electric field and o is the electrical
conductivity. Then FEM analysis of the coupled problem with
electromagnetic field and heat diffusion was performed.
The power-n model was used to describe the nonlinear E—
J characteristic in superconducting bulk, as

J n
e

where J. is the critical current density and E. is the reference
electric field. The magnetic field dependence of the J,o was
described using the Kim model [13] as

By

Jo=Joo—,
c cO|B|+BO

(5)
where Jy is J; for B = 0 and By is constant. The temperature
dependence of J is described by the following equation,

o)
Jcoza{l—(i)] , ©)

where T is the critical temperature (=92 K) at B = 0 and
« is constant. Heat generation Q in the conductor is given as
Q = JE. Iterative calculations were performed to obtain the
convergence of o in the superconductor at each time step.

The applied pulsed field Be(¢) with the rise time of T =
0.01 s was approximated in the following equation:

t t
Bey(1) = Bex— exp (1 - —) : )

T

The numerical values for the parameters used in the simulation
are presented in table 1. The k4, k. and C values were
presumed to be temperature-independent for simplicity.

3. Example of experimental results

Let us show an example of the experimental results of the
trapped field on the bulk magnetized by PFM. Figure 2(a)
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Figure 2. Example of experimental results for the trapped field on the GdBaCuO bulk magnetized by PEM [4]. (a) Trapped field B,(r = 0) at
the centre of the bulk at various starting temperatures 7 after applying a pulsed field B.x with a rise time of T = 0.01 s. (b) Cross-section of
the B, profiles for various applied pulsed fields B at 7, = 70 K. In the inset, an example of the two-dimensional B, profile is shown for

B =2.66T.

Table 1. Numerical values for parameters used in the simulation.

Symbol  Parameter Value

T. Transition temperature in 92 K
equation (6)

o Mass density of bulk in 5.9 x 10°kgm™
equation (2)

C Specific heat of bulk in 1.32 x 10 Jkg™' K™!
equation (2)

Kab Thermal conductivity of 20 W mK™!
bulk along the ab-plane in
equation (2)

Ke Thermal conductivity of 4 W mK™!

bulk along the c-axis in
equation (2)

n n-value in equation (4) 8
E. Constant in equation (4) 1x107°Vm!
By Constant in equation (5) 13T
o Constant in equation (6) 0.23-1.83 x 10° Am™2
o Electrical conductivity 1x10°Scm™
(T > T.) in equation (3)
T Rise time of the pulse in 0.01,1,10s
equation (7)
Keont Thermal conductivity of 0.5 W mK™!

spacing plate

shows the trapped field B,(r = 0) at the centre of
the GdBaCuO bulk (45 mm in diameter and 18 mm in
thickness) after applying a pulsed field B at various starting
temperatures Ty [4]. The rise time t of the pulsed field was
0.01 s. B,(r = 0) at Ty = 70 K starts to increase for Bex >
2.7 T, takes a maximum at B.y = 4.4 T and then decreases
with increasing Bex. For lower Ty, the applied field, at which
the magnetic flux starts to be trapped at the bulk centre, and
the peak of the B,(r = 0) value increase with decreasing T
because of the enhancement of the critical current density J..
Figure 2(b) presents a vertical cross-section of the B, (r)
profiles after applying a pulsed field at 7, = 70 K [4]. In

the inset, an example of the two-dimensional B profile is
shown for Bex = 2.66 T. The trapped field profile changes
from a concave shape for Bex < 3.84 T to a convex shape
for Bex > 4.52 T. For lower T; = 40 K, similar changes of
the B, profile were observed as a function of Bex (not shown).
However, B,(r = 0) at the bulk centre was small, even if a
pulsed field with identical strength was applied as that at 70 K.
The maximum B, (r = 0) increases to 1.8 T for Bex = 6.29 T,
but the convex profile cannot be realized because of the strong
pinning force at low temperatures.

4. Results of simulation and discussion

4.1. Applied field dependence of trapped field

Figure 3(a) depicts the results of the simulation of the trapped
field B, (r = 0) at the centre of the bulk surface as a function of
the applied field Bex for various « values in equation (6). The
Joo values at 40 K for o = 1.83 x 10, 9.2 x 108, 4.6 x 108
and 2.3 x 108 are, respectively, J.,o = 1.33 x 10°, 6.6 x 108,
3.3 x 108 and 1.6 x 108 A m~2. The Jy values for a typical
superconducting bulk are, respectively, 2-3 x 10° A m~2 at
40 K and 1-2 x 108 Am~2 at 77 K [14]. Therefore, « =
1.83 x 10° is a typical value of the bulk at 40 K. In all
cases, the B,(r = 0) starts to increase concomitantly with
increasing applied pulsed field B, becomes maximum and
then decreases with a further increase in Be. The critical
applied field Becx, at which the magnetic flux starts to trap at
the bulk centre, increases concomitantly with increasing o.
The results presented in figure 3(a) can also be interpreted as
the 7 dependence of B,(r = 0) for various B for the bulk
with constant «, which is consistent with the experimental
results shown in figure 2(a). Although the trapped field B¢
achieved by FCM increases concomitantly with increasing
Je, the trapped field B, achieved by PFM is not necessarily
enhanced for higher J. because of the large temperature rise,
as described in section 4.2.
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Figure 3. (a) Results of simulation of applied field dependence of the trapped field B, at the bulk centre (r = 0) for various « values
(T; = 40 K). The inset shows the time dependence of the normalized magnetic pulse. Arrows indicate the critical applied field BS, for each o
value (see the text). (b) Cross-section of the trapped field profiles for & = 4.6 x 10% at T, = 40 K as a function of B, (s1mulat10n)

In the simulation, the maximum temperature 7y, (r = 0)
at the centre of the bulk surface increased concomitantly with
increasing B.x, which was independent of the o value. These
results suggest that the generated heat was determined by the
strength of Be and that the temperature rises adiabatically
because of the smaller heat transfer to the cold stage. The
result reproduces the experimental results, in which Tj,,x for
the YBaCuO bulk with a lower pinning force is nearly the same
as that for the GdBaCuO bulk with a higher pinning force [5].

Figure 3(b) presents a cross-section of the trapped field
B.(r) profile for « = 4.6 x 108 for various applied fields Bey.
The positions of r = 0 and 23 mm are, respectively, the centre
and edge on the bulk surface. The B,(r) profile changes from
concave for lower Be to convex for higher Bex and then the
B, (r = 0) value decreases with further increases in Bex. These
behaviours are apparent for each « value and are consistent
with the experimental ones as shown in figure 2(b). In this
way, the results of the numerical simulation reproduced the
experimental ones qualitatively.

4.2. Time dependence of local field and temperature

Figures 4(a) and (b) respectively show the time evolution and
spatial distribution of the local magnetic field B,(¢,r) and
the temperature 7'(¢,r) on the bulk surface after applying a
pulsed field of By = 6 T for @ = 4.6 x 108 (Jo =
3.3 x 108 Am~2). The left and right parts of each figure
respectively show ascending (¢ < 0.01 s) and descending
(t > 0.01 s) stages. For the ascending stage, the magnetic
flux intrudes gradually into the bulk from the bulk periphery
and the magnetic gradient increases with approach to the bulk
centre at + = 0.01 s. It should be noted that the magnetic
flux concentration took place outside the bulk because of the
diamagnetism of superconducting bulk, and that a magnetic
field of 6.8 T was applied along the z-axis at r = 23 mm. For
the descending stage (r > 0.01 s), the magnetic field decreased
gradually at the outer region with increasing time. On the other
hand, the local field near the bulk centre increases to 3 T at

t = 0.1 s and then decreases gradually to B, = 1.7 T at the
steady state.

In figure 4(b), the temperature 7 (¢) at the bulk periphery
increases gradually with time at the ascending stage, e.g. T =
78 K at t = 0.01 s. However, the temperature for » = 0
remains as 40 K. At the descending stage, the generated heat
diffuses to the bulk centre gradually. In line with the isothermal
temperature profile along the r-direction at t+ = 5 s, the
temperature decreases concomitantly with increasing time. In
this case, a temperature gradient exists along the z-direction
because the bottom of the spacing plate was fixed at 40 K.

Figures 5(a) and (b) show the time dependence of local
fields B(r, t) and the temperatures 7 (r,t) at r = 0, 10 and
20 mm on the bulk surface, respectively, which were re-plotted
from figure 4. The time dependence of the magnetic pulse
B (1) is also shown. In figure 5(a), the local field B, (¢) near
the bulk periphery starts to increase rapidly; it then decreases.
On the other hand, B, (¢) at the inner position rises with a time
lag, decreases gradually, and approaches the final value for
t>10s.

In figure 5(b), the temperature 7'(¢#) near the bulk
periphery starts to rise rapidly. It then decreases. The time
at which the temperature starts to rise becomes delayed at
the inner measuring position. At the bulk centre (r = 0),
T (t) takes a maximum at t+ = 7 s and is independent of the
measuring position. It is noteworthy that the time at which
B.(t) becomes maximum is about two orders of magnitude
faster than the time at which T (¢) reaches its maximum value.
These results are attributable to the lower thermal conductivity
of the bulk and smaller heat transfer to the cold stage. After
B, (t) reaches its maximum value, 7 () becomes maximum.
As aresult, the local field decreases because of the flux creep.
Fort > 7 s, B;(t) becomes constant because the temperature
decreases.

Figures 6(a) and (b) respectively show a simulation of the
time dependence of the local field B,(¢) and temperature 7 (¢)
at the centre of the bulk surface (a = 4.6 x 10®) after applying
pulsed fields of Bex = 5, 6 and 8 T. The peak height of B,(¢)
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Figure 5. Time dependence of (a) the local field B,(¢) and (b) the temperature 7'(¢) for » = 0, 10 and 20 mm on the bulk surface after

applying a pulsed field of B, = 6 T (¢ = 4.6 x 108).

increases concomitantly with increasing B.x. However, the
time at which B_(¢) takes a maximum value is about 0.05 s; it
is independent of Be. In fact, B, (¢) approaches the final value
for + > 10 s. The temperature 7'(¢) increases and reaches its
peak at about 7 s, which is independent of B.x. The peak height
of T (¢) increases with increasing Bey.

The results of the simulation shown in figures 5 and 6
well reproduce the experimental results reported in previous
papers [4, 5]. It is noteworthy that the simulation model used
for this study can qualitatively demonstrate B.(¢) and 7'(¢) in
the bulk. However, some differences from the experimental
results do exist. In the experiments at 7y = 40 K, the magnetic
flux started to intrude and trap from 3 T at the centre of the
bulk with 45 mm diameter and 15 mm thickness, which was as
high-performance as o = 1.83 x 10° [4]. In existing bulks,

an inhomogeneous J. distribution exists, which arises from
the crystal growth mechanism. The magnetic flux intrudes
through the lower J; paths and traps them inhomogeneously.
The numerical simulation must be performed for the bulk with
an inhomogeneous J. distribution.

4.3. Application of long magnetic pulse

An extremely useful PFM technique is zero-field cooling
(ZFC), of which the ascending and descending periods are
of the order of 100-1000 s. Considering the Bean model,
a magnetic field resembling that by FCM can be trapped by
ZFC after a magnetic field twice as high as that for FCM
is applied. We have reported that a trapped field B, can be
enhanced using a longer ascending magnetic pulse [12]. In
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trapped field profiles for T = 10 s as a function of applied pulsed field By (o = 1.83 x 10%).

section 4.2, we presented a simulation for the bulk with lower
Jo (@ = 4.6 x 10%; Jo = 3.3 x 103 Am~2 at 40 K) using a
pulsed field with a rise time of T = 0.01 s. In this subsection,
we present a simulation of B, on the bulk with higher J.
(@ = 1.83 x 10%; Joo = 1.33 x 10° Am~2 at 40 K) using
a longer magnetic pulse field. We discuss the origin of the
B, enhancement using a longer pulsed field and discuss the
direction for the B, enhancement using PFM.

Figure 7(a) presents the calculated trapped field B,(r = 0)
on the bulk surface (o« = 1.83 x 10°) as a function of an applied
field Bex with a rise time of T = 1 and 10 s. The results for
v = 0.01 s are also shown. With increasing rise time 7, the
maximum trapped field B.(r = 0) increases concomitantly
with increasing 7. In addition, the applied field BS, at which
the magnetic flux starts to be trapped at the bulk centre,
decreases. For example, for T = 10 s, B,(r = 0) reaches
4.3 T and BS decreases to 5 T. Figure 7(b) shows a typical
cross-section of the trapped field profiles for t = 10 s. The
B (r) profile changes from concave to convex with increasing
B« and maintains a higher B, value. It is noteworthy that the
B (r = 0) value is enhanced for the longer t values.

Figures 8(a) and (b) show the time evolution of local field
B.(t) and temperature 7 (¢) at the centre of the bulk surface
(o = 1.83 x 10%) after applying a pulsed field of B,x = 8 T
with T = 1 and 10 s, respectively. In both figures, the time % at
which 7 (¢)(r = 0) peaks is about 10 s, which is independent
of the © value because the thermal conductivity (kup, k.) of
the bulk and that of the spacing plate (kqon) are fixed. On the
other hand, the time tg, at which B, (t)(r = 0) peaks, increases
concomitantly with increasing t. In fact, tg were, respectively
4sand 15 s for r = 1 and 10 s. For a longer pulse application,
1} increases and approaches % = 10's. For t = 1 s presented
in figure 8(a), B.(t) decreases and saturates for ¢+ > 10 s,
at which T (¢) decreases concomitantly with increasing time.
The results show that the flux creep was suppressed and that
a large amount of the magnetic flux remained near the bulk
centre. For T = 10 s presented in figure 8(b), ¢5 is nearly
equal to t;; their similar behaviour is visible. This scenario
is the main reason why the higher field was trapped for the
long magnetic pulse application. In this regard, the long
pulse application is effective for trapping a higher magnetic
field. To realize a longer magnetic pulse experimentally, it is
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Figure 9. Time dependence of (a) the local field B.(¢)(r = 0) and (b) the temperature 7 (¢)(r = 0) for a pulsed magnetic field of B,x =9 T
with 7 = 0.01 s for various thermal conductivities (K,p, ke, Keont) (@ = 1.83 x 10°). (c) Trapped field profiles for respective conditions.

necessary to use a condenser bank to store a large amount of  4.4. Effect of thermal conductivity enhancement on the
electrical energy. However, using such a device is unrealistic ~ trapped field

for practical applications at present because such condenser As explained in section 4.3, a long pulsed field application
banks are prohibitively expensive. is a possible solution to realize a large B, value. However,
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it is difficult to prepare a large condenser bank for a longer
magnetic pulse. Using a simulation in which we can investigate
an unrealistic case, exploration was performed to enhance B,
using a conventional condenser bank with 7 = 0.01 s. To
enhance the B, value, the time difference between t5 and £
should be minimized. In this subsection, the effects of the
thermal conductivity enhancement of the bulk and the spacing
plate on the trapped field B, are discussed.

Figures 9(a) and (b) respectively show the time evolution
of a local field B,(¢) and temperature 7'(¢) for the bulk with
various thermal conductivities of the bulk (x5, x.) and the
spacing plate (kcon) after applying a pulsed field of Bex =
9 T at 40 K. Figure 9(c) presents the trapped field profiles
for each condition. For a real condition with k,, = 20,
ke = 4 and keopy = 0.5 W mK™!, the trapped field profile
is shown as concave. When k.o increases to 1000 times
(Keomt = 500 W mK™1), the trapped field does not change,
although the temperature increase was reduced for r > 10 s.
When the thermal conductivity increases to 100 times (k,, =
2000, k. = 400 W mK™"), the generated heat diffuses over
the bulk. However, the trapped field is convex but remains
small because of the smaller heat transfer to the cold stage.
When the thermal conductivities of both the bulk and the
spacing plate increase, trapped field enhancement is predicted
because the time delay between B, (¢) and T (¢) becomes small.
These results suggest that similar phenomena took place for
applying a pulsed field with T = 0.01 s to those for the long
pulse application (r = 10 s). However, the enhancement
of the thermal conductivity for the Ag-doped bulk is as low
as 10-20% [15] and enhancement of the contact thermal
conductivity, i.e. enhancement of k.ne cannot be realized in
actual experimental set-ups.

5. Summary

A theoretical simulation of electromagnetic and thermal fields
has been performed for a cryocooled superconducting bulk disc
with homogeneous superconducting properties after applying a
magnetic pulse. Important simulation results and conclusions
obtained from this study are summarized as follows.

(1) Simulation results for bulks with various critical current
densities J.o qualitatively reproduced experimental results
such as time and applied field dependences of the trapped
field B, (¢, r) and the temperature rise 7 (¢, r) on the bulk
surface.

(2) For arise time t = 0.01 s of the magnetic pulse, which
is an ordinary experimental condition, the magnetic flux
propagation is about two orders of magnitude faster than
the heat propagation at the bulk centre because of the
low thermal conductivity in the bulk. Consequently, the

intruding magnetic flux escapes by the flux creep because
of the delayed temperature rise.

(3) A magnetic pulse application as long as T = 1 or 10 s,
which enhanced the trapped field experimentally, reduces
the speed of the magnetic flux propagation. Then the
difference in the propagation speed between magnetic flux
and temperature becomes small. The results show that the
influence on the flux creep becomes slight and the trapped
field maintains a higher value. A long magnetic pulse
application during PFM is a possible solution to enhance
the trapped field.

(4) Based on analyses of long pulse application, we can
enhance the trapped field for short pulse application
through enhancement of bulk thermal conductivity and
cooling power, which are two or three orders of magnitude
higher than those of the real system. However, that
simulation is unrealistic. Using numerical simulation, we
must explore another direction to enhance the trapped
field such as a multi-pulse technique for a bulk with an
inhomogeneous J, distribution.

References

[1] YanagiY, Itoh Y, Yoshikawa M, Oka T, Hosokawa T,
Ishihara H, Ikuta H and Mizutani U 2000 Advances in
Superconductivity vol 12 (Tokyo: Springer) p 470
[2] Sander M, Sutter U, Koch R and Klaser M 2000 Supercond.
Sci. Technol. 13 841
[3] Fujishiro H, Oka T, Yokoyama K, Kaneyama M and
Noto K 2004 IEEE Trans. Appl. Supercond. 14 1054
[4] Fujishiro H, Hiyama T, Miura T, Naito T, Nariki S, Sakai N and
Hirabayashi I 2009 IEEE Trans. Appl. Supercond. 19 3545
[5] Fujishiro H, Hiyama T, Tateiwa T, Yanagi Y and Oka T 2007
Physica C 463-465 394
[6] Fujishiro H, Kaneyama M, Tateiwa T and Oka T 2003 Japan. J.
Appl. Phys. 44 L1221
[7] Fujishiro H, Tateiwa T, Fujiwara A, Oka T and Hayashi H 2006
Physica C 445-448 334
[8] Kajikawa K, Yokoo R, Tomachi K, Enpuku K, Funaki K,
Hayashi H and Fujishiro H 2008 Physica C 468 1494
[9] Komi Y, Sekino M and Ohsaki H 2009 Physica C 469 1262
[10] Fujishiro H, Naito T, Furuta D and Kakehata K 2010 Physica C
470 1181
[11] Fujishiro H, Kawaguchi S, Kaneyama M, Fujiwara A,
Tateiwa T and Oka T 2006 Supercond. Sci. Technol.
19 S540
[12] Fujishiro H, Kaneyama M, Yokoyama K, Oka T and
Noto K 2005 Japan. J. Appl. Phys. 44 4919
[13] Kim Y B, Hempstead C F and Stand A R 1965 Phys. Rev.
139 A1163
[14] Ishii Y, Shimoyama J, Ogino H and Kishio K 2009 J. Cryog.
Soc. Japan 44 573
[15] Fujishiro H and Kohayashi S 2002 [EEE Trans. Appl.
Supercond. 12 1124

_91_



4. (A-41) H. Fujishiro, T. Naito, S. Ogawa, K. Nitta, J. Hejtmanek, K. Knizek and Z.

Jirak,
“Valence shift of Pr ion from 3+ to 4+ in (PriyYy)0.7Ca03Co003 estimated by X-ray

absorption spectroscopy”,
J. Phys. Soc. Jpn. 81 (2012) 064709 (5 pages) (No. 189 paper)

_92_



CrossMark

J. Phys. Soc. Jpn. Downloaded from journals.jps.jp by on 06/06/17

Journal of the Physical Society of Japan 81 (2012) 064709

FuLL PAPERS

DOI: 10.1143/JPSJ.81.064709

Valence Shift of Pr Ion from 3+ to 44 in (Pr;_,Y,)y.7Cay.3C003
Estimated by X-Ray Absorption Spectroscopy

Hiroyuki Funshiro®, Tomoyuki Naito, Satoru Ocawa, Naoki YOSHIDA,
Kiyofumi Nirta!, Jiri HertMANEK?, Karel KNiZek?, and Zdenek JIRAK?

Faculty of Engineering, Iwate University, Morioka 020-8551, Japan
Japan Synchrotron Radiation Research Institute, Sayo, Hyogo 679-5198, Japan
2Institute of Physics, ASCR, Cukrovarnickd 10, 162 00 Prague 6, Czech Republic

(Received January 12, 2012; accepted April 2, 2012; published online May 17, 2012)

The temperature dependence of the X-ray absorption near-edge structure (XANES) spectra at the Pr L3 edge was
measured for the (Pri_,Y,)97Cag3Co0; samples (y = 0.075 and 0.15), in which a peculiar metal—insulator (MI)
transition and a spin-state (SS) transition took place simultaneously at a critical temperature Tyy;. The valence states of
praseodymium ion were determined using the analyses of XANES spectra. The results suggest that the average valence
of the praseodymium ion increases below room temperature from the common value 3.0+, undergoes a steepest
change at Ty, and reaches finally 3.15+ and 3.27+ at 8K for the y = 0.075 and 0.15 samples, respectively. The final
valences are consistent with those estimated by the entropy change using the Schottky peak due to the Pr** Kramers
doublet in the low-temperature specific heat shown in our previous paper [Phys. Rev. B 82 (2010) 165107].

KEYWORDS: Pr-Ca—-Co-O, XANES, Pr valence shift, metal-insulator transition

1. Introduction

The undoped perovskite cobaltites RECoO3; (RE: rare-
earth element and Y) show a temperature-induced spin-state
(SS) transition of Co>* ions from a low spin state (LS; tggeg)
to a high spin state (HS; t‘z‘geg), followed by the formation
of the metallic state of the intermediate spin state (IS; zggo*)
at higher temperatures.” The transition indicates a small
difference in the electronic energy §E between the crystal-
field splitting and Hund’s coupling energy.>® The doped
systems with a mixed Co**/Co** valence generally show a
stable metallic state, but a first-order metal—insulator (MI)
transition was observed on cooling some Pr-based cobaltites,
reported for the first time in PrysCagsCoO; at Tyy = 90K
under ambient pressure by Tsubouchi and coworkers.*> The
electronic structure of this system was investigated by
photoemission spectroscopy soon after the first report,
revealing that the electronic structure changes at Tyy.®) The
mechanism of the transition was tentatively ascribed to a
spin-state crossover from itinerant cobalt states 13,6* to an
ordered mixture of localized LS Co** (tggeg, S =0)and LS
Co*t (tggeg, S = 1/2) states. Shortly thereafter, the existence
of Co’*/Co*t ordering was questioned since the same
transition was evidenced in the less doped samples Pr;_,Ca,-
CoO3 (x = 0.3) under high pressures,” or in (Pri_,RE,)|_,-
Ca,Co0Os3 (0.2 < x < 0.5) with a partial substitution of Pr by
smaller RE cations or Y under ambient pressure.®” Tt has
been found that MI transition accompanied by SS transition is
conditioned not only by the presence of praseodymium ions,
but also by a suitable structural distortion that depends on the
average ionic radius and size mismatch of perovskite A-site
jons.” Furthermore, the critical temperature Ty changes
depending on the applied magnetic field, so that Tyq
decreases with increasing magnetic field and the metallic
state is finally stabilized.!®') The applied field effect is thus
opposite to the pressure dependence of Ty, where Ty
increases with increasing applied pressure.”

*E-mail: fujishiro@iwate-u.ac.jp
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An alternative explanation has been proposed by Knizek
et al. on the basis of electronic-structure calculations and
some experimental data for ProsCapsCoOs; such as the
significant lattice contraction and decrease in Pr—O bond
lengths that accompany MI transition.'? It is suggested, in
their paper, that the formal cobalt valence changes below
Ty from mixed-valence Co®>* toward pure Co’* with
strong preference for the LS state, and that the praseody-
mium valence increases simultaneously from Pr’* toward
Pr**. The SS transition and formation of an insulating state
are thus an analogy of the compositional transition from
the ferromagnetic metal LagsSry5CoOs to the diamagnetic
insulator LaCo0;.'>'¥

The idea of praseodymium valence shift was experimen-
tally confirmed in a study of the transport, magnetic, and
thermal properties of (Pri_,Y,)o.7Cag3Co0O3 (y = 0-0.15)
by Hejtmanek er al.'> The crucial finding is the occurrence
of a Schottky peak at a low-temperature specific heat, which
results from a significant population of Kramers Pr** ions.
Very recently, the valence transition of Pr has been probed in
Pry5Cay5Co0;3 using Pr L3 and M, s edge X-ray absorption
spectroscopy (XAS) by Garcia-Munoz et al.'® They esti-
mated that the valence of Pr ion shifted from 3.0+ to 3.15+
at 10 K. This seems to be a rather modest change in view of
the above-mentioned theoretical predictions and specific-
heat measurements in related (Pr_,Y,)o.7Cag3CoOs3.

In this work, we applied a similar XAS spectroscopy to
the analysis of (Pr;_,Y,)o7Cag3Co03 (y = 0.075 and 0.15),
the same samples as those used previously in the study of a
low-temperature specific heat.!” A detailed temperature
dependence of the XANES spectra around the Pr L3 edge
was measured using the bulk sensitive transmission method,
and population of the Pr** state was derived from the
spectra. In the calculation of average Pr valences, the
detected Pr*t ions are taken as formally tetravalent,
although their electronic state is in fact a combination of
the ionic 4f! and oxygen-hole 4f2L configurations, making
the number of 4f electrons a non-integer. The Pr3* ions are
essentially in an ionic 42 electron configuration.

©2012 The Physical Society of Japan
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2. Experimental Procedure

Polycrystalline (Pri_,Y,)9.7Cag3Co03 (y =0, 0.075, and
0.15) samples were prepared by a solid-state reaction. The
detailed sample preparation procedures were described
elsewhere.!” For the XANES measurements, some of the
samples were pulverized, mixed with 3N boron nitride
(BN) powder with proper molar ratios in order to optimize
absorption, and pelletized to be 6 mm in diameter and
0.5mm in thickness.

The Pr Ls-edge XANES spectra of the samples were
measured at BLO1B1 of SPring-8 in Japan. The beam was
monochromatized using a Si(111) double-crystal monochro-
mator. The spectra were recorded in the transmission mode
with the detectors of the ionization chambers and obtained at
various temperatures from 8 to 300 K using a cryocooler.
The valence of all the Pr ions was supposed to be 3.0+ for
the samples at 300K. This is a justified assumption for
T > Tw, also supported by the oxygen stoichiometry of the
present samples fabricated under the ambient pressure, in
contrast to common problem of oxygen deficiency in the
prototypical Prgs5CagsCoO3 system.g) To determine the
mixed Pr3* /Pr*t content at low temperatures, a comparative
measurement of PrgO; was carried out.

The recorded XANES spectra were modeled by the sum
of three Lorentzian functions and one arctangent function
representing the step like edge of continuum excitations.
One Lorentzian function (peak A: 5966eV) shows an
excitation from 2p3, to 4f?54*, which represents Pr3* ions.
The other Lorentzian functions (peak B2: 5969eV and
peak B1: 5979eV) show the excitations from 2ps3,, to
4f2L5d* and 4f'5d*, L being a ligand hole in the O 2p
orbital, both of which represent Pr*+ ions.!”!® The energy
differences between peaks A, B2, and Bl were fixed
according to results of Hu er al.'” The curve fittings were
performed in the energy range from 5944 to 5985eV using
Athena software.2?

3. Results and Discussion

3.1 Physical properties

The electrical resistivities and specific heats of the
(Pri_,Y,)0.7Cag3Co00;3 samples for y = 0.075 and 0.15 are
presented in Figs. 1 and 2. (More detailed physical proper-
ties of the samples are reported in ref. 15.) The y =0
sample, which is metallic over the entire temperature range,
is also shown for comparison. For the Y-substituted samples,
the resistivity exhibits a sharp jump below the transition
temperatures of Tyy = 64 and 132K for y = 0.075 and 0.15,
respectively, and increases further with decreasing tempera-
ture, pointing to a localized character of the low-temperature
phase. Note that magnetic susceptibility drops markedly at
the same temperature, which is a strong sign that cobalt ions
transform to LS states below Typ.'” MI transition was
further manifested by a pronounced peak in the specific
heat, as shown in Fig. 2(a). The transitions in the resistivity
and specific heat of the y = 0.075 sample are very sharp,
suggesting a first-order character, while those for the
y = 0.15 sample are much broader.

The low-temperature specific heat of the samples is shown
in the C,/T vs T plot in Fig. 2(b), in which the lattice and
linear electronic terms of C, as well as the nuclear heat
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Fig. 2. (Color online) (a) Temperature dependence of the specific heat

of (Pri_,Y,)y.7Cap3Co03 (y =0, 0.075 and 0.15).'9 (b) Low-temperature
specific heat shown in the Cschouky/T vs T plot. The lattice and linear
electronic terms for C,, as well as the nuclear heat anomaly at low
temperatures, were subtracted. (The full line shows the fit of the Schottky
peak for y = 0.15.)

anomaly at low temperatures were subtracted. The anom-
alous peak observed for the y = 0.075 and 0.15 samples is
understood as a Schottky peak associated with the ground
doublet of Kramers ion Pr*+, split by the internal magnetic
field existing in the samples. On the other hand, for the y = 0
sample, there is no Schottky peak in the range of 1-2K,

©?2012 The Physical Society of Japan
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because all praseodymium ions remained in the Pr3* valence
with a nonmagnetic singlet ground state.?! Instead, one may
notice a broad maximum in Fig. 2(b) with a center at about
17K, which is a sign of a closely-lying exited singlet state
at an energy of about 4meV. The total entropy change,
which was obtained by the integration of Cscpotky/T Over
T, was determined to be 0.61 and 0.98J K~ 'mol~' for
the y = 0.075 and 0.15 samples, respectively. Considering
the theoretical RIn2 =5.77JK "mol~!, the number of
Kramers ions amounts to 0.12 and 0.17 Pr*t per f.u., which
corresponds to average valences of praseodymium, i.e.,
3.17+ and 3.29+ for the y =0.075 and 0.15 samples,
respectively.

It should be noted that the original interpretation of the
low-temperature Schottky peak in the (Pri_,Y,)o7Cag3-
CoO; samples presumed a purely ionic state of Prét,
particularly the free-ion multiplet *Fs;, split by a crystal
field to Kramers doublets. The character of these states may
change significantly in the covalent case, but the number of
Pr** species determined in ref. 15 remains valid, since both
the ionic 4f' and oxygen-hole 4f2L states involve odd
number of electrons and display Kramers degeneracy.

3.2 XAS measurements

Figure 3(a) shows the temperature dependence of the
XANES spectra at the Pr Ls-edge for the y = 0.15 sample.
The two main peaks situated at 5966 and 5979 eV (named
peaks A and B1) originate from the Pr 2p — 5d transitions.
At 300K, Pr3*(4f?) sites essentially contribute to the
peak A, with a little component at peak B1 caused
presumably by multiple scattering, which is commonly
introduced in the theoretical calculation of XANES.'® When
the temperature crosses the transition temperature Tyg =
132K, the shape of the XANES spectra changes markedly.
The intensity of peak Bl increases and, at the same time,
the intensity of peak A decreases and a new component
(peak B2 at 5969eV) can be resolved on its high-energy
slope. The B1 and B2 peaks are manifestations of Prt*
states, namely, of the configurations 4f' and 4f°L,
respectively.!”"!” Similar behaviors are also observed for
the y =0.075 sample below Tyg = 64K, as shown in
Fig. 3(b). These results suggest that the valence of the Pr
ions increases from 3+ toward 44 below Ty, consistently
with what was reported for the PrysCagsCoOs sample by
Garcia-Munoz et al.'® The temperature dependence of the
XANES spectra at the Pr L3-edge was also measured for the
Pry7Cag3Co03 sample (not shown), which was metallic
over the entire temperature range. There was no spectral
change down to 8 K, which suggested that the valence of the
Pr ion remained at 3.0+, as shown in the results of the
metallic Prj 55Cag45C003 sample.l(’)

In order to determine the valence shift quantitatively, the
XANES spectra were fitted to a sum of three Lorentzian
functions (peak A for Pr’* and peaks B1 and B2 for Pr*t)
and one arctangent function representing the continuum
excitations, as indicated in §2. The PrsO;; spectrum shown
in Fig. 3(c), in which no relevant spectroscopic changes
were detected at low temperatures, was regarded as a
standard for Pr3-%7+ The spectra at 300K for each of the
(Pri_,Y,)07Cap3Co03 samples served as standards of
Pr30t . In the fitting of the temperature-dependent spectra,
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Fig. 3. (Color online) Temperature dependence of the XANES spectra

at the Pr Ls-edge for the (a) y =0.15 and (b) 0.075 samples. The inset
of each figure shows the magnification of the spectra related to Pr** ions.
(¢) XANES spectra for PrgO;; at 300K, for which the fitting were
performed (see text). The inset shows the calibration line for the
determination of the valence of the Pr ion used in the study.

the intensity ratio of B1 to B2 was fixed to be unity. The
valence of Pr ions for the samples in the course of
temperature was simply deduced from the intensity ratio
Ig1/Ia of the B spectral peak to the A spectral peak®? using
the calibration line in the inset of Fig. 3(c). The validity of
this procedure is based on the fact that the Pr3* and Pr*t
valence states in PrgO;; are manifested in XANES spectra
by single and double peaks, respectively (see also ref. 23),
which points to the same ionic 4f> and covalent 4f'/4f>L
configurations as those of the praseodymium ions in the
present cobaltites.

©2012 The Physical Society of Japan
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Fig. 4. (Color online) Example of the fitting of the XANES spectrum for

the y = 0.15 sample at 8 K. For the fitting, one arctangent function and three
Lorentzian functions are used (see text).

Figure 4 shows an example of the fitting curve of the
XANES spectrum for the y = 0.15 sample at 8 K, where the
valence change achieves a maximum. It is seen that the
XANES spectrum can be well fitted within the energy range
including the related peaks of Pr’* and Pr**. The B2
component is also resolved and appears notable so that
the resemblance with the Pr3*/Pr** mixture in PrgOy; is
obvious. The temperature course is shown in Fig. 5. The
average valence changes gradually on cooling from 300K,
with the steepest increase at Ty, and reaches final values of
3.15+ and 3.27+ at 8K for the y = 0.075 and 0.15 samples,
respectively. The ambiguity of the estimated valence values
is +0.03, which results from the arbitrariness of the
parameters in the arctangent and Lorentzian functions used.
We also deduced the average valence of Pr ions from the
intensity ratio (Ig; + Ip2)/(Ia + Ig; + Ip2) of the Bl, B2,
and A spectral peaks using another calibration line, in which
all the contributions of 4", 4f2, and 4f L were considered to
be the same as those adopted by Yamaoka et al.'” Under
this condition, the average valences of Pr ions were 3.15+
and 3.31+ for the y = 0.075 and 0.15 samples, which are
nearly the same as that decided from the intensity ratio
Ig; /1. Note that the estimated valences of the Pr ions are in
very good agreement with that determined from the low-
temperature specific-heat experiments, i.e., 3.174 and 3.29+
for the y = 0.075 and 0.15 samples, respectively.!> The
gradual increase in the average valence of the Pr ions at
T > Tyy on cooling from 300K also suggests that the
valence of the Co ion must evolve from 3.3+ to a lower
value in order to maintain the charge neutrality. This means
that, with decreasing temperature, part of the LS-Co**
changes to IS-Co’* still within the metallic phase, and then
the IS-Co®* states transform to LS-Co’t below Tyy. The
gradual charge transfer between the praseodymium and
cobalt subsystem is in striking contrast to the abrupt (first-
order) character of the physical properties such as resistivity
and susceptibility, especially at y = 0.075.

The valences of the Pr ions of 3.154 and 3.274 for the
y=0.075 and 0.15 samples, respectively, estimated from
the intensity ratio Ig;/Is in XANES spectra, correspond
to 0.097 and 0.161 Pr** per fu. and is indicative of a
significant change in doping level in the cobalt subsystem
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in the samples estimated using the XANES spectra and curve fitting.

(Co** content) in the low-temperature insulating state. For
y = 0.075, the common valence distribution in the metallic
state (T > Twn), i-e., (Prooas>™Yo075°")07Ca03> Cop 73"~
Cop3*T03%~, changes to (Prosse” Pro13o*" Yo.075° o7
Cag 32" Cop 797>t Cop 2037 03>~ (T <« Twi). For y=0.15,
the (Pross>* Yo.15°")0.7Cag32TCop 73t Cop 34+ 03%~ in the
metallic state changes to (Proe0>tPro230* Yo.15°+)o.7-
Cag 32T Coggs1°TCop.139*T032~ in the low-temperature in-
sulating state. The electron transfer between the praseody-
mium and cobalt subsystems thus acts as the driving force
for the stabilization of the LS-Co’t states in the low-
temperature insulating state. Discussions of the relation
between the valence shift and the transition temperature Ty,
and of the effect of the Ca ions on the transition are in
progress.

4. Conclusion

The temperature dependence of the X-ray absorption near
edge spectra (XANES) at the Pr L3-edge was measured for
two (Pri—,Yy)0.7Cag3Co03 samples (y = 0.075 and 0.15), in
which a peculiar metal-insulator (MI) transition and a spin-
state (SS) transition took place simultaneously at critical
temperatures Ty = 64 and 132K, respectively. The ex-
istence of two distinct praseodymium species was evi-
denced: the Pr3* valence state of the ionic 4f> configuration
and the formal Pr** valence state of highly covalent
character with admixed 4f' and oxygen-hole 4f2L config-
urations. The average valences of the praseodymium ion
were estimated by analyzing the XANES spectra. The
important experimental results and conclusions are summa-
rized as follows.

(1) The room-temperature XANES experiment spectra
show a dominant single-peaked feature A (5966¢V),
characteristic of the presence of the pure Pr’* valence
state. On cooling across the transition temperature Ty, an
increasing population of Pr*+ states becomes evident from
the fast increase in the intensity of peak B1 (5979 eV) in the
spectrum. At the same time, the intensity of peak A due to
Pr** decreases.

(2) The results obtained are indicative of a rather gradual
charge transfer between the praseodymium and cobalt sites
in the perovskite structure, which precedes the spin-state
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transition of cobalt ions that occurs abruptly at a well-
defined Ty

(3) Below Ty, the population of Pr** ions continues to »
increase, reaching saturation at low temperatures. Using the
quantitative analysis of the XANES spectra, the average 8)
valence of Pr ions at 8K is determined to be 3.15+ and
3.27+ for the y = 0.075 and 0.15 samples, respectively. K
These valences are in good agreement with those obtained 0)
from the entropy change using the Schottky peak due to the
Pr*+ Kramers doublet in the low-temperature specific heat,  11)
i.e., 3.174+ and 3.29+. 12)
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(Pri_yMy);_xCasCoO3 epitaxial films (M=Y, Gd) have been successfully fabricated
by pulsed laser deposition on the single crystal substrates with different lattice
constant. The polycrystalline bulk of this material shows a first-order metal-insulator
(MI) transition below the critical temperature. Although p(T) of all the as-grown
films shows a semiconducting behavior at entire temperature range, an anoma-
lous p(T) upturn with wide hysteresis can be clearly seen for the film grown on
the SrLaAlO4 (SLAO) substrate, which applied the in-plane compressive stress to
the film. Such anomaly in p(T) is interpreted as a sign of the first-order phase
transition related with the spin-state (SS) transition, which was observed in the
polycrystalline bulk. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/lcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4942558]

I. INTRODUCTION

The perovskite cobaltites RECoO3; (RE=rare-earth element and Y) show a spin-state (SS) tran-
sition of Co®" ions from a low spin state (LS; #5,%,’, S=0) to a high spin state (HS; t2,*e,%, S=2)
with increasing temperature, followed by the formation of the metallic state of the intermediate
spin state (IS; f2,°0%, S=1) at higher temperatures.! The temperature induced SS transition indi-
cates a small energy difference §E between the crystal-field splitting and Hund coupling energy.>3
The hole-doped systems such as La;_4Sr,CoO3 generally show a temperature stable phase with
itinerant cobalt states, which result presumably from the mixed IS Co**/LS Co*" or HS Co** /IS
Co** configurations, and undergo a ferromagnetic ordering at low temperatures. Most interestingly,
some Pr-based cobaltites exhibit a pronounced first-order transition to a low-temperature phase
of weakly paramagnetic character and reduced conduction. This effect was revealed for the first
time on Prj 5Cag 5Co03 at ~ 90 K by the step-like resistivity jump and concomitant anomalies in
the magnetic susceptibility, heat capacity, lattice dilatation and photoemission spectroscopy.*® The
mechanism of the transition was tentatively ascribed to a spin state crossover from the itinerant
cobalt states to an ordered mixture of localized LS Co** and LS Co** (tzgsego, S=1/2) states. Similar
metal-insulator (MI) transition was evidenced also in the less doped Pr;_yCa,CoO3 (x=0.3) under
higher hydrostatic pressures and in the (Pr;_RE,);_xCa,CoOj3 system (0.2<x<0.5) with a partial
substitution of Pr by smaller RE cations such as Sm, Eu, and Y under ambient pressure.”® This
peculiar transition appeared to be conditioned not only by the presence of both Pr and Ca ions, but
also by a larger structural distortion of the CoOg network, depending on the average ionic radius
and size mismatch of perovskite A-site ions.’ Furthermore, the critical temperature Ty was found

4corresponding author fujishiro @iwate-u.ac.jp
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to decrease in a quadratic dependence of applied magnetic field, so that the transition could be
completely suppressed in very high fields.”

An alternative scenario explaining the nature of such specific transition was proposed on the
basis of electronic structure calculations exploiting the temperature dependence of the structural
experimental data for Pro sCag sCo03,'! in which the formal cobalt valence should change below
Ty from mixed-valence Co®* towards pure Co®** with strong preference for the LS state and,
concomitantly, the praseodymium valence should increase simultaneously from Pr* towards Pr**.
The theoretical hypothesis about the crucial role of variable praseodymium valence was experi-
mentally supported by the observations of a Schottky peak in the low temperature specific heat
of (Pri—yYy)o.7Cag.3Co03 (y¥=0.075 and 0.15),'> and by the x-ray absorption near-edge structure
(XANES) spectra at the Pr L edge directly.3-10

It is widely desirable to use a single crystal or an epitaxial film for the physical investigation. In
the La;_,Sr,CoO; system, single crystals and thin films have been fabricated and investigated.'’!°
In the epitaxial thin film, the electrical conduction and the spin state change depending on the
film thickness and fabrication condition.!® However, for the (Pri—yMy);_xCa,CoOj3 system with
the simultaneous MI and SS transition, only polycrystalline bulk materials have been investigated
experimentally in the previous studies and there is no investigations using a single crystal or an
epitaxial film because of the difficulty of the fabrication.

When the material is prepared in the thin film form, the physical properties are sensitive to crys-
tal structure, metallic composition, oxygen content efc, mainly depending on the lattice mismatch
between the substrate and the material. Thin films experience a stress due to mismatch of the
lattice and the thermal expansion to the substrate, in addition to the intrinsic internal stress. In
particular, the interface between the film and the substrate can play an important role, giving rise
to boundary regions with different structures and affecting the transport and magnetic properties
due to the induced strain especially in very thin films. The strain in the epitaxial thin films can
be easily manipulated by the film thickness and the lattice parameter of the substrate material. For
example, in the RNiOj thin film, which shows the bandwidth controlled MI transition, the transition
temperature, Ty, was increased (decreased) by tensile (compressive) in-plane strain.”’ The strain
effect is attributed to an increase (decrease) of the Ni-O-Ni bond angle, which affects to films in
the same way as the bulk under higher pressure.?' Thin films of these materials have potential for
various applications such as the use in resistive switches and phase-change memory.

In the present work, we fabricated the (Prl_yMy)l_XCaXC003 epitaxial films (M=Y, Gd) by
pulsed laser deposition (PLD) on the single crystal substrates with different lattice constant. We
investigated the electrical resistivity anomaly, which seemed to be related with the spin-state transi-
tion shown in the bulk materials.

Il. EXPERIMENTAL PROCEDURE

(Pri—yYy)1-xCayCoO3 (PYCCO) and (Pr;_yGdy);_«Ca,CoO3 (PGCCO) thin films were prepared
by the PLD method using a fifth harmonic wave of YAG laser with 4=213 nm and a repetition
rate of 10 Hz. The pulse duration is 5 ns and the power is 18 mJ. (Prg §Y(.2)0.6Cag.4CoO3 and
(Pro.7Gdy.3)0.6Cap.4Co03 polycrystalline targets with nominal composition were prepared by a stan-
dard solid-state reaction. PrgO1, Y203, GdyO3, CaCO3, Co304 raw powders with purity higher
than 99.9% were used as starting materials. The powders were mixed, calcined at 1000°C for
12 h, pressed into pellets with a diameter of 20 mm and a thickness of 5 mm and then sintered at
1200°C for 48 h in flowing oxygen gas. Powder X-ray diffraction analysis revealed that the sintered
targets were a single phase. The target and the substrate were mounted in the vacuum chamber and
were rotated at the speed of 7 rpm and 3 rpm, respectively, to reduce non-uniform erosion and to
deposit uniformly. The deposition was carried out for 1 - 4 hours in a pure oxygen atmosphere
of 0.1 to 1.0 Torr and at a substrate temperature of 600°C and the film thickness was measured
to be about 50~100 nm. The films were grown on (001) oriented SrTiO3 (STO: a=0.3905 nm),
(LaAlO3)o 3(Sr2AlTaOg).7 (LSAT: a=0.3868 nm), LaAlO; (LAO: a=0.3790 nm) and SrLaAlO4
(SLAO: a=0.3756 nm, ¢=1.2636 nm) single crystal substrates. The pseudo cubic lattice parameter
of the (Pri_yY,);_xCa,CoO3 bulk (x=0.4, y=0.2) is @=0.3775 nm and the lattice mismatch using
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FIG. 1. The relation between the lattice parameters of the (Pro 3Y(.2)0.6Cap 4CoO3 and those of the used single crystal
substrates.

the relation of e=(apycco-asup)/dsup i +3.4% for STO, +2.5% for LSAT, +0.4% for LAO and -0.5%
for SLAO. The relation of the lattice parameters between the material and the substrates is shown in
Fig. 1, in which the in-plane tensile stress is applied to the film grown on the STO, LSAT and LAO
substrates and the in-plane compressive stress is applied in the film grown on the SLAO substrate. The
chemical composition of the grown films was measured by electron probe microanalysis (EPMA), in
which the measured composition of (x, y) of the film was decreased to (0.3, 0.13) from the nominal
composition of (0.4, 0.2) for the PYCCO sample. To clarify the crystalline quality of the grown
films, X-ray diffraction analyses of 8-26 and ¢-26 scans were performed, both of which identified the
out-of-plane and in-plane alignments, respectively. The electrical resistivity po(7') was measured on
cooling and heating runs in the 10 - 300 K range by a standard four-probe method for the as-grown
films and heat-treated films under high-pressure oxygen gas (2.0 MPa) at 600°C for 3 h.

lll. RESULTS AND DISCUSSION

Figure 2 shows the out-of-plane XRD patterns (6-26 scan) of the PYCCO films fabricated
on the STO and SLAO substrates. The PYCCO films display clear (00/) reflections of the pseudo
cubic structure with no indications of impurities or miss-orientation together with the strong (007)
reflections from the substrates. These results demonstrate the out-of-plane orientation of PYCCO
thin films on the substrates.

Figure 3 presents the ¢-26 azimuth scan for the PYCCO film, fabricated on the SLAO sub-
strate. Four sharp peaks of the (002) reflections were observed every 90 deg. and the in-plane
alignment can be confirmed, which were also confirmed for the films grown on the other substrates.
These results suggest that the PYCCO films are epitaxial films grown on the substrates.

Figure 4 shows the (002) intensity of the out-of-plane XRD patterns of the PYCCO films
on the STO substrate, as a function of the film thickness, d. The diffraction peak angle of the
films decreases with increasing film thickness, d, and shifts toward the peak position for the bulk
crystal. These results suggest that the out-of-plane lattice constant of the epitaxial films on the STO
substrate is smaller than that of the bulk crystal and approaches the lattice constant of the bulk
material. This is because the tensile stress was induced in the film surface due to the positive lattice
mismatch & (= +3.4%), and then was relaxed with increasing film thickness. On the other hand, for
the films grown on the SLAO substrate, the (002) peak was found at 26=47.70° for the d=100 nm
film (not shown), which was the lower angle than that of the bulk crystal (20=47.21°). In this case,
the in-plane compressive stress is induced in the film surface because of negative lattice mismatch
£ (=-0.5%).

Figure 5(a) shows the temperature dependence of the electrical resistivity, p(T), of the as-
grown PYCCO films grown on the each substrate. The thickness of each film was about 50 nm.
p(T) of the target bulk is also shown in the figure, in which p(7") shows a jump with about two
orders of magnitude at Ty;=140 K on the cooling run, and shows a sharp drop at T;;=150 K with
a hysteresis. The absolute value of p(T’) on the heating run was larger than that on the cooling
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FIG. 2. The out-of-plane XRD patterns (8-26 scan) of the PYCCO films grown on the (a) STO and (b) SLAO substrates in
the case of the target composition of (x=0.4, y=0.2).

run above Tyy. The irreversibility in p(7") might come from the occurrence of micro cracks created
by the large volume contraction and expansion passing through the transition temperature.* On the
other hand, the p(T') curves for all the as-grown films show a semiconducting behavior without
pronounced anomaly, the absolute p(7') values change depending on the substrate used, and no
irreversibility is detectable after the cooling and heating runs for the films grown on the STO, LSAT
and LAO substrates. Nonetheless, one may notice a distinct behavior of the film grown on the SLAO
substrate, namely the anomalous inflection point at 170 K and a wide hysteresis in p(T) below
this temperature that are seen in more detail Figure 5(b), where an alternative plot of logpvs.T~/%,
commonly used for variable range hopping (VRH), is displayed. To understand this observation, we
refer to the fact that MI transition can be induced in polycrystalline Pr;_yCa,CoO3 (x=0.3) under
high hydrostatic pressures and the critical temperature Tyy increases with increasing pressure.’” The
compression stress in the present PYCCO film on SLAO substrate seems to have analogical effect to
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FIG. 3. The in-plane XRD patterns (¢-26 scan) of the PYCCO film fabricated on the SLAO substrate in the case of the target
composition of (x=0.4, y=0.2).

the hydrostatic pressure. In this sense, the anomalous p(7’) upturn followed by a hysteresis region is
likely a sign of a similar first-order phase transition.

A question arises why the MI transition in the film grown on the SLAO substrate is less
pronounced compared to the bulk material. This is unexpected, especially in view of the fact that
actual mismatch conditions seem to be much in favor of the transition. Firstly, the out-of-plane
lattice constant of the film, 0.3820 nm, at room temperature (see Figure 6 below) combined with
the in-plane a=0.3756 nm imposed by SLAO substrate illustrates some deformation of the PYCCO
structure, but the unit cell volume remains exactly same as for bulk material. This is a signature that

1 Us T GGID T D I T I Ir T [ T I T
PY ST ! | ——— STO sub.
I It =50 nm
1[}? o — =100 nm
> & | —— ¢=200nm
g S
246 e = _
z 5 =
" 10° S T
[
0 :
I
I
L [l I L I L

1 [:'4 I | I | 1 |
45 46 47 48 49 50 51

FIG. 4. The (002) intensity in the out-of-plane XRD patterns of the PYCCO films, as a function of the thickness of the film
in the case of the target composition of (x=0.4, y=0.2).
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FIG. 5. Temperature dependence of the electrical resistivity, p(T'), at the cooling and heating runs: (a) The logovs.T plot for
the as-grown (AG) PYCCO films on different substrates; (b) An alternative logovs.T~//# plot with linear low-temperature
trend demonstrating the viability of the VRH scenario. The data shown by dashed lines refer to PYCCO films grown on LAO
and SLAO substrates, after a heat-treatment (HT) in high-pressure oxygen gas at 600°C for 3 h.

film is likely well developed on the substrate without cracks. Secondly, it can be anticipated that the
unit cell of PYCCO is shrank at the MI transition to the same extent as it is in the bulk material,
1.0% in volume or 0.3% in linear dimensions.?? Therefore, the deformation energy comprised in the
film at room temperature will be removed below the transition to the low-temperature phase. There
should be evidently another reason for the less pronounced anomaly at Tyy. It is worth mentioning
that early experiments on prototypical compound Prj sCay sCoO3 revealed a critical sensitivity of
the MI transition to any oxygen deficiency. To check such hypothesis, the PYCCO films grown
on the each substrate were post-annealed under high-pressure oxygen gas (2.0 MPa) at 600°C for
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FIG. 6. The out-of-plane lattice constant a and the electrical resistivity for the PYCCO films at 300 K, p(300 K), of the
as-grown films on each substrate, as a function of lattice mismatch &.

3 h. The resistivity data on two samples with minimum film/substrate mismatch were added to
the results on as-grown samples in Figures 5(a) and 5(b). For the film grown on the SLAO sub-
strate, the anomalous p(T') upturn disappeared in the oxygenized sample and some irreversibility
in the cooling and heating runs arose. These changes suggest that, contrary to our expectation, the
first-order phase transition vanished by the heat treatment. For the film grown on the LAO substrate,
the absolute p(T) value was only slightly increased by the post annealing.

Figure 6 presents the lattice constant a determined by out-of-plane measurements and the
electrical resistivity at 300 K, p(300 K), of the as-grown films on each substrate, as a function of
lattice mismatch &. The thickness of each film was about 50 nm. The out-of-plane lattice constant
a monotonically decreases with increasing lattice mismatch &, which suggests that the film was
extended in plane due to the tensile stress for the positive & value. The p(300 K) value takes a
minimum around £=0, which is a reasonable trend. Namely, the deformation of CoOg¢ octahedra due
to the lattice mismatch affects the electron transport in the film.

Figures 7(a) and 7(b), respectively, show the temperature dependence of the electrical resis-
tivity, p(T); the logpvs.T plot and the alternative logpvs.T~'/# plot at the cooling and heating runs of
the as-grown (Pr;_yGdy);_xCayCoO3; (PGCCO) films on the each substrate. p(T') of the heat-treated
PGCCO films grown on the LAO and SLAO substrates are also shown. All the films, of which
the thickness was about 100 nm, were confirmed to be epitaxial films by XRD analysis. p(T") of
the target bulk is also shown in the figures, in which Ty was 70 K and 80 K on the cooling and
heating runs, respectively. p(T) of all the as-grown films shows a semiconducting behavior at entire
temperature range. Similarly to the PYCCO film, an anomalous p(T) upturn with a wide hysteresis
can be clearly observed only for the as-grown film on the SLAO substrate, which is interpreted as
a sign of the first-order phase transition. However, the p(7') upturn seems to remain after the heat
treatment as can be seen in Fig. 7(b). For the thinner PYCCO film on SLAO substrate about 50 nm
in thickness shown in Fig. 5, the transition was clearly suppressed by the heat treatment under the
high-pressure oxygen gas, where the heat treatment removed the stress. On the other hand, in the
present thicker PGCCO film on SLAO substrate with 100 nm in thickness, the heat treatment made
only much smaller change. The appearance of the anomalous p(7) upturn and the relaxation after
the heat treatment change depending on the film thickness.
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FIG. 7. Temperature dependence of the electrical resistivity, p(T"), at the cooling and heating runs: (a) the logpvs.T plot
and (b) the alternative logpvs.T~!/# plot for the as-grown (AG) PGCCO films on different substrates. The data shown by
dashed lines refer to the heat-treatment (HT) PGCCO films grown on LAO and SLAO substrates after the heat treatment in
high-pressure oxygen gas at 600°C for 3 h.

IV. SUMMARY

The (Pri—yYy)1-xCaCoO3 (PYCCO) and (Pr;_yGd,);-xCa,CoO3; (PGCCO) films have been
fabricated by pulsed laser deposition (PLD) method on the single crystal substrates with different
lattice constants, and their crystallographic and electrical properties have been investigated. The
important experimental results and conclusions are summarized as follows.

(1) The obtained films have been confirmed to be epitaxial films grown on the single crystal
substrates with different lattice constants by XRD measurements.
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(2) The electrical resistivity, p(T'), of all the as-grown films shows a semiconducting behavior at
entire temperature range. However, the anomalous p(T') upturn with a wide hysteresis can be
clearly observed only for the films grown on the SLAO substrate, which applied the in-plane
compressive stress. The p(7') anomaly of the thin PYCCO film 50 nm in thickness on SLAO
vanished after the heat treatment in high-pressure oxygen gas. On the other hand, the p(T’)
upturn of the thick PGCCO film 100 nm in thickness on SLAO seems to remain after the

heat treatment.
(3) The anomaly in p(T) is interpreted as a sign of the first-order phase transition accompanied
by the spin-state transition, which was observed in the polycrystalline bulk.
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Abstract

CrossMark

In this paper, a new concept of a hybrid trapped field magnet lens (HTFML) is proposed. The
HTMFL exploits the ‘vortex pinning effect’ of an outer superconducting bulk cylinder, which is
magnetized as a trapped field magnet (TFM) using field-cooled magnetization (FCM), and the
‘diamagnetic shielding effect’ of an inner bulk magnetic lens to generate a concentrated magnetic
field higher than the trapped field from the TFM in the bore of the magnetic lens. This requires that,
during the zero-field-cooled magnetization process, the outer cylinder is in the normal state (7>
superconducting transition temperature, 7,) and the inner lens is in the superconducting state

(T < T.) when the external magnetizing field is applied, followed by cooling to an appropriate

operating temperature, then removing the external field. This is explored for two potential cases: (1)
exploiting the difference in T of two different bulk materials (‘case-1"), e.g. MgB, (T, = 39 K) and
GdBaCuO (T, = 92K) or (2) using the same material for the whole HTFML, e.g., GdBaCuO, but
utilizing individually controlled cryostats, the same cryostat with different cooling loops or coolants,
or heaters that keep the outer bulk cylinder at a temperature above T, to achieve the same desired
effect. The HTFML is verified using numerical simulations for ‘case-1’ using an MgB, cylinder and
GdBaCuO lens pair and for ‘case-2’ using a GdBaCuO cylinder and GdBaCuO lens pair. As a result,
the HTFML could reliably generate a concentrated magnetic field B, = 4.73 T with the external

magnetizing field B,,, = 3 T in the ‘case-1’, and a higher B, = 13.49 T with higher B,,, = 10T in
the ‘case-2’, respectively. This could, for example, be used to enhance the magnetic field in the bore

of a bulk superconducting NMR/MRI system to improve its resolution.

Keywords: hybrid trapped field magnet lens, bulk superconductors, trapped field magnets,
magnetic lens, vortex pinning effect, diamagnetic shielding effect, finite element method

(Some figures may appear in colour only in the online journal)

1. Introduction

The superconducting characteristics of REBaCuO bulks (RE: rare
earth element or Y) continue to be enhanced due to the

3 Author to whom any correspondence should be addressed.
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introduction of strong pinning centers and the improvement of
crystal growth techniques, which have resulted in increased cri-
tical current density, J. [1, 2]. As a result, such bulks exhibit
higher trapped field capabilities using field-cooled magnetization
(FCM) and have significant potential for practical applications as
high-strength trapped field magnets (TFMs) capable of generating
magnetic field of several Tesla. Figure 1(a) shows the time
sequence of conventional FCM of superconducting bulks to
utilize them as TFMs (the case shown is for a cylindrical ring
bulk superconductor). Although the trapped field, Br, of REBa-
CuO bulks, which can be estimated from the J.(B, T)

© 2018 IOP Publishing Ltd Printed in the UK
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Figure 1. Time sequence of (a) conventional magnetizing process of field-cooled magnetization (FCM) of superconducting bulks to utilize them as
TFMs and (b) magnetizing process of zero-field-cooled magnetization (ZFCM) for a conventional superconducting bulk magnetic lens.

characteristics, could be over 20 T at 20 K in a bulk pair [3], the
mechanical strength of the brittle ceramic material restricts the
practical maximum trapped field of such TFMs experimentally.
To date, REBaCuO disk bulks have been shown to trap magnetic
field over 17T by mechanical reinforcement using glass fiber
reinforced epoxy resin or shrink-fit stainless steel to reduce the
electromagnetic hoop stress [3, 4]. Such TFMs, in which the field
is trapped using the strong ‘vortex pinning effect’ of the material,
require a high, stationary magnetic field to magnetize them and
they can trap fields nearly the same or slightly lower than the
applied field, B,p,, using FCM, but such high fields are only
available from specialized magnets at a limited number of facil-
ities worldwide. In this sense, such high-strength TFMs are not
practical for applications and much research has been carried out
on the pulsed field magnetization (PFM) technique as a fast,
compact and relatively inexpensive magnetization technique.
However, due to the large temperature rise associated with the
rapid dynamic movement of the magnetic flux within the bulk,
the trapped field capability is severely limited and only fields up
to around 5 T have been achieved using PFM [5].

On the other hand, a ‘magnetic lens’ using cone-shaped
superconducting bulks has been investigated, in which the
magnetic flux is concentrated in the bore of the magnetic lens
using the ‘diamagnetic shielding effect’ of superconducting
materials and the available magnetic field in the lens is larger than

the applied field generated by the external magnetizing coil [6-9].
Figure 1(b) shows the time sequence of magnetizing process for a
conventional bulk superconducting magnetic lens, for which zero-
field-cooled magnetization (ZFCM) is used. The existence of slits
in the superconducting hollow cone is essential to suppress the
current along the circumferential direction and to concentrate the
magnetic flux. A concentrated field of B, = 12.42T has been
achieved at 20K for a background field of B,,, = 8 T using a
bulk GdBaCuO magnetic lens [10] and B. = 304 T has been
achieved at the center of the lens in higher background field of
Bipp = 28.3 T elsewhere [11]. Using a bulk MgB, magnetic lens,
a concentrated field of B.=2.18T at 42K has also been
achieved for a background field of B,,, = 1T [12]. Mechanical
reinforcement of the magnetic lens and the avoidance of the flux
jump are necessary to achieve the magnetic lens effect stably [13].
Since the magnetic lens effect vanishes after the applied field
decreased to zero, the external magnet must be operated con-
tinuously, which consumes a large amount of energy.

In this paper, we propose a new concept of a hybrid trapped
field magnet lens (HTFML), consisting of a cylindrical bulk
TFM using the vortex pinning effect, combined with a bulk
magnetic lens using the diamagnetic shielding effect. The
HTEML can reliably generate a magnetic field at the center of the
magnetic lens higher than the trapped field in the single cylind-
rical bulk TFM and the external magnetizing field, even after the
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Figure 2. Numerical model and dimensions of the MgB, cylinder,
GdBaCuO magnetic lens and solenoid magnetizing coil for ‘case-1’.
The MgB, cylinder is replaced by a GdBaCuO cylinder in ‘case-2’.

externally applied field decreases to zero. This concept requires
that, during the ZFCM process, the outer cylinder is in the
normal state (7> superconducting transition temperature, 7;.) and
the inner lens is in the superconducting state (7" < T;) when the
external magnetizing field is applied, followed by cooling to an
appropriate operating temperature, then removing the external
field. This is explored for two potential cases: (1) exploiting the
difference in T, of two different bulk materials (‘case-1°), e.g.
MgB, (T. = 39 K) and GdBaCuO (T, = 92 K) or (2) using the
same material for the whole HTFML, e.g., GdBaCuO, but uti-
lizing individually controlled cryostats, the same cryostat with
different cooling loops or coolants, or heaters that keep the outer
bulk cylinder at a temperature above 7. to achieve the same
desired effect. The effectiveness and superiority of the HTFML is
verified using numerical simulations for two cases: ‘case-1’ using
an MgB, cylinder and REBaCuO lens pair, and ‘case-2’ using a
REBaCuO cylinder and REBaCuO lens pair. The concentrated
magnetic field in the HTFML changes depending on the super-
conducting characteristics of the bulks [14, 15], their shape and
size [12], as well as the magnetizing conditions.

2. Numerical simulation framework

The following numerical simulation framework for the mag-
netizing process of the HTFML has been developed. A
schematic view of the three-dimensional numerical model and
the relevant dimensions are shown in figure 2, in which the

Table 1. Numerical parameters for the J.(B) characteristics of the
bulk GdBaCuO material at 20 and 40 K using equation (2).

TK) JoAm? B (T Jo(Am?) By «
40 3.5 x 10° 0.9 2.7 x 10° 6.0 0.8
20 9.0 x 10° 1.5 5.4 x 10° 8.0 0.5

superconducting cylinder is made from bulk MgB, and the
superconducting magnetic lens is made from bulk GdBaCuO.
This model is abbreviated as ‘case-1’. The bulk MgB,
cylinder is 60 mm in outer diameter (O.D.), 40 mm in inner
diameter (I.D.) and 80 mm in height (H). The shape of the
magnetic lens is referred from [13] so that the present num-
erical framework explains the concept of the HTFML based
on such a typical lens geometry (as shown in figure 2), but
importantly two slits exist that are 10° wide. The MgB,
cylinder and GdBaCuO lens are magnetized by a solenoid
coil of 170 mm in O.D., 120 mm in I.D. and 200 mm in H.
Another example is also provided, in which both the super-
conducting cylinder and magnetic lens are made from bulk
GdBaCuO, which is abbreviated as ‘case-2’. The numerical
simulation results for ‘case-1’ and ‘case-2’ are presented in
sections 4.1 and 4.2, respectively.

Electromagnetic phenomena during the magnetization
process are described by the fundamental equations shown
elsewhere in detail [16—18]. The E-J power law is assumed to
describe the nonlinear electrical properties of the super-

conducting bulk:
J n
E=E|Z]|, 1
7] 0

C

where E, (=107*Vm™") is the characteristic electric field.
n = 20 for the GdBaCuO bulk and n = 100 for the MgB,
bulk are used [19]. The numerical simulation results depend
strongly on the J.(B, T) characteristics of the superconductor
[20-22]. For this study, the J.(B) characteristics for the
GdBaCuO bulk are based on the equation presented by Jirsa
et al to represent the so-called ‘fish-tail” or ‘peak’ effect found
in such superconducting materials [18, 23],

B ex L 1 —( B ]“
Bmax P « Bmax '
2

The values for the parameters J.;, By, Je2, Bmax and « at
20 and 40K used in the model are shown in table 1,
respectively.

The J.(B) of the MgB, bulk is described by the following

equation [24],
I}
BY
Jo(B) = Jeo eXp[(B—O) ] 3)

where J, By and ( are fitting parameters, which are sum-
marized in table 2. Isothermal conditions are assumed while
ramping down the field because the magnetization process is
slow; hence, no thermal model is included.

B
JC(B) - Jcl eXP(——) + Jc2
B

- 111 -



Supercond. Sci. Technol. 31 (2018) 044005

K Takahashi et al

() T GdBaCuO cylinder for “case-2”
100K | o o o o =
f T, (=92K):GdBaCuO
b= —— — — —— ——— ] -“_ _______ —— e ———
T,=40K \ s T.(=39K): MgB,
e LY S L e
T,=20K \
time
(b) B /B
B, F——r————7/-—3 -
app /
/ € Bex
V2 \
7/ \
’ 5 time
(1) (2) (3 @ (5)
1~5 step 6~10 step

Figure 3. Time step sequence of (a) the temperature, 7 and (b) the
external field, B.x, and concentrated magnetic field, B., at the center
of magnetic lens for ‘case-1’, in which an MgB, cylinder and
GdBaCuO magnetic lens are used. In ‘case-2’, the temperature of the
GdBaCuO lens follows the blue line and the GdBaCuO cylinder
follows the dotted orange line in the upper panel (see text).

3. Magnetizing procedure

First, the magnetizing process is described for the following
time step sequence, from (1) to (5), for the HTFML for ‘case-
1’, in which the bulk MgB, cylinder and the bulk GdBaCuO
magnetic lens are used. Figure 3 shows the time sequence of
(a) the temperature, 7 and (b) the external field, B.y, and
concentrated magnetic field, B., at the center of the magnetic
lens. The magnetizing applied field, By, corresponds to the
maximum value of B.,.

(1) The bulk MgB, cylinder and the bulk GdBaCuO lens
are cooled from 100 K to Ty = 40 K, which is higher
than the superconducting transition temperature of
MgB,, T. = 39K, but lower than that of GdBaCuO
(T. = 92K). In this stage, the MgB, cylinder is in the
normal state and the GdBaCuO lens is in the super-
conducting state (step 0).

(2) The external magnetic field, By, is ramped up linearly
at 0.222 T min~" over five steps (steps 1-5) up to Bipps
which corresponds to ZFCM of the GdBaCuO lens. The
magnetic field, essentially higher than B, because of
the shielding effect by the magnetic lens, completely
penetrates the MgB, cylinder and the magnetic field is
concentrated at the center of the lens.

(3) The temperatures of both MgB, cylinder and GdBaCuO
lens are then decreased to 7; = 20 K, which is lower
than the T, of MgB,.

(4) Bey is decreased linearly at 0.222 Tmin"! over five
steps (steps 6-10) down to zero. During this process,

Table 2. Numerical parameters for the J.(B) characteristics of the
bulk MgB, material at 20 K using equation (3).

T (K)

JoAm™®) By(D «o

20 43 x 10° 1.1 1.5

the MgB, cylinder is magnetized by FCM and magnetic
flux is trapped in the cylinder. The magnetic field
concentration effect slightly decreases due to the
decrease of external field. However, a magnetic field
at the center of the magnetic lens still remains due to the
existence of the trapped field in the MgB, cylinder.

(5) As a result, HTFML can reliably generate a magnetic
field higher than Bt of the single cylindrical TFM and
Bipp, €ven after Bey = 0.

There are some examples of a practical cooling system
using the difference in 7. of two superconducting components
for an aircraft motor design [25] and a magnetic levitation
application [26].

In ‘case-2’, in which both the superconducting cylinder
and magnetic lens are made from bulk GdBaCuO, (1) and (2)
above are changed as follows, labeled at (1°) and (2°):

(1’) The bulk GdBaCuO cylinder is maintained at 100 K
(dotted orange line in figure 3) and the bulk GdBaCuO
magnetic lens is cooled to Ty = 40K (blue line in
figure 3). Hence, the bulk GdBaCuO cylinder is in the
normal state and the bulk GdBaCuO lens is in the
superconducting state (step 0).

(2’) The external magnetic field, B.y, is increased linearly
over five steps (steps 1-5) up to By, and the magnetic
field, essentially equal to B,y,, completely penetrates
the GdBaCuO cylinder, but the GdBaCuO lens is
magnetized by ZFCM.

In the next section, the results of the numerical simula-
tion for ‘case-1’ and ‘case-2’ are presented to prove the
effectiveness of the HTFML.

4. Simulation results and discussion

4.1. ‘Case-1’: MgB: cylinder-GdBaCuO lens

Figure 4 shows the time step dependence of the magnetic field
profile along the x-direction across the center of the lens
during (a) the ascending stage and (b) the descending stage of
ZFCM of the GdBaCuO lens under an applied field,
Bpp = 3T in ‘case-1°, which incorporates FCM of the MgB,
cylinder. In figure 4(a), during the ascending stage from steps
0-5, the concentrated magnetic field, B., at the center of the
GdBaCuO lens was enhanced with increasing B.x owing to
the diamagnetic shielding effect of the GdBaCuO lens. It can
be found that there is little or no flux penetration in the
GdBaCuO lens region (r = 45 ~ 18 mm) in this case
applying a relatively low magnetic field of 3 T by a magne-
tizing coil. The magnetic flux intrudes into the lens from inner
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Figure 4. Time step dependence of the magnetic field profile along
the x-direction across the center of the lens during (a) the ascending
stage and (b) the descending stage of ZFCM of the GdBaCuO lens
under an applied field, B,,, = 3 T in ‘case-1°, which incorporates
FCM of the MgB, cylinder.

periphery rather than outer edge because of the magnetic flux
concentration, which will be discussed later for higher B, in
‘case-2’. In this ascending stage, the GdBaCuO lens is under
ZFCM conditions at 40 K; however, the MgB, cylinder is in
the normal state and is not yet utilized as a TFM. In
figure 4(b), during the descending stage of B., from steps
5-10, which incorporates FCM of the MgB, cylinder during
ZFCM of the GdBaCuO lens, B decreased with decreasing
B.,, but becomes stable after the external field decreases to
zero and a magnetic field is trapped in the MgB, cylinder. As
a result, B, at the center of the GdBaCuO lens settled to
B. = 4.73T at the final step (step 10), which can be realized
quasi-permanently by the novel combination of the ‘vortex
pinning effect’ and ‘diamagnetic shielding effect’ of super-
conducting bulk materials.

Figures 5(a) and (b), respectively, show the time step
dependence of the magnetic field profiles along the x-direc-
tion across the center of the lens during the ascending and

(a) ascending stage
L B =3T
pp
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Figure 5. Time step dependence of the magnetic field profile along
the x-direction across the center of the lens during (a) the ascending
stage and (b) the descending stage of FCM of the MgB, cylinder

without the GdBaCuO lens for an applied field, B,,, = 3 T at 20 K.

descending stages of FCM for an applied field, B,,, = 3 T for
only the MgB, cylinder, without the GdBaCuO lens, in ‘case-
1’. In figure 5(a), when only the MgB, cylinder is considered,
the Bt value is nearly the same as B, in the ascending stage
(steps 0-5), and attains a maximum value B, = 3 T at step 5
with a uniform magnetic field profile along x-direction, which
corresponds to the applied field profile generated by the
externally magnetizing coil. During this ascending stage,
the MgB, cylinder is in the normal state. In figure 5(b), in
the descending stage (steps 6—10), the trapped field, Br, of the
MgB, cylinder by FCM decreases slightly with decreasing
B.x, and settles to a final value of Bt = 2.85 T at the final step
(step 10) in the bore of MgB, cylinder, now acting as a TFM
that can continue to provide the trapped field quasi-perma-
nently. One of the particular characteristics of the HTFML
device is to utilize the trapped field from this TFM, instead of
requiring a continuously applied field from an external
magnetizing coil. Thus, it is useful to be able to reproduce a
magnetic field profile similar to that which might be produced
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Figure 6. Time step dependence of the magnetic field profile along
the x-direction across the center of the lens during (a) the ascending
stage and (b) the descending stage of ZFCM of the GdBaCuO lens
without the MgB, cylinder for an applied field, B,p, = 3 T at 20 K.

by a magnetizing solenoid coil when we use the TFM as a
source of magnetic field for the HTFML, for further con-
centration of the magnetic flux in the HTFML. This could, for
example, allow the realization of higher resolution in a
compact and cryogen-free NMR/MRI system using annular
REBaCuO superconducting bulks [27, 28].

To achieve the highest concentrated field in the lens, the
GdBaCuO magnetic lens must, in the ideal case, completely
shield the magnetic field from its interior. However, since it is
a type II superconductor, some magnetic flux will penetrate
the material, depending on its J.(B, T) characteristics (and
hence operating temperature), as well as its geometry, during
the HTFML magnetizing procedure. Figures 6(a) and (b),
respectively, show the time step dependence of the magnetic
field profiles along the x-direction across the center of the lens
during the ascending and descending stages of ZFCM for an
applied field, B,,, = 3 T for the only GdBaCuO lens without
the MgB, cylinder in ‘case-1’. Figure 6(a) is exactly the same

10 —r Tt Tt [ ' ‘v ‘Tt Tt [ T Tt ‘tv Tt T T T
-0 BT for only MgB2 cylinder
+BcforHTFML

B, or B_(T)

Figure 7. Concentrated magnetic field, B,, at the center of the
magnetic lens as a function of the external field, By, for By, = 3 T.
The trapped field, Br, at the center of the MgB, cylinder for the case
without the GdBaCuO lens extracted from figure 5 is also shown.

as figure 4(a), in which B, at the center of the GdBaCuO lens
was enhanced gradually with increasing B,y in the ascending
stage from steps 0-5. In figure 6(b), in the descending stage
from steps 6-10, it can be seen that there is some flux
penetration into the inner edge of GdBaCuO lens at around
r = £5 ~ 7 mm from step 7 even for a relatively low applied
field of 3T during ZFCM. The magnetic field reached
eventually becomes —0.46 T at the center of the GdBaCuO
lens at the final step (step 10) after ZFCM, resulting in a
reduction from the ideal of the GdBaCuO lens shielding effect
in those regions where the magnetic flux penetrates during
ZFCM. Thus, to maximize the lens’s shielding, and hence its
ability to concentrate the magnetic field, the flux penetration
should be minimized.

Figure 7 shows the concentrated magnetic field, B,, at the
center of magnetic lens as a function of external field, B, for
Bapp = 3T, which was extracted from figure 4. The trapped
field, By, at the center of the MgB, cylinder was also
extracted from figure 5 for the case without the GdBaCuO
lens, which clarifies the effectiveness of the HTFML. For
only MgB, cylinder, the Bt value is nearly the same as B,y in
the ascending stage from step O and attains a maximum value
Bex = 3T at step 5. The By value is then 2.85 T at the final
step (step 10) once B.x = 0, showing that 3 T is a reasonable
value to fully magnetize the MgB, cylinder by FCM at 20 K.
In the case of the HTFML using both the MgB, cylinder and
GdBaCuO lens, B, at the center of the GdBaCuO lens was
enhanced up to 6.10 T at step 5 due to the shielding effect of
lens and settled to B, = 4.73 T at the final step (step 10),
which is higher than both B, from the magnetizing coil and
Bt from the MgB, TFM. These results indicate the superiority
of the proposed HTFML device, which can reliably generate
the concentrated magnetic field higher than the applied field
by the external magnetizing coil and the trapped field of the
TFM, even after removal of the external field.
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Figure 8. Time step dependence of magnetic field profile along the x-
direction across the center of the lens during (a) the ascending stage
and (b) the descending stage for By,, = 10T in ‘case-2’.

4.2. ‘Case-2’: GdBaCuO cylinder-GdBaCuO lens

In the previous section, the superiority of the HTFML device
in ‘case-1’ using a MgB, cylinder and REBaCuO lens pair
was verified, for which the concentrated magnetic field was
enhanced up to B, = 4.73 T at the center of the GdBaCuO
lens, which is higher than the trapped field of Bt = 2.8 T
generated by the MgB, cylinder and the applied field,
B,,, = 3.0T, generated by the external magnetizing coil. In
this section, the other example of ‘case-2’ using a REBaCuO
cylinder and REBaCuO lens pair for further concentration of
the trapped magnetic flux is explored.

Figure 8 shows the time step dependence of the magnetic
field profile along the x-direction across the center of the lens
during (a) the ascending stage and (b) the descending stage for
B.pp = 10T in ‘case-2’. In this case, it should be noted that the
temperature of the GdBaCuO cylinder and lens must be con-
trolled individually. Similar results were shown previously for
‘case-1’ in figure 4(a), where the magnetic field profile was
shown during the ascending stage of ZFCM for B,,, = 3 T for

20 T T — --<=--Bapp (3T) —@—Bc (3T) |
- --{---Bapp (6T) —®—Bc (6T) |
--A==Bapp (10T) —&—Bc (10T) ]

15 [ %nding

@-
IO .
T ALY

.-Cr

Step

Figure 9. Time step dependence of the concentrated magnetic field,
B, at the center of the GdBaCuO lens in the HTFML for B,,, = 3, 6
and 10 T for ‘case-2’. The external field, By, generated by the
solenoid magnetizing coil is also shown for each By,

the GdBaCuO lens from steps 0-5 (noting that the MgB,
cylinder is in the normal state). In figure 8(a), the B, value was
enhanced up to B. = 16T at the center of the lens at step 5
when applying B, = 10 T. The GdBaCuO lens could retain its
shielding effect even in a higher external magnetic field of 10 T,
although the magnetic shielding effect weakens with increasing
applied field due to further penetration of magnetic flux [11]. In
figure 8(b), during the descending stage (steps 5-10), the
GdBaCuO cylinder maintains a trapped field similar to B, at
the final step (step 10) as it is magnetized by FCM, but below its
full capability based on its high J.—B characteristics at 20 K. The
B. value gradually decreased during the descending stage and
settled to a final value of B, = 13.5T at the center of the lens.

Figure 9 shows the time step dependence of the con-
centrated magnetic field, B., and external field, B.,, at the center
of the GdBaCuO Ilens for B,,, = 3, 6 and 10T for ‘case-2’.
Table 3 summarizes the concentrated magnetic field, B, trap-
ped field from the TFM, By, when only considering the TFM
cylinder (i.e., the lens is not present), at the central position at
the final step (step 10), and the concentration ratio, B,/ Bipps in
‘case-2’ extracted from figure 9 for each actual B,,,. An
accurate value of By, is shown as B*,,, = 3.09T, 6.13 T and
10.18 T in this table, which was named roughly as By, = 3, 6,
10T so far. Similar results for ‘case-1’ from figure 4 are also
shown for comparison. For the lower B,,, = 3 T, a magnetic
field concentration ratio of B./Bg,, = 1.70 is achieved at the
final step (step 10) in ‘case-2’, which is higher than 1.53 when
using the MgB, cylinder in ‘case-1’. This results from the
higher By value of 3.09T in ‘case-2’, where the outside
GdBaCuO cylinder was magnetized below its full capability.
Furthermore, in ‘case-2’, the concentration ratio decreased with
increasing B,,, from 1.70 for B,,, =3T to 1.33 for
Bgpp = 10 T. In figure 9, the higher B, resulted in a larger flux
creep during the descending stage of FCM of the TFM cylinder
and further penetration of magnetic flux in the ZFCM of the
GdBaCuO lens. There is a possibility to achieve further
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Table 3. Concentrated magnetic field, B., trapped field by TFM, Br, at the center of the GdBaCuO lens at the final step (step 10), and
magnetic field concentration ratio, B./Bipp, in ‘case-2’ extracted from figure 9 for each actual applied field, B”,,. Similar results for ‘case-1’

from figure 4 are also shown for comparison.

Bypp () B'app (1) Br(T)  Bo (T)  Be/Bupp
‘case-1” (MgB2 cylinder) 3 3.09 2.85 4.73 1.53
‘case-2’ (GdBaCuO cylinder) 3 3.09 3.09 5.25 1.70
6 6.13 6.13 9.19 1.50
10 10.18 10.18  13.49 1.33

enhancement of B. and B./B,, by optimization of the magnetic
design, including the geometry of the cylinder and lens, and the
magnetization conditions, including temperature and applied
field. The shielding property of the magnetic lens should be also
exploited for further concentration of the trapped field, such as
for hollow bulk cylinders [14]. These results show that the
effectiveness of the HTFML would be enhanced in terms of the
characteristics of the superconducting material(s) used, includ-
ing the possibility of utilizing new and improved materials,
such as BaFe,As, (T, = 38 K) [29, 30].

5. Conclusion

A new concept of an HTFML, consisting of a superconducting
bulk cylinder TFM using the vortex pinning effect, combined
with a bulk magnetic lens using the diamagnetic shielding effect,
is proposed, which can reliably generate a magnetic field at the
center of the magnetic lens higher than the trapped field by TFM
and the maximum external magnetizing field, even after the
externally applied field decreases to zero. The effectiveness and
superiority of the HTFML was verified using numerical simu-
lations for two examples: (1) an MgB, cylinder and GdBaCuO
lens pair (‘case-1") and (2) a GdBaCuO cylinder and GdBaCuO
lens pair (‘case-2’). In ‘case-1’, using the outer MgB, cylinder
and inner GdBaCuO lens pair, the MgB, cylinder was magne-
tized by FCM with an applied field, B,,, = 3T, during the
descending stage, also corresponding to ZFCM of the GdBa-
CuO lens. The trapped field, By = 2.85 T, in the MgB, TFM
cylinder was concentrated by the introduction of GdBaCuO lens,
and a concentrated magnetic field, B. = 4.73 T, was reliably
achieved at the center of the lens. In ‘case-2’, using the outer
GdBaCuO TEM cylinder and inner GdBaCuO lens pair, in
which the GdBaCuO cylinder is held above 7. and the GdBa-
CuO lens is cooled below T, for the ascending stage of mag-
netization, followed by both bulks being cooled below T for the
descending stage, a higher B. = 13.49 T, was reliably achieved
at the center of the magnetic lens for B,,, = 10T.

The advantages and disadvantages of each HTFML,
comparing use of the MgB, cylinder and the GdBaCuO
cylinder are summarized as follows:

‘case-1": The MgB, HTFML only needs one cooling
process for the whole device by exploiting the difference in T,
of the two superconducting materials. Its weight would also
be lower due to the use of the lighter bulk MgB, cylinder.
However, the trapped field capability is limited in comparison
to the GdBaCuO cylinder (‘case-2’) because of the

comparatively inferior J.(B) characteristics of MgB, and it
must operate at a temperature lower than the superconducting
transition temperature of MgB,, 7. = 39 K.

‘case-2’: The all-GdBaCuO HTFML offers higher con-
centrated fields at temperatures much higher than 39 K, but
does require separate cooling of the cylinder and lens parts to
obtain the necessary effect and it would weigh more.

This HTFML device could become a standard method for
trapped field enhancement in several practical applications
using a superconducting bulk and there is a scope for optim-
ization of the magnetic design, including geometry around two
bulks, and magnetization conditions, including temperature and
applied field. The effectiveness of the HTFML would be
enhanced with improvements in the characteristics of the
superconducting material(s) used, including the possibility of
utilizing new and improved materials such as BaFe,As,
(T. = 38K). The device could, for example, be used to
enhance the magnetic field in the bore of a bulk super-
conducting NMR /MRI system to improve its resolution.
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Abstract
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A hybrid trapped field magnet lens (HTFML) is a promising device that is able to concentrate a
magnetic field higher than the applied field continuously, even after removing an external field,
which was conceptually proposed by the authors in 2018. This paper presents, for the first time,
the experimental realization of the HTFML using a GdBaCuO magnetic lens and MgB, trapped
field magnet cylinder. A maximum concentrated magnetic field of B, = 3.55 T was achieved at
the central bore of the HTFML after removing an applied field of B,,, = 2.0 T at T = 20 K. For
higher By, the B, value was not enhanced because of a weakened lens effect due to magnetic
flux penetration into the bulk GdBaCuO material comprising the lens. The enhancement of the
trapped field using such an HTFML for the present experimental setup is discussed in detail.

Keywords: hybrid trapped magnet field lens, bulk superconductors, trapped field magnets,
magnetic lens, vortex pinning effect, magnetic shielding effect

(Some figures may appear in colour only in the online journal)

1. Introduction

Trapped field magnets (TFMs) using superconducting bulks
such as REBaCuO (RE: a rare earth element or Y) and MgB,
have been vigorously investigated for various practical
applications; for example, rotating machines, magnetic
separation, flywheel energy storage systems and so on [1-3].
Superconducting bulk TFMs, in which magnetic flux is

3 Author to whom any correspondence should be addressed

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 3.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOI.

0953-2048/19/12LT03+07$33.00

trapped by the strong ‘vortex pinning effect’, are usually
magnetized by field-cooled magnetization (FCM) using a
high, stationary magnetic field, for which a magnetic field
nearly the same or slightly lower than the applied field can be
trapped. The trapped field capability of such bulks, as esti-
mated from state-of-the-art J.(B, T) characteristics could
exceed 20T at 20K in a disk bulk pair [4]. However, the
trapped field is limited experimentally by the poor mechanical
strength of the brittle ceramic material [5]. A large Lorentz
force is developed in the bulk during the magnetization pro-
cess, which sometimes results in crack formation and pro-
pagation, leading to eventual mechanical failure [6, 7]. To
date, REBaCuO disk bulks have trapped magnetic fields over
17 T by mechanical reinforcement using glass fiber reinforced
epoxy resin or shrink-fit stainless steel to reduce the

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Cross-sectional view of the schematic illustration of the experimental setup for the HTFML on the cold stage of a refrigerator.
(b) Cross-sectional and top views of the GdBaCuO magnetic lens with slits. When a magnetic field is applied along the +z-axis direction to
the GdBaCuO magnetic lens, the magnetic field penetrates from the slits and the shielding current flows as shown by the red arrows. As a
result, the magnetic field increases along the +z-direction due to the shielding current.

electromagnetic hoop stress [4, 8]. A ring-shaped bulk
superconductor that can produce uniform, high magnetic
fields within the central bore is a strong candidate for compact
cryogen-free nuclear magnetic resonance (NMR) and magn-
etic resonance imaging (MRI) systems [9—11]. The 'H spectra
of toluene with a full width at half maximum of 0.4 ppm
(80 Hz) was achieved in the 10 mm room temperature bore in
the bulk NMR [10]. The first MRIs using annular EuBaCuO
bulks were also reported with a magnetic homogeneity of
37 ppm (peak-to-peak) achieved in a & 6.2mm X 9.1 mm
cylindrical space with first order shimming [11]. Using this
system, a clear 3D image of a chemically-fixed mouse fetus
was acquired.

On the other hand, a ‘magnetic lens’ using cone-shaped
superconducting bulks has been investigated, in which a
magnetic field is concentrated in the bore of the lens using the
‘diamagnetic shielding effect’ of superconducting materials
and the available magnetic field in the lens is higher than the
applied field generated by an external magnetizing coil
[12-18]. For example, a concentrated field of B, = 12.42T
has been achieved at 20K for a background field of
Bgpp = 8 T using a bulk GdBaCuO magnetic lens [12]. Since
the magnetic lens effect vanishes after the applied field
decreased to zero, the external magnet must be operated
continuously, which consumes energy and is not envir-
onmentally friendly.

We recently proposed a new concept of a hybrid trapped
field magnet lens (HTFML) [19], consisting of a cylindrical
bulk TEM exploiting the ‘vortex pinning effect’, combined
with a bulk magnetic lens exploiting the ‘diamagnetic
shielding effect’. Using numerical simulations, the HTFML
was shown to be able to reliably generate a magnetic field in
the central bore of the magnetic lens that is higher than both
the trapped field in the single cylindrical bulk TFM and the
external magnetizing field, even after the externally applied
field decreases to zero. For a REBaCuO magnetic lens and
MgB, TFM cylinder, the HTEFML could reliably generate a

concentrated magnetic field of B. = 4.73 T with an external
magnetizing field B,,, = 3 T. For an HTFML comprised of
REBaCuO bulks for both magnetic lens and TFM cylinder, a
concentrated magnetic field of B, = 13.49 T could be gen-
erated with an external magnetizing field B,,, = 10 T, where
the temperature of both parts is controlled independently [19].
In addition, the shape of the magnetic lens in the HTFML has
been optimized, and the mechanical stress in the cylinder and
lens parts has also been estimated during the magnetizing
process [20].

In this paper, we present, for the first time, the exper-
imental realization of the HTFML using a GdBaCuO magn-
etic lens and MgB, TFM cylinder, based on the same
magnetizing procedure proposed in [19]. The experimental
results are compared with the simulated ones and enhance-
ment of the B. value in HTEML is discussed in detail.

2. Experimental procedure

2.1. Experimental setup

Figure 1(a) shows the schematic cross-section of the exper-
imental setup of the HTFML on the cold stage of a refrig-
erator. The MgB, cylindrical bulk (60 mm in outer diameter
(OD), 40 mm in inner diameter (ID), and 60 mm in height
(H)) was fabricated using the infiltration method by Experi-
ments Projects Constructions S. R. I, Italy [21, 22].
Figure 1(b) shows the cross-section and top view of the
GdBaCuO magnetic lens. The GdBaCuO magnetic lens was
prepared by the following process: stacked GdBaCuO
cylindrical bulks (OD = 36 mm, ID = 10 mm, H = 30 mm),
fabricated using the QMG method by Nippon Steel Cor-
poration, Japan [23, 24], were machined into a cone-shape of
OD = 30mm, ID = 10mm, ID2 = 26 mm, outer height
(OH) = 30 mm and inner height (IH) = 8.0 mm, as shown in
figure 1(b). The dimensions of the bulk magnetic lens were
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optimized using numerical simulations [20]. Thin slits of
width 200 pm was made to disrupt the circumferential flow of
the shielding current during the zero-field-cooling (ZFC)
process, which plays an important role in magnetic flux
concentration for the magnetic lens [19]. When an external
magnetic field is applied along the +z-axis direction to the
GdBaCuO magnetic lens, the same magnetic field penetrates
into the central bore from the slits. The shielding current
flows as shown by the red arrows in figure 1(b) and an
additional magnetic field exists along the +z-axis direction,
mainly due to the counterclockwise shielding current nearest
to the central bore. As a result, the magnetic field is enhanced
along the +z-axis direction, which is then higher than the
applied field.

The GdBaCuO magnetic lens was encapsulated in a
stainless steel (SS) holder to prevent fracture of the bulk due
to the large Lorentz force during the magnetization process,
and was connected thermally to the cold stage of the refrig-
erator. The MgB, cylindrical bulk was reinforced by a SS
cylinder (ID = 60 mm, OD = 66 mm and H = 60 mm) and
the top SS plate (ID =36 mm, OD = 66mm and
H = 3 mm), which were effective in preventing mechanical
fracture [25, 26]. These SS holders apply a compressive stress
to the bulk cylinder and bulk lens during the cooling process
from room temperature to the operating temperature (e.g.
20K) due to the difference in the coefficient of thermal
expansion between SS and the bulk superconducting materi-
als. Two CERNOX ™ thermometers were attached for mon-
itoring the temperature of the HTFML; one was mounted
directly on the top surface of the MgB, cylinder, and the other
was placed on the top surface of the SS holder of the
GdBaCuO lens. Thin indium sheets were inserted between the
bulks and the cold stage of the refrigerator (or SS holder) to
obtain good thermal contact. The temperature of the cold
stage was controlled using a Pt-Co thermometer and a resis-
tive heater, attached to bottom surface of the cold stage. The
concentrated field, B, was measured in the central bore of the
HTFML by an axial-type Hall sensor (F W Bell, BHA-921).
The HTFML device was placed in a vacuum chamber and
then evacuated by a vacuum pump system.

2.2. Magnetization procedure

Figure 2 shows the time sequence of the external field (left
vertical axis), Bey, at the center of the HTFML and the
operating temperature (right vertical axis), 7, during the
magnetizing process of the HTFML. The magnetizing exter-
nal field, B,pp, corresponds to the maximum value of B.,. The
HTFML device set in the vacuum chamber was inserted into a
cryocooled 10 T superconducting solenoid magnet (JASTEC
JMTD-10T100). First, the MgB, bulk cylinder and GdBaCuO
bulk lens were cooled to 7 = 40 K. In this stage, the MgB,
cylinder is in the normal state and the GdBaCuO lens is in the
superconducting state, where the time step (TS) is defined as
TS = 0. The proof-of-concept experiments of the HTFML
were performed according to the following magnetizing
process.

+ (N (2) (3 +
N . e S
— B,
E.xpp ----------- |
E e NN, Soeral 0 o
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Figure 2. Time step (TS) sequence of the external field (black: left
vertical axis), Bey, at the center of the HTFML and the operating
temperature (red: right vertical axis), 7, during the magnetizing
process to realize the HTFML. The magnetizing applied field, B,
corresponds to the maximum value of Bey.

app»

(1) The external magnetic field, B.,, was ramped up
linearly at +0.222 T min~" to B.pp = 1-3T over five
steps, where TS of the ascending stage is defined as
TS = 1-5. This process corresponds to ZFC magneti-
zation of the GdBaCuO lens, in which the magnetic
field at the center is essentially higher than B,, because
of the shielding effect by the magnetic lens.

(2) The temperatures of both the MgB, cylinder and
GdBaCuO lens were decreased to 7 = 20 K under the
applied field B,,p,, with both materials now in the
superconducting state.

(3) B.x was decreased linearly at —0.011 T min~! over five
steps (TS = 6-10) down to zero. During this process,
the MgB, cylinder was magnetized by FCM and
magnetic flux was trapped in the cylinder. A magnetic
field at the center of the magnetic lens still remains due
to the existence of the trapped field in the MgB,
cylinder. As a result, the HTFML can reliably generate
a magnetic field higher than the trapped field in the
single MgB, TFM cylinder and B,p, even after
Bex = 0.

Prior to the HTFML experiments, the trapped field
properties of the MgB, cylinder and the magnetic con-
centration capability of the GdBaCuO lens were investigated
independently using the same time sequence as shown in
figure 2 under the external magnetic field of B,,, = 1-3 T, in
which either the MgB, cylinder or GdBaCuO lens was set on
the cold stage.

3. Results and discussion

3.1. Trapped field capability of the single MgB, cylinder

To confirm the trapped field capability of MgB, cylinder, the
trapped field properties of the single MgB, cylinder was
measured. Figure 3(a) shows the time evolution of the
external field, B., and trapped field, B., at the center of the
single MgB, cylinder during the same time sequence shown
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Figure 3. Time evolution of (a) the measured magnetic field, B, at
the center of the single MgB, cylinder and external field, B.x, and (b)
the temperatures of MgB, cylinder and cold stage during the
magnetization process for an applied field of By, = 2.0 T.

in figure 2 under an external magnetic field of B,,, = 2.0T.
Figure 3(b) shows the time evolution of the temperatures of
the cold stage and the MgB, cylinder for the same process. In
the ascending stage, the magnetic field, B, increased linearly
with increasing B, and the magnitude of B. was the same as
the external field (B. = Bex = 2.0T) because the MgB,
cylinder was in normal state (7T = 40 K). In the descending
stage, after cooling to 20 K, the B., was slowly decreased at a
constant rate of —0.011 Tmin~' and the FCM process was
performed for the MgB, cylinder. As a result, a trapped field
remained of B, = 2.0 T after B., was decreased to zero due to
the conventional vortex pinning effect. In figure 3(b), the
temperature of the MgB, cylinder was nearly the same as that
of the cold stage because of the good thermal contact.
Figure 4 shows the TS dependence of the trapped field,
B., at the center of the single MgB, cylinder under external
magnetic fields of B,,, = 1—-3 T. In the ascending stage from
TS =0 to 5, the magnetic field increases linearly with
increasing 7S and the magnitude is the same as the external
field because the MgB, cylinder is in normal state. In the
descending stage of the FCM process, for the applied fields of
B.pp = 1.0 and 2.0T, trapped fields of 1.00T and 1.98T,
respectively, were achieved at TS = 10 without flux creep.
On the other hand, for higher applied fields of 2.5 and 3.0 T,
the TS dependence of B, after TS = 5 gradually decreased
and the final trapped field was 2.18 T, which suggests the
maximum trapped field capability of the MgB, cylinder at
T = 20 K. The trapped field cannot increase over 2.18 T, even
if applied field is higher than 3.0 T. In the conceptual paper
[19], B. = 2.85 T was predicted at the final step at T = 20K
in the bore of MgB; cylinder for B,,, = 3.09 T. The lower B,
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Figure 4. Time step (TS) dependence of the measured magnetic field,
B, at the center of the single MgB, cylinder during the
magnetization process for applied fields B,,, = 1.0-3.0 T.
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Figure 5. Time evolution of (a) the measured magnetic field, B, at
the center of the single GdBaCuO bulk lens and external field, B,
and (b) the temperatures of GdBaCuO bulk lens and cold stage
during the magnetization process for an applied field of

Byp =20T.

value in the present experiment results from the lower J.(B, T)
of the present MgB, cylinder, compared with that used in the
simulations in [19].

3.2. Magnetic shielding capability of the single GdBaCuO
bulk lens

The magnetic shielding capability of the GdBaCuO bulk lens
was measured using the single GdBaCuO bulk lens during the
ZFC process. Figure 5(a) shows the time evolution of the
magnetic field, B., at the center of the single GdBaCuO bulk

- 122 -



Supercond. Sci. Technol. 32 (2019) 12LT03

P Letters

L=}
|

| single 20T
GdBaCuO lens

B_(T)
3 L B N

TS

Figure 6. TS dependence of the measured magnetic field, B, at the
center of the single GdBaCuO magnetic lens during the magneti-
zation process under applied fields, B,p, = 1.0-3.0 T. For TS = 10,
the B, value increased negatively with increasing Bjpp.

lens and the external field, By, during the same time sequence
shown in figure 2, under an external magnetic field of
B.pp, = 2.0T. Figure 5(b) shows the time evolution of the
temperatures of GdBaCuO bulk lens and the cold stage under
the same process. In the ascending stage, a clear magnetic
field concentration was observed; B, = 3.76 T was achieved,
which resulted in a magnetic field concentration ratio of
B./B,p, = 1.88. A temperature rise of about 2.1 K took place
during ascending stage from O to 10 min, originating from
magnetic flux penetration into the magnetic lens. When the
temperature of the cold stage was set to 20 K, the minimum
temperature of the GdBaCuO bulk lens encapsulated by the
SS holder was only 26.5K, which may come from an
imperfect thermal contact between the bulk lens and the SS
holder. It should be noted that the final B, value was not zero,
but a negative one of —0.48 T. This result suggests that some
magnetic flux penetrated into the surface of the bulk lens and
a residual magnetic field along the —z-direction existed due to
the vortex pinning effect.

Figure 6 shows the TS dependence of the magnetic field,
B., at the center of the single GdBaCuO bulk lens during the
ZFC process under applied magnetic fields of
Bupp = 1.0—3.0T. In the ascending stage from TS = 0 to 5,
the magnetic field was concentrated by the shielding current.
For lower B,,, =1 and 2T, B, =2.04 and 3.76 were
achieved at TS =5, which correspond to magnetic field
concentration ratios, Bc/Bapp, of 2.04 and 1.88, respectively.
The B, values increased for higher B,,,, which were 4.55T
and 5.19 T for B, = 2.5 and 3.0 T at TS = 5, respectively.
However, the magnetic field concentration ratio, B./ Bapps
gradually decreased due to increased magnetic flux penetra-
tion into the bulk lens. For the final stage (TS = 10), at which
the external field was zero, the B, value increased negatively
with increasing By, for the same reason. For all the cases, the
minimum temperature of the GdBaCuO bulk lens encapsu-
lated by the SS holder was only 26.5 K. To improve the

" HTFML (MgB, cylinder + GdBaCuO lens) 1

B(T)

) 1
- ——GdBaCul lens {b] 4 40
—&—MgE, cylinder

==~ cold stage

T(K)

P PRI B 10
150 200 250 300

Time (rmin)
Figure 7. Time evolution of (a) the measured magnetic field, B, at
the center of the HTFML and external field, B.,, and (b) the

temperatures for each measurement point during the magnetizing
process for B,p, = 2.0T.

performance of the magnetic lens, lowering its temperature is
necessary.

3.3. Realization of the HTFML

Finally, we present the experimental realization of the
HTFML using GdBaCuO magnetic lens, combined with the
MgB, bulk cylinder. Figure 7(a) shows the time evolution of
the magnetic field, B., at the center of the HTFML during the
magnetizing process shown in figure 2 under an external
magnetic field of B,,, = 2.0 T. Figure 7(b) shows the time
evolution of the temperatures measured at each position. In
the ascending stage, the B, value reached 3.65T and then
slightly decreased to 3.55 T at the end of the descending stage
due to flux flow. The magnetic field concentration ratio,
Bc/Bapp, Was 1.76 at the end of the ramp. The temperatures of
the MgB, cylinder and the GdBaCuO bulk lens on the SS
holder were 20.0 and 26.5K, respectively. These results
demonstrate the HTFML effect experimentally for the
first time.

Figure 8 shows the TS dependence of the magnetic field,
B., at the center of the HTFML during the magnetizing pro-
cess under applied fields of B,,, = 1.0-3.0 T. At the end of
the ascending stage (TS = 5), the B, value for each B, was
nearly the same as that for the single GdBaCuO magnetic lens
case, as shown in figure 6. In the descending stage, for
B.pp = 1.0 and 2.0 T, the B, value was nearly the same as that
at TS = 5. On the other hand, for B,,, = 2.5 and 3.0 T, the B,
value gradually decreases with increasing TS. As a result, the
final B, value for B,,, = 2.5 and 3.0 T was smaller than that
for Bap, = 2.0T. The concentrated magnetic field, B, at
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Figure 8. TS dependence of the measured magnetic field, B., at the
center of the HTFML device during the magnetization process under
various applied fields, B,p, = 1.0-3.0T.

Table 1. Concentrated magnetic field, B, at TS = 5 and 10 at the
center of the HTFML, and calculated magnetic field concentration
ratio, B./B,p,, for various applied magnetic fields, B,pp.

Bc (T) Bc (T) Bc/Bapp
Bpp (1) atTS =5 at TS = 10 at TS = 10
1.0 2.00 1.99 1.99
2.0 3.65 3.55 1.76
2.5 4.45 3.46 1.38
3.0 5.19 3.22 1.07

TS = 5 and 10 at the center of the HTFML, and calculated
magnetic field concentration ratio, BC/Bapp, for the various
applied magnetic fields, B, are summarized in table 1. A
maximum B, value of 3.55 T was achieved for By, = 2.0T.

In the concept paper, in which the HTFML was proposed
to be constructed using a REBaCuO magnetic lens and MgB,
TFM cylinder, a concentrated magnetic field B, = 4.73 T was
predicted for an external magnetizing field B,,, = 3 T using
numerical simulations [19]. However, the maximum B, value
was as low as 3.55T experimentally under the same mag-
netizing process for By, = 2.0 T. This difference occurs for
the following reasons. Firstly, the assumed J. (B, T) char-
acteristics of the MgB, and GdBaCuO bulks used in the
simulations were higher than those of the actual bulks used in
the experiments. Secondly, the minimum temperature of the
GdBaCuO bulk lens was only 26.5 K, when the temperature
of the cold stage was set to 20.0 K. To enhance the HTFML
effect for the present MgB, cylinder and GdBaCuO bulk lens,
the thermal contact between the GdBaCuO bulk lens and the
SS holder must be improved. Nevertheless, we have realized
the HTFML effect experimentally for the first time. Our final
goal is to build and test an HTFML using a GdBaCuO
cylinder and GdBaCuO lens, for which a B, value in excess of
10T (e.g. B. = 13.5T [19]) is predicted for a magnetizing
process with By, = 10T. A cryocooled 10T super-
conducting solenoid magnet with a large room temperature

bore (e.g. 100 mm in ID) has become more readily available
in the science and engineering research communities outside
of the field of superconductivity. Thus, building on these
findings, we aim to provide easily a concentrated magnetic
field higher than 10T in an open space using this HTFML
system.

4. Conclusion

We have presented, for the first time, the experimental rea-
lization of a HTFML, based on the device design and mag-
netizing procedure recently proposed in [19, 20]. The
important results and conclusions in this study are summar-
ized as follows.

(1) The HTFML effect was demonstrated experimentally
using GdBaCuO magnetic lens and MgB, TFM
cylinder for the first time, such that a magnetic field
can be generated in the central bore of the magnetic lens
that is higher than both the trapped field in the single
cylindrical bulk TFM and the external magnetizing
field, even after the externally applied field decreases
to zero.

(2) A maximum concentrated magnetic field of
B. = 3.55T was achieved in the central bore of the
HTFML device after removing an applied field of
B.pp = 2.0T at T = 20 K. The maximum B, value was
smaller than the one estimated by numerical simula-
tions, which results from the lower J. (B, T) and higher
operating temperature, compared with those of the
numerical predictions.

(3) For higher B, the B, value was not enhanced because
of a weakened lens effect due to magnetic flux
penetration into the bulk GdBaCuO material compris-
ing the lens. To enhance the HTFML effect, improving
the thermal contact between the HTFML and the cold
stage and lowering temperature of the GdBaCuO lens
and MgB, TFM cylinder is necessary for the present
setup.
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Abstract

A trapped field of Br = 1.61 T was experimentally achieved at the central surface of an MgB,
bulk composite (60 mm in diameter and 20 mm in height) at 20 K by double pulsed-field
magnetization (PFM) using a split-type coil. The composite bulks consisted of two MgB, ring
bulks sandwiched by thin copper ring plates, which were then stacked, and a soft iron yoke
cylinder was inserted in the central bore of the rings. The copper ring plates delayed the rise time
and duration of the magnetic pulse due to eddy currents. The inserted soft iron yoke attracted the
magnetic flux and enhanced the trapped field strength mainly due to its large permeability. As a
result, the trapped field was enhanced from By = 0.34 T for the single MgB; ring bulk without
the copper plates and soft iron yoke to By = 1.00 T for the composite with both copper plates
and the soft iron yoke. The inserted soft iron yoke can be exploited to enhance the trapped field
because the intrinsic By of the single MgB, ring bulk was smaller than the saturation field of the
yoke (~2 T). Using an optimized second pulse application after suitable flux trapping from the
first pulse application, the trapped field was enhanced considerably to Br(2nd) = 1.61 T, which
is a record-high trapped field for an MgB, bulk by PFM to date. The combination of the longer
magnetic pulse application by the copper plates, the enhancement of the effective applied field
by the inserted soft iron yoke, and the double pulse application using split-type coil is an
effective technique to enhance the trapped field in the MgB, bulk using PFM.

Keywords: MgB., pulsed field magnetization, trapped field, soft iron yoke cylinder, double pulse
application, copper plate stack, rise time elongation

(Some figures may appear in colour only in the online journal)

1. Introduction systems and compact cryogen-free nuclear magnetic reson-
ance (NMR) and magnetic resonance imaging (MRI) systems

Large, single-grain RE-Ba-Cu-O (REBaCuO, RE: arare earth  [2-6]. A record high trapped field of Bp(FCM) = 17.6 T at

element or Y) bulk superconductors can trap higher magnetic
field by strong vortex pinning effect and are a promising mater-
ial for use as a compact, high-strength trapped field magnet
(TEM) [1] for various practical applications, such as rotat-
ing machines, magnetic separation, flywheel energy storage

1361-6668/20/085002+10$33.00

26 K has been achieved in the GdBaCuO disk bulk pair activ-
ated by field-cooled magnetization (FCM) [7, 8]. During FCM,
the bulk is cooled below the transition temperature, 7. =92 K,
under the applied field, B, using superconducting magnet
(SM) and then the magnetic field decreases to zero.

© 2020 IOP Publishing Ltd  Printed in the UK
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On the other hand, MgB, bulk superconductors have also
promising potential as TFMs, such as being rare-earth-free,
lightweight and presenting a homogeneous trapped field dis-
tribution [9], which are in clear contrast with REBaCuO bulks.
The better and larger MgB, polycrystalline TFMs can be
realized because of their long coherence length, £, below
T. = 39 K [10]. MgB,; bulks with high critical current dens-
ity, J., have been fabricated by various methods and usually
activated by FCM [11-15]. A record-high trapped field of
Br(FCM) = 5.4 T has been achieved at 12 K on a surface of a
MgB; disk bulk 20 mm in diameter [16]. In this way, FCM can
achieve the maximum trapped field of the bulk. However, since
the SM is expensive and heavy, FCM is generally ill-suited for
wide practical applications.

Pulsed-field magnetization (PFM) is another magnetizing
method to magnetize bulk superconductors [17-21], which is
mobile, inexpensive experimental setup with no use of SM.
During PFM, the bulk is cooled below T, and the magnetic
pulsed field with the rise time of milliseconds is applied using a
copper coil and condenser bank. However, the trapped field by
PFM, Br(PFM), is generally lower than that by FCM because
of a large temperature rise caused by the dynamics of the mag-
netic flux during the magnetic pulse application [22].

Multi-pulse techniques are effective to enhance the By
value for REBaCuO bulks due to the reduction of the tem-
perature rise [23-26]. We have achieved the trapped field of
Br(PFM) = 5.20 T on a GdBaCuO bulk 45 mm in diameter
at 29 K using a modified multi-pulse technique with stepwise
cooling (MMPSC) [17], which is a record-high Br(PFM) for
REBaCuO bulk by PFM to date. The PFM technique has also
been applied to MgB, bulks [27-32]. By(PFM) = 0.81 T was
achieved at 14 K for a high-J. MgB, bulk fabricated by the
hot isostatic pressing (HIP) method magnetized using a cop-
per solenoid coil, in which Br(FCM) = 2.23 T was trapped at
16 K by FCM [29]. However, flux jumps took place frequently
during PFM in the high-J. MgB, bulks and consequently the
final Bpr(PFM) value decreased for larger pulsed fields. The
multi-pulse application would be to enhance the trapped field
for the MgB, bulk.

The effectiveness of the split-type coil (or vortex-type coil)
during PFM has been clarified for REBaCuO bulks experi-
mentally [33, 34] and numerically [19, 35]. The magnetic flux
starts to intrude not from the periphery, but mainly from the
both surfaces of the disk bulk, and is trapped in the center
of the bulk, even for lower pulsed fields. It was shown that
the maximum Bt could be enhanced in comparison to that
obtained using the solenoid-type coil. In this case, the temper-
ature rise during PFM for the split-type coil was smaller than
that for the solenoid-type coil. We have achieved a trapped
field of Br(PFM) = 1.1 T on a high-J. MgB, bulk at 13 K
without flux jumps by PFM using a split-type coil, in which a
pair of soft iron yokes were inserted in the bore of the split-
type coil. Bp(PFM) = 1.1 T has been the record high trapped
field by PFM for MgB, bulk since 2016 [36]. We have per-
formed many PFM experiments and numerical simulations for
REBaCuO and MgB; bulks, in which the following effective-
ness has been suggested to enhance the trapped field; the use
of split-type coil [19, 33-35], the multi-pulse application for

the REBaCuO bulk [17, 23, 24], the use of soft iron yoke in
the pulse coil [19] and the long pulse application [37].

In this study, we have investigated the trapped field proper-
ties of MgB, ring bulk composites inserted by soft iron yoke
at 20 K by single and double pulsed field applications using
a split-type coil. Furthermore, the effect of thin copper plates,
which sandwiched the MgB, ring bulks, was investigated to
expect the longer magnetic pulse application. As a result, a
new record-high trapped field of Br = 1.61 T was experiment-
ally achieved at 20 K for an MgB; ring bulk comprised of both
copper plates and a soft iron yoke using double pulsed-field
application by split-type coil.

2. Experimental details

We performed the PFM experiments using three types of bulk
modules. An MgB; ring bulk (20 mm in inner diameter (I.D.),
60 mm in outer diameter (O.D.) and 19 mm in height (H))
was fabricated by an in-situ infiltration method [38], in which
Br(FCM) = 1.57 T was trapped by FCM at 20 K. We abbre-
viate this as ‘single bulk’, as shown in figure 1(a). The single
bulk was sliced in half (H = 9 mm), and each ring bulk was
sandwiched by oxygen-free copper plates 0.5 mm in thick-
ness using Apiezon-N™ grease, and then stacked, as shown
in figure 1(b). We abbreviate this as ‘composite (w/o yoke)’.
A soft iron yoke cylinder (20 mm in diameter and 20 mm in H)
was inserted in the composite (w/o yoke), as shown in figure
1(c). We abbreviate this as ‘composite (w/yoke)’.

Figure 2 shows the experimental setup for PFM using the
split-type coil. Each MgB, bulk module was fastened in a brass
holder using a stainless steel (SS) bolt and nut with thin indium
foil and connected to the cold stage of a Gifford-McMahon
(GM) cycle helium refrigerator in a vacuum chamber. In the
previous study, a copper holder was used to fasten the disk
bulk for the split-type coil [19], in which non-negligible tem-
perature rise was observed due to the eddy current flowing in
the holder during PFM. To eliminate the temperature rise in the
holder, a brass holder was used in this study, which has lower
electrical conductivity. A Hall sensor (HG-106 C; ASAHI
KASEI) was placed to the center of the bulk surface, and a
thermometer (Cernox ™) was connected to the brass holder.
The split-type coil (72 mm in .D., 124 mm in O.D., 35 mm in
H), which was submerged in liquid nitrogen, was placed out-
side the vacuum chamber, in which a pair of Ni-plated soft iron
yokes (60 mm in diameter and 65 mm in height) was inserted
in the central bores of the coil.

The strength of the magnetic pulse was estimated using the
following methods. Figure 3 shows the experimental method
to estimate the magnitude of pulsed field, Bex(shunt) and
Bex(Hall). The time evolution of magnetic field, Bex(shunt)(z),
was estimated by observing the current, /(¢), flowing through
the shunt resistor from the pulse current source (condenser
bank) using a digital oscilloscope (YOKOGAWA Electric,
DL1640). For example, to achieve Bex(shunt)™ = 1.5 T at
the center of the split coil at Ty = 40 K (>T. of the MgB,
bulk), Ipeax = 440 A. The time evolution of the magnetic field,
Bex(Hall)(¢), was also simultaneously monitored at the central
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Figure 1. Three types of MgB, bulk modules used for the PFM experiments: (a) ‘single bulk’, (b) ‘composite (w/o yoke)’, where two sliced
ring bulks were sandwiched by oxygen-free copper plates and are stacked, and (c) ‘composite (w/yoke)’, where a soft iron yoke cylinder is

inserted in (b).
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Figure 2. Experimental setup of the PFM for the three types of bulk modules using split-type coil with soft iron yoke.

surface of the single MgB, ring bulk and the composite (w/o
yoke) by measuring the Hall voltage of the Hall sensor using
the digital oscilloscope. For the composite (w/yoke), the time
evolution of magnetic field, Bex(Hall)(#), which is defined as
Bex(yoke)(t) hereafter, was monitored by measuring the Hall
voltage at the central surface of the soft iron yoke.

The initial temperature, T, of the bulk was set to 20 K, and
a single magnetic pulse, Bex(Hall)(¢), with a peak up to 2.0 T
was applied via a pulsed current flowing in the coil, as shown in

figure 4(a). The PFM experiments were also performed using
double pulse application, as shown in figure 4(b). The first
pulse of Bexj(Hall)™ = 1.20 or 1.32 T was applied at 20 K.
Next, once the temperature of the bulk returned to 20 K, the
second pulse, Bexy(Hall)™, ranging from 1.1 to 1.6 T, was
applied to the bulk.

During PFM, the time evolution of the temperature, 7(¢),
and the trapped field, B, which was defined as the final value
of Br(#) at 500 ms, were measured. After the removal of the

- 129 -



Supercond. Sci. Technol. 33 (2020) 085002

T Hirano et al

i b
¥ %
] 1
LN, | shuntresistor | X
- i 1
W - c !
: — Vﬂ 1
e S P i - - i
N T

F 3
yoke. | | e E i
\D | - oscilloscope : o) X
e 0|0 ;
S S =W g
< LA A S v -
Split coil  Buylk Hall sensor Pulse current source

Figure 3. The experimental method to estimate the magnitude of pulsed field, Bex(shunt) and Bex(Hall).
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Figure 4. Schematic illustration of (a) single-pulse and (b) double-pulse application during PFM at Ts = 20 K.

split-type coil (15 min after the each pulse application), two-
dimensional trapped field profiles were mapped at 5 mm above
the bulk surface (on the outer surface of the vacuum chamber)
by scanning a Hall sensor (BHA 921; F W Bell) using an x—y
stage controller.

3. Results and discussion

3.1. Effect of the copper plates and soft iron yoke

First, we clarify the effects of the copper plate stack and soft
iron yoke insertion on the magnetic pulse, Be(#). Figure 5(a)
shows the time dependence of Be(shunt)(f) for an applied
magnetic field of 1.03 T, which was measured for the ‘single
bulk’ case at T = 40 K. The rise time, ts, was about 20 ms,
and the pulse duration was about 400 ms, which were determ-
ined by the coil inductance and the existence of the ferro-
magnetic soft iron yoke inserted in the bore of the split-type
coil. In the figure, the B.x(Hall)(#) profiles for the single bulk,
composite (w/o yoke) and composite (w/yoke) cases are also
shown, which were measured by the adhered Hall sensors.
B.x(Hall)(¥) for the single bulk was slightly delayed, com-
pared with Be(shunt)(f). However, the magnitude, rise time
and duration of Bex(Hall)(#) for the composites (w/o yoke) and

(w/yoke) cases are quite different with those for the single
bulk case.

Figure 5(b) shows the relationship between the max-
imum values (Bex(Hall)™™ and Bex(shunt)™*) of the curves
Bex(Hall)(¢) and Bex(shunt)(z) for each case at Ty, = 40 K.
The maximum value of the B (Hall)() curve, named as
B (Hall)™* for the composite (w/o yoke) was about 20%
smaller than that of the Bex(shunt)(z), named as Bex(shunt)™*,
because of eddy currents flowing in the high-conductive cop-
per plates along the direction to avoid the magnetic flux
intrusion. On the other hand, the Be(Hall)™* value for the
composite (w/yoke) was much larger than Be(shunt)™,
and its rate increases with increasing Bey(shunt)™*. The
Bex(Hall)™* enhancement for the composite (w/yoke) mainly
results from flux concentration in the ferromagnetic yoke cyl-
inder, although the induced current flowing in the yoke acts to
reduce the flux intrusion.

Figure 5(c) shows the rise time, ts(Hall), measured by
the Hall sensor and #s.(shunt), as a function of Bey(shunt)™*
at Ty = 40 K. The magnitude of 7,(Hall) for the compos-
ite (w/o yoke) increased due to the copper plates, and that for
the composite (w/yoke) increased more due to the existence of
the yoke, compared with that for the single bulk. The detailed
study using the copper plates is planned in the next paper.
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Figure 5. (a) The time dependence of Bex(shunt)(¢) for an applied magnetic field of 1.03 T, measured for the single MgB, bulk case, and
Bex(Hall)(z) for the single bulk, composite (w/o yoke) and composite (w/yoke) cases at Ts = 40 K. (b) The relationship between the
maximum values (Bex(Hall)™ and Bex(shunt)™) of the curves Bex(shunt)(r) and Bex(Hall)(¢) for each case at Ts = 40 K. (c) The rise time,

trise(Hall) and #sc(shunt), as a function of Bex(shunt)™ at Ts = 40 K.

3.2. Results for single pulse application

The PFM experiments were performed for the three types of
MgB, modules at T = 20 K (<T'; of the MgB, bulk). Figure 6
shows the trapped field, B, which is defined as the steady
value of the curves Br(r) at t = 500 ms, at the central surface
of each MgB, module, as a function of B (Hall)™* at 20 K.
The trapped field profiles for each case, when the maximum
Bt value was achieved, are also shown. For the single MgB,
bulk case, the magnetic flux started to penetrate into the cen-
ter at Bey(Hall)™* = 0.85 T, and a maximum of By = 0.34 T
was trapped at the central surface. For larger B.x(Hall)™®,
the By value decreased due to a larger temperature rise. The
trapped field profile is shown, for which a trapezoidal pro-
file was measured 5 mm above the bulk surface. For the com-
posite (w/o yoke), the magnetic flux started to penetrate into
the center at Bey(Hall)™* = 1.23 T, and then decreased with
increasing B (Hall)™®*. A maximum Bt = 0.44 T was trapped
at the central surface. The Bex(Hall)™* value for the com-
posite (w/o yoke), at which the Br value took a maximum,
was larger than that for the single MgB, bulk. Here, a larger
magnetic pulse is necessary to trap the magnetic flux at the
center due to the existence of the copper plates, as shown in
figure 5(b). The maximum By value for the composite (w/o

yoke) was slightly larger than that for the single bulk case.
For the composite (w/yoke), the magnetic flux started to pen-
etrate into the center around Be(Hal)™* = 1.03 T, took a
maximum of Br = 1.00 T at B (Hall)™* = 1.20 T, and then
decreased with increasing Bex(Hall)™**. It should be noted that
for the composite (w/yoke), the Bt value was enhanced, but the
Bex(Hall)™®* value at which By value took a maximum was
nearly the same as that for the composite (w/o yoke). These
results suggest that the enhancement of the By value resulted
mainly from the yoke cylinder and that the B.x(Hall)™* value
at which By value takes a maximum was mainly determined by
the copper plates, although we did not perform PFM experi-
ments for the MgB, bulk with only the yoke without the copper
plates.

Figure 7(a) shows the maximum temperature rise, Tmax,
during PFM for each composite, as a function of Bex(Hall)™**
at 20 K. For the single bulk, T, abruptly increases at
Bx(Hall)™® = 0.85 T due to the pinning loss of the flux trap
[39], at which the magnetic flux reached the center of the bulk,
and Br = 0.34 T was trapped. T,y increased with increas-
ing Bex(Hall)™ due to the viscous loss of the flux movement
[39]. For the composites (w/yoke) and (w/o yoke) cases, Tmax
linearly increased with increasing B.x(Hall)™®*, even though
the magnetic flux was not trapped the center of the bulk for
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Figure 6. The trapped field, Br, at the central surface of each module, as a function of Bex(Hall)™ at 20 K. The trapped field profiles for

each case, when the maximum Bt value was achieved, are also shown.

Bex(Hall)™* < 1.2 T. These results indicate that the heat gen-
eration took place mainly in the copper plates due to the eddy
currents in addition to the heat generation due to the flux trap.
For Bex(Hall)™ > 1.2 T, for which the magnetic flux was
trapped, the temperature rise due to the flux trap was superim-
posed and T« was larger than that of the single bulk. Because
of the additional heat generation from the eddy current in the
inserted yoke, the temperature rise of the composite (w/yoke)
was larger than that of the composite (w/o yoke) for higher
Bex(Hall)™.

Figure 7(b) shows an example of the time dependence
of the temperature, 7(¢t), in the composite (w/o yoke) for
Bex(Hall)™™ = 0.91, 1.23 and 1.29 T, which was measured
on the surface of the brass holder. 7(r) took a maximum
at t = 2 ~ 3 s and then linearly decreased with increas-
ing time. The maximum temperature increased with increas-
ing Bex(Hall)™*. Similar trends were also observed for other
cases. The results in figure 7 reflect indirectly the trapped field
properties during PFM, even though the thermometer was not
adhered directly on the bulk surface.

Figure 8 shows the time dependence of the applied field,
B (1), and the trapped field, Br(?), for each case and for
each single pulse application of B.x(Hall)™**. Figures 8(a) to
(c) show the results for the single MgB, ring bulk, where
Bex(shunt)(7) and Bex(Hall)(¢) are also shown. The magnetic
flux cannot penetrate well to the center of the bulk due to its
magnetic shielding for Bex(Hal)™ = 0.83 T (figure 8(a)).
With increasing Bex(Hall)™®*, the magnetic flux was able to
penetrate into the center, and the Byp(r = 500 ms) value
took a maximum at Bex(Hall)™™ = 0.85 T (figure 8(b)). For
Bex(Hall)™ = 0.88 T, the Bp(r = 500 ms) value decreased
due to a large flux flow out of the bulk (figure 8(c)). Figures
8(d) to (f) show the results for the composite (w/o yoke). Here,
similar trends to the single bulk were observed. The By value
took a maximum of By = 0.42 T at Bex(Hall)™™ = 1.23 T
(figure 8(e)), and then decreased at By (Hall)™* = 1.30 T. For

higher B.x(Hall)™*, as shown in figure 8(f), a long gradual
decay in Br(f) can be seen at 100 ms < ¢ < 250 ms. This is
a characteristic decay in MgB,; bulk during PFM [30], which
was also reported by other researcher [32], but has not been
clarified the reason. Figures 8(g) to (i) show the results for
the composite (w/yoke), where Bex(yoke)(?) is also shown, in
addition to Bex(shunt)(f) and Bex(Hall)(7). The Bt value took a
maximum of 1.00 T at B (Hall)™* = 1.21 T (figure 8(h)) and
then decreased at Bex(Hall)™ = 1.32 T. The trapped field of
the composite (w/yoke) was higher than that of the compos-
ite (w/o yoke), because the iron yoke has a large permeability.
The period of the characteristic Br(t) decay for the composite
(w/yoke) becomes longer at 150 ms < # <400 ms. These results
indicate that the composite bulk is considered to be pseudo-
long pulsed field magnetization technique.

3.3. Results for double pulse application

In the previous subsection, the effects of the copper plates
on the MgB, bulk surface and the insertion of soft iron
yoke cylinder on the trapped field enhancement were clearly
confirmed for the single pulse application. In this subsec-
tion, the effect of the double pulse application is presented.
Figure 9(a) shows the trapped field, Br(2nd), on the central
surface of the composite (w/yoke) at T = 20 K, as a func-
tion of the second applied pulsed field, Bexx(Hall)™, after
the first pulsed field, Bexj(Hall)™®, of 1.20 T or 1.32 T was
applied and the magnetic flux was already trapped. After
the application of By (Hal)™™* = 1.32 T, the final Br(2nd)
value was 0.65 T, as shown in figure 8(i). For the second
pulse application, Br(2nd) sharply increased, took a max-
imum of 1.61 T at Bex,(Hall)™* = 1.26 T, and then decreased
with increasing Bexx(Hall)™. The Br(2nd) = 1.61 T is a
record high By value for an MgB; bulk by PFM to date. The
trapped field profile 5 mm above the bulk surface was fairly
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cone shaped. The highest Br value comes from the reduc-
tion of temperature rise due to the already trapped magnetic
flux during the 1st magnetic pulse [17, 40]. For the case of
Bexi(Hall)™* = 1.20 T, similar Bp(2nd) vs Bex>(Hall)™** beha-
vior can be observed. However, the maximum Bt(2nd) value
was smaller than that for Bey (Hall)™* = 1.32 T. These res-
ults suggest that an optimum trapped field and Br(1st) profile

exists to maximize the Br(2nd) value. Figure 9(b) shows the
maximum temperature rise, Tmax, of the composite (w/yoke)
at Ty = 20 K, as a function of second applied pulsed field,
Bexo(Hall)™*. T, for the single pulse application of the com-
posite (w/yoke) at T = 20 K is also shown, which was presen-
ted in figure 7(a). It should be noted that 7'y, after the second
pulse application is about 2 K smaller than that for the single
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Bex1 (Hall)™ = 1.20 T and 1.32 T. (b) The maximum temperature rise, Tmax, of the composite (w/yoke) at Ts = 20 K, as a function of
Bexa(Hall)™™. Tmax for the single pulse application for the composite (w/yoke) at Ts = 20 K is also shown.
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Bex2(Hall)™, after the first pulse application of (a)—(c) Bexi (Hall)™ = 1.32 T and (d)~(f) Bexi (Hall)™ = 1.21 Tat Ts = 20 K.

pulse application. The reduction of temperature rise results in  at 7y = 20 K for Byo(Hall)™* = 1.17, 1.26 and 1.50 T, after

the enhancement of Br after the second pulse.

the first pulse of By (Hal)™™ = 1.32 T was applied. The

Figures 10(a)—(c), respectively, show the time dependence time dependence of Br(1st)(¢) for Bexj(Hall)™™ = 1.32 T was
of the applied fields, Bexz(shunt)(f), Bexo(Hall)(#) for w/o yoke  shown in figure 8(i), in which Br(1st) = 0.65 T was trapped.
and B, (yoke)(?) for w/yoke, and the trapped field, Br(2nd)(f), For Bexx(Hall)™ = 1.26 T, the maximum Br(2nd) of 1.61 T
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was achieved. Figures 10(d)—(f), respectively, show the time
dependence of applied fields and the trapped field, Br(2nd)(t),
at Ty = 20 K for Beyp(Hall)™®* = 1.21, 1.26 and 1.52 T, after
the first pulse of By (Hal)™™ = 1.20 T was applied. The
time dependence of Br(1st)() for Bex (Hall)™ = 1.21 T was
shown in figure 8(h), in which Br(1st) = 1.00 T was trapped.

As shown in figure 9(a), a similar trend can be seen after
the B (Hall)™ application of 1.32 and 1.20 T, although
a slight difference in the maximum value of Br(2nd) exists.
However, the Br(#) behavior was different after the identical
Bexp(Hall)™ = 1.26 T application, as shown in figures 10(b)
and (e). In the case of Be(Hall)™™ = 1.32 T, which was
higher than the optimum B (Hall)™* shown in figure 6,
Br(1st) was as low as 0.65 T. For the 2nd pulse application
of Bexp(Hall)™™ = 1.26 T, a clear B(2nd)(f) enhancement up
to 1.61 T can be observed. On the other hand, in the case of
Bexi(Hall)™ = 1.20 T, which was the optimum Bey; (Hall)™*
shown in figure 6, Br(1st) was 1.00 T. For the 2nd pulse applic-
ation of Bexo(Hall)™* = 1.26 T, the Bt(2nd)(#) enhancement
was relatively small. These results suggest that the enhance-
ment of Bp(2nd) is sensitive to the trapped field profile in
the bulk after the 1st pulse application. A similar trend in the
enhancement of Br(2nd) was observed in the results from the
MMPSC method for the GABaCuO bulk in [17].

4. Conclusion

We have investigated the pulsed field magnetization (PFM) of
three types of MgB, bulk modules (single ring bulk, compos-
ite (w/o yoke) and composite (w/yoke)) using a split-type coil
(also inserting a soft iron yoke) at 7y = 20 K. The composite
(w/o yoke) consisted of two MgB, ring bulks sandwiched by
thin oxygen-free copper ring plates, which were then stacked.
The composite (w/yoke) module included a soft iron yoke cyl-
inder that was inserted in the composite (w/o yoke). We also
studied the effect of the copper plates and soft iron yoke to
enhance the trapped field, Br. The important results and con-
clusions are summarized as follows.

(1) The copper plates delayed the rise time of magnetic pulse
due to the flow of the eddy currents. The inserted soft iron
yoke attracted the magnetic flux and enhanced the trapped
field due to its large permeability. Both parts contribute to
the magnitude and shape of the effective pulsed field, Be-

(2) The trapped field was enhanced from Bt = 0.34 T for the
single MgB, ring bulk without both the copper plates and
soft iron yoke to Br = 0.44 T for the composite (w/o yoke)
and, finally to Bt = 1.00 T for the composite (w/yoke).
The inserted soft iron yoke can be exploited to enhance the
trapped field because the intrinsic Bt of the single MgB,
ring bulk was smaller than the saturation field of the yoke.

(3) Using the optimized second pulse application after
appropriate flux trapped, Br(lst), by the first pulse,
Bex1, the trapped field was enhanced considerably to
Br(2nd) = 1.61 T, which is a record-high trapped field for
MgB; bulk by PFM to date.

(4) The combination of the longer magnetic pulse by the cop-
per plates, the enhancement of the effective applied field
by the inserted soft iron yoke and the double pulse applic-
ation using the split-type coil is an effective technique to
enhance the trapped field in the MgB, bulk using PFM.
This composite structure with copper plates and an iron
yoke may also be applicable to REBaCuO bulk trapped
field magnets magnetized by PEM.
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Abstract

In this work, we propose a new concept of a high gradient trapped field magnet (HG-TFM). The
HG-TFM is made from (RE)BaCuO bulk superconductors, in which slit ring bulks (slit-TFMs)
are tightly stacked with TFM cylinders (full-TFMs), and state-of-the-art numerical simulations
were used to investigate the magnetic and mechanical properties in detail during and after
magnetization. A maximum value of the magnetic field gradient product of

B, -dB,/dz = 6040 T2 m~! was obtained after conventional field cooled magnetization (FCM)
with an applied field, B,pp, of 10 T of the HG-TFM with 60 mm in outer diameter and 10 mm in
inner diameter. This value may be the highest value ever reported compared to any other
magnetic sources. The B, - dB,/dz value increased with decreasing inner diameter of the
HG-TFM and with increasing B, during FCM. The electromagnetic stress in the HG-TFM
during the FCM process mainly results from the hoop stress along the circumferential direction.
The simulations suggested that there is no fracture risk of the bulk components during FCM
from 10 T in a proposed realistic configuration of the HG-TFM where both TFM parts are
mounted in Al-alloy rings and the whole HG-TFM is encapsulated in a steel capsule. A
quasi-zero gravity space can be realized in the HG-TFM with a high B, - dB, /dz value in an open
space outside the vacuum chamber. The HG-TFM device can act as a compact and cryogen-free
desktop-type magnetic source to provide a large magnetic force and could be useful in a number
of life/medical science applications, such as protein crystallization and cell culture.

Keywords: bulk superconductors, trapped field magnets, high gradient magnets, finite element
method, magnetic levitation, quasi-zero gravity
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1. Introduction

Zero gravity in space is known to be a characteristic condi-
tion in scientific research fields. Up to now, some experimental
research has been carried out exploiting quasi-zero gravity
conditions in the International Space Station as an environ-
mental parameter, which focuses positively on applications
related to life/medical sciences, such as protein crystalliza-
tion [1] and cell culture [2] without natural convection caused
by the gravitational force of the Earth. The so-called ‘space
biology’ resulting from this research is an important develop-
ing field that could contribute significantly to the sustainable
development goals.

A large magnetic field in combination with a large field
gradient can provide a repulsive force against gravity on the
Earth and achieve a counter-balance situation for any diamag-
netic materials such as water, common metals and even cells of
the human body. In 1990, magnetic levitation of diamagnetic
materials such as water and plastics was first demonstrated by
Beaugnon et al using a hybrid-type superconducting magnet
(HM), in which a magnetic field gradient product, B, - dB,/dz,
as high as —1923 T> m~! was applied along the vertical dir-
ection against gravity on Earth [3].

Superconducting technologies have satisfied several
demands for high magnetic fields including magnetic levit-
ation. Nikolayev et al summarizes the specification of exist-
ing superconducting magnets worldwide, where the highest
B.-dB./dz = —3000 T> m~! with a record-high magnetic
field of 30 T has been ever achieved in a HM and supercon-
ducting coil magnet (SM) [4]. Cryo-cooled superconducting
magnets without liquid helium that can generate B, - dB,/dz
up to —400 T2 m~! with magnetic fields up to 10-12 T are
now used practically at the laboratory scale.

The magnetic force, Fp,, acting on a material increases in
proportional to the magnetic field, B,, and the magnetic field
gradient, dB, /dz, along the z-axis (upper direction) as follows,

Fy B - <. 1)

To enhance F,, there are some trends related to the magnet
design, i.e. the improvement of B, and/or dB; /dz. One example
is the gradient-type superconducting magnet developed for
protein crystallization, in which an inverse coil made from
Nb3Sn was placed on the hybrid coil, consisting of an inner
Nb3Sn coil and outer NbTi coils. As a result, the magnet can
generate a B, - dB,/dz as large as —1500 T?> m~! around the
boundary of both coils [5]. The most significant issue is that
such a comparatively large B, - dB, /dz value has been realized
only in a specialized facility [4]. For practical use of a mag-
netic quasi-zero gravity condition on ground, it is desirable
for the magnetic source to be lightweight, mobile, and cost-
effective as a desktop-type apparatus, and preferably cryogen-
free, i.e. operating without the need for any coolant such as
liquid helium.

Large, single-grain (RE)BaCuO bulk superconductors (RE:
rare earth element or Y) can be utilized as a compact and
strong, quasi-permanent magnet [6]. Magnetic flux is trapped
in bulk superconductors by a supercurrent flowing with

zero-resistivity due to electromagnetic induction after apply-
ing and removing a large magnetizing field. Such (RE)BaCuO
bulks with a critical temperature, 7, over 90 K are the most
promising materials to be utilized as a trapped field magnet
(TFM) in a compact and desktop-type magnetic source. The
record-high trapped field, 17.6 T, was achieved at the center
of a two-stack GdBaCuO bulk pair magnetized by field-cooled
magnetization (FCM) at 26 K using outer shrink-fit stainless
steel (SS) rings [7] as well as at 23 K using SS laminations
[8]. Regarding the validity of bulk TFMs magnetized by FCM,
Vakaliuk er al indicated that the reproducibility of the trapped
field can be verified experimentally under the applied field of
10 T at 50 K, but might not be proved for higher fields over
Bpp = 14 T [9]. The exploration of practical use of such strong
TFMs can be classified into three phases: fabrication, mag-
netization, and applications [6, 10]. Such experimental work
has showed the significant potential of such TFMs as a power-
ful magnetic source. However, its configuration would not be
appropriate for practical use in applications, which sometimes
require the large magnetic field and/or gradient product to be
provided in an open space inside or outside vacuum chamber.

Recently, the authors proposed a new concept of the hybrid
TFM lens (HTFML), consisting of two bulk parts: an inner
bulk lens and outer bulk cylinder [11]. The diamagnetic lens
effect of the inner bulk lens can concentrate the trapped field
generated from the outer bulk TEM cylinder after magnetiza-
tion. It was predicted numerically that an HTFML consisting
of a GdBaCuO bulk lens and GdBaCuO TFM cylinder can
generate a concentrated magnetic field of B, = 11.4 T at 20 K
that is higher than the external magnetic field of By,, = 10 T,
quasi-permanently without any additional power consumption
[12]. Experimental validation has proved the feasibility of the
HTFML, exploiting an inner GdBaCuO bulk lens and outer
MgB; TFM cylinder, in which B, = 3.5 T was achieved for
Bypp = 2.0 T at 20 K [13]. This HTFML device suggests
a new pathway to enhance the trapped field from the view-
point of the magnetizing method in contrast to conventional
approaches that depend on the superconducting properties of
the bulk itself.

Additionally, in the case of the HTFML using a
GdBaCuO bulk lens and GdBaCuO TFM cylinder, we
showed that a magnetic field gradient product as high as
B.-dB./dz = —3000 T2 m~! could be generated inside the
bulk annuli under the concentrated trapped field of B. =11.4 T
at 20 K, which allows for a quasi-zero gravity environment in
a cost-effective and efficient way [12]. However, the HTFML
device has some challenges in its construction and the mag-
netizing process. The temperature of the GdBaCuO bulk lens
and the GdBaCuO TFM cylinder must be controlled individu-
ally during zero field-cooled magnetization (ZFCM) for the
lens part and FCM for the TFM part. A special technique is
required in order to control the temperature separately and the
magnetization process can take several hours. Moreover, it is
quite difficult to realize a room temperature bore for practical
applications exploiting the advantages of the HTFML because
of a narrow bore less than 10 mm in diameter in the GdBaCuO
lens, which is also encapsulated in a SS holder. This does limit
the effective size for practical scientific experiments.
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Figure 1. (a) Cross-sectional schematic of the three-dimensional numerical model of the HG-TFM, in which a conventional ring-shaped
TFM cylinder, labelled ‘full-TFM’ (yellow), is sandwiched by two TFM cylinders with slits 10 deg. wide in the diagonal direction, labelled
‘slit-TFM’ (orange). The top views of the full-TFM and slit-TFM are also shown in (b) and (c), respectively.

In this study, we propose a new high gradient TFM (here-
after referred to as HG-TFM) to realize a quasi-zero grav-
ity environment, in which slit ring bulks are combined with
bulk TEM cylinders, and the magnetic properties were invest-
igated in detail during and after magnetization using state-
of-the-art numerical simulations. A maximum value of B, -
dB,/dz = —6040 T> m~! was obtained after conventional
FCM from By, = 10 T at 40 K for an HG-TFM with 10 mm
in inner diameter, which may be the highest value ever repor-
ted compared to any other magnetic sources. The mechanical
properties of the HG-TFM were also investigated to propose a
realistic configuration of the HG-TFM device reinforced by a
metal support structure that is essential to prevent mechanical
fracture of the bulk superconducting material during the FCM
process due to its brittle, ceramic nature.

2. Numerical modeling procedure

Focusing on magnetic force applications for magnetic levit-
ation [14-16], a higher magnetic field gradient product, B; -
dB,/dz, is desirable in the system as indicated by equation (1).
The magnetic field gradient (dB,/dz) term should be highly
considered, as well as the trapped field (B,) term, to improve
the value of B, - dB,/dz overall.

Figure 1(a) presents a cross-sectional schematic of the
three-dimensional numerical model of the HG-TFM, in which
a conventional ring-shaped TFM cylinder, labeled ‘full-TFM”,
is sandwiched by two TFM cylinders with slits 10 deg. wide in
the diagonal direction, labeled ‘slit-TFM’. Figures 1(b) and (c)
show the top views of the full-TFM and slit-TFM, respectively.
The outer diameter (O D) of the HG-TFM is 60 mm and the

B st FCM 15 min. 4 Temp.
B"w -?N
P B |
H\- y,v-" e .
-
hIN « 40K
S
Sy
S
e
u 1 PR —
0 | 2 3 4 5 6 7 8
Time step

Figure 2. Magnetizing sequence for FCM of the HG-TFM, which
is the same as that for a conventional TFM. The external field, Bex,
is decreased linearly at a ramp rate of —0.222 T min~' from

Bupp = 3,5 0r 10 T at a constant temperature at 40 K.

inner diameter (I D) is assumed to be either 10, 20 or 36 mm
for both TFM components. The height (H) of the full-TFM
is 48 mm, for which three ring-shaped bulks 16 mm in H are
stacked, and each of the slit-TFMs are 16 mm in H. In the
model, the height of the full-TFM is determined so that the
trapped field capability to be 10 T for the HG-TFM with wider
I D = 36 mm and is fixed temporarily for the comparison with
various I D cases. The number of layers of the full-TFM can be
reduced within the capability required in the device. Each bulk
is mounted separately in an Al-alloy ring 5 mm in thickness (O
D =70mm, ID = 60 mm, H = 16 mm) adhered by a thin layer
of epoxy resin. A thin indium sheet layer (0.1 or 1 mm in thick-
ness) is inserted between each bulk to reproduce the bound-
ary condition between each bulk in the realistic HG-TFM. A
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Table 1. Numerical fitting parameters for the assumed J.(B) characteristics of the GdBaCuO bulk used in equation (3), where the 3 value is
adjusted to reproduce the experimental result for the trapped field [12].

T (K) Jer (Am™?) By (T) Jo (Am™?) Binax (T) a B8
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Figure 3. The time step dependence of the magnetic field, B,, during FCM from Bap, = 3, 5 and 10 T at 40 K at the center of (a) the single
full-TFM (ID = 10 mm, O D = 60 mm, H = 48 mm) and (b) the single slit-TFM (ID = 10 mm, O D = 60 mm, H = 16 mm, slit 10 deg.
wide). The schematic view of the magnetic flux distribution and induced current direction in (c) the single full-TFM and (d) the single

slit-TFM.

solenoid coil of 170 mm in O D, 120 mm in I D and 200 mm
in A is used to apply the magnetic field for the magnetization
process (not shown in figure 1). As described earlier, appropri-
ate mechanical reinforcement must be considered for the bulks
due to their brittle, ceramic nature for improving the reliab-
ility of the magnetization process and the device itself. Sev-
eral studies have investigated the fracture behavior of the bulk
TFMs, which has a high risk of occurring under FCM from
applied fields over 10 T at temperatures lower than 50 K, in
particular [17-19]. As shown in figure 1(a), the model rep-
resents a realistic experimental setup for the mechanical rein-
forcement of the bulk magnets, which will be performed in the
near future, employing outer Al-alloy rings and an outer SS
capsule of 5 mm in thickness that can provide a compressive
stress over —100 MPa when cooling from room temperature
to the operating temperature to perform FCM. The mechanical
reinforcement could endure up to Bypp, = 10 T in actual FCM
experiments [20, 21].

Figure 2 presents the magnetizing sequence for FCM of the
HG-TFM, which is the same as that for a conventional TFM.
The external field, By, is decreased linearly at a ramp rate
of —0.222 T min~'. from By, = 3, 5 or 10 T at a constant
temperature at 40 K. Once the external field is ramped down

to 0 T for step 5, the static magnetic field 15 min later (for
step 8) is then referred to as the trapped field value, Byr. Only
the z-component is considered for magnetic levitation because
gravity acts along the z direction. The electromagnetic phe-
nomena of the bulk superconductor during the magnetization
process are analyzed using the commercial software, Photo-
EDDY (Photon Ltd, Japan).

The nonlinear electrical property of the bulk supercon-
ductor is derived from the E—J power law as follows,

E=E(4), @)

where E. = 10~* V m~! is the characteristic electrical field,
n = 20 is an appropriate power-law exponent for GdBaCuO
bulk, and J, is the critical current density. The realistic J.(B)
characteristics, including the fish-tail effect under certain mag-
netic fields, can be represented by the following equation pro-
posed by Jirsa et al [22],

1e(5) = - {taew (=) aztzewn 2 (1= () )]}

- 141 -



Supercond. Sci. Technol. 34 (2021) 035001

K Takahashi et a/

= {mm)

(rmm)

+TFM
HTFML
-+ HG-TFM

an | Hem 10T R
T =40K L o
-0 :«’_:}
000 4000 0 4000 S000

B-df,  dz (TYm)

| _: 16mm lens .
sht-TFM 16mmx 3 ‘ Ix_l l6mm= 3 . I | 6mm 3
] E]f-mm ) "/I — 7/_
full-TEM full-TFM full-TFM

Figure 4. Numerical results for (a) the magnetic field, B,, and (b) the magnetic field gradient product, B; - dB;/dz, after magnetization with
Bapp = 10 T at 40 K along the z-axis inside the bulk annuli, comparing three types of TFMs: the HG-TFM, the HTFML and a conventional

ring-shaped TFM (single full-TFM).

where each relevant parameter, J.;, Br, Jc2, Bmax, and « are
fitted from the experimental results for a GdBaCuO bulk repor-
ted by Kii et al [23]. The fitting coefficient, 3, is employed so
as to modify the deviation from the actual trapped field value
(obtained experimentally) after FCM, particularly at temper-
atures lower than 50 K [12]. The parameters assumed for the
GdBaCuO bulk material for equation (3) are summarized in
table 1.

3. Electromagnetic analysis results

Before describing the mechanism of the HG-TFM in detail, the
electromagnetic properties of each key component of the HG-
TFM—the single full-TFM and the single slit-TFM—were
investigated. Figures 3(a) and (b), respectively, show the time
step dependence of the magnetic field, B,, during FCM from
B.pp = 3,5 and 10 T at 40 K at the center of the single full-
TFM (ID = 10 mm, O D = 60 mm, H = 48 mm) and the single
slit-TFM (I D = 10 mm, O D = 60 mm, H = 16 mm, slit 10
deg. wide). For the single full-TFM case shown in figure 3(a),
the final trapped field, Br, after FCM was almost equivalent to
each By, because of partial magnetization within the full cap-
ability of the full-TFM, which also enables the generation of
a comparatively homogeneous magnetic field inside the bulk
bore. Such a high field is realized by an induced supercurrent
flowing inside the full-TFM as depicted. Nowadays, it is estim-
ated that the trapped field capability for a disk-shaped bulk pair
(O D =24 mm, H = 24 mm) could be over 20 T, based on

current state-of-the-art J.(B, T) characteristics [8]. The schem-
atic view of the magnetic flux distribution and induced cur-
rent direction in the single full-TFM is shown in figure 3(c),
in which the conventional magnetic flux lines can be seen.

In the single slit-TFM case shown in figure 3(b), when Bex
decreased linearly, the B, steeply decreased and became a neg-
ative value. Finally, the B, value took a negative maximum at
step 5 and then slightly recovered to the final By value because
of the non-linear electrical property of bulk superconductor
(see equation (2)). At step 8, By = —2.8, —3.3, —3.6 T values
were obtained at the center of the single slit-TFM for By, = 3,
5 and 10 T, respectively. Figure 3(d) also shows the schem-
atic view of the magnetic flux distribution and induced cur-
rent direction in the single slit-TFM. An induced current flows
counterclockwise in each piece separated by the slits, which is
the same direction with the full-TFM. However, the downward
(—z-direction) magnetic flux would penetrate through the slit
gap and exist even inside the central bore to build the mag-
netic loop in each piece of the slit-TFMs, which becomes the
opposite direction to that generated by the single full-TFM
(+z-direction). The HG-TFM then provides a large magnetic
field gradient around the interface between the full-TFM with
upward magnetic flux lines and the slit-TFM with downward
magnetic flux lines.

Figures 4(a) and (b), respectively, show a comparison of the
numerical results for the magnetic field, B,, and the magnetic
field gradient product, B, -dB,/dz, after magnetization with
B,pp = 10 T at 40 K along the z-axis inside the bulk annuli,
comparing three types of TFMs: the HG-TFM, the HTFML
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Figure 5. (a) The magnetic field, B,, and (b) the magnetic field gradient product, B; - dB;/dz, profiles of the HG-TFM with inner bores of
ID = 10, 20 and 36 mm along the z-direction inside the bulk bore after FCM from Bap, = 10 T at 40 K, compared with those of a single
full-TEM (—24 mm < z < 24 mm) and single slit-TFM pair (+z = 25 ~ 41 mm).

and a conventional ring-shaped TFM (single full-TFM). The
dimensions of each TFM are shown in the figure, where the
dimensions of the full-TFM part were assumed to be identical
for each case (I D = 10 mm, O D = 60 mm, H = 48 mm).
The dimensions of the magnetic lens for the HTFML can be
referred to elsewhere [12]. In figure 4(a), the trapped field, B,,
at the center (z = 0 mm) of the HG-TFM and full-TFM should
be comparable with the applied field of By, = 10 T. On the
other hand, for the HTFML exploiting the diamagnetic lens
effect, B, can be concentrated into the bulk annuli, in which a
concentrated trapped field of B, = 11.0 T was achieved at 40 K
at z = 0 mm. In figure 4(b), the HG-TFM shows the highest
B, -dB,/dz value of —6040 T?> m~! at the boundary between
each TFM part, z = 24 mm, which is remarkably superior than
the other two types of TFM. In this sense, to improve the mag-
netic force efficiently, it would be more desirable to control
the magnetic field gradient (dB,/dz) profile by focusing on the
gradient itself rather than improving the trapped field (B,). One
significant advantage of the HG-TFM is that its superior mag-
netic properties could be realized using a conventional FCM
process at one temperature and without any additional costs,
except for the slit-TFM. Note again that figure 4 is an example
assuming a narrow 10 mm bore in inner diameter for each sys-
tem. The magnetic properties of the HG-TFM would change
depending on the shape of the bulk material (O D, I D, H, slit
angle and so on) and the conditions of the magnetization pro-
cess, such as the magnetizing temperature and Byp,.

Figures 5(a) and (b), respectively, show the magnetic field,
B,, and the magnetic field gradient product, B, - dB./dz, pro-
files of the HG-TFM with inner bores of I D = 10, 20 and
36 mm along the z-direction inside the bulk bore after FCM
from Bg,, = 10 T at 40 K, compared with those of a single
full-TFM (—24 mm < z < 24 mm) and single slit-TFM pair

(£z = 25 ~ 41 mm). In figure 5(a), the slit-TFM pair with
a narrower bore of I D = 10 mm generates a higher negative
trapped field (= —3 T) over a wider area at £z = 20 ~ 40 mm,
which is effective for improving the HG-TFM performance
with a larger magnetic field gradient. The negative trapped
field of the single slit-TFM pair decreased with increasing
I D value and there is no remarkable negative value for
I D = 36 mm. On the other hand, for the cases of the full-TFM
and HG-TFM, the B, profile becomes broad with increasing
I D value and the shape of the trapped field profile no longer
varies between the full-TFM and HG-TFM with I D = 36 mm.
Since B, decays significantly with distance outside of the
TFM, i.e. at £z > 24 mm, there is less, or no magnetic flux
controlled in the HG-TFM with wider I D = 36 mm.

In figure 5(b), for the HG-TFM, the peak value of B.-
dB,/dz was enhanced with decreasing I D at the boundary
position between each TFM around +z = 24 mm due to the
presence of the slit-TFM. A maximum B, -dB,/dz value of
6040 T2 m~! was achieved for I D = 10 mm, which is lar-
ger than that for the full-TFM (—3790 T?> m~!). It should
be noted that a B, - dB,/dz value as large as —1400 T> m~!
along the +z-direction of the vertical magnet is required to
levitate a diamagnetic water drop in air [24]. In this sense,
the effective volume for magnetic levitation can be estimated
to be +z = 19-30, 17-30 and 13-27 mm inside the bore of
the HG-TFM with I D = 10, 20 and 36 mm, respectively.
For protein crystallization in a diamagnetic solution, a larger
B, -dB,/dz value of —4450 T> m~! is required to realize an
apparent zero-gravity condition without buoyancy flow, which
is much higher than that estimated numerically [25]. For real-
izing a higher field gradient product, the HG-TFM with a nar-
rower inner bore is desirable, leading to a trade-off between
field gradient product and effective volume.
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Figure 6. (a) The final trapped field, Bt (= B, at step 8), at the center (x = y = z = 0) and (b) the maximum field gradient product,
|B; - dB./dz|, at the boundary position between the full and slit-TFMs of the HG-TFM, as a function of By for various I D cases. The

results are compared to that of the full-TFM cases and other large-scale
superconducting magnets (HM).

Figures 6(a) and (b) summarize the final trapped field, Br
(= B, at step 8), at the center (x =y = z = 0) and the maximum
field gradient product, |B, - dB,/dz|, around the boundary posi-
tion between the full and slit-TFMs of the HG-TFM, as a func-
tion of By, for various I D cases. The results for the full-TFM
cases are also shown for reference. In figure 6(a), the trapped
field capability is equivalent for all cases; thus, the relation
Bt = Byyp, is established based on the typical FCM process.
However, for the magnetic field gradient product shown in
figure 6(b), the HG-TFM would work more effectively for
Bypp higher than 5 T and for narrower bores smaller than
I D = 20 mm compared to the full-TFM. Table 2 summarizes
the maxima of the magnetic properties for each case including
the HG-TFM, HTFML and full-TFM, extracted from figures 4
and 6. The HG-TFM with I D = 10 mm would provide a
maximum |B,-dB,/dz| = 6040 T m~2 when By = 10 T
at 40 K, which may be the record-high value compared to
that of other large-scale magnets: SM ~ 1500 T m~2, and
HM ~ 3000 T m~2 using liquid helium, shown in figure 6(b)
[4, 26].

In most related studies, based on apparatus using a per-
manent magnet with a magnetic field ~1 T, the magneto-
Archimedes method must be exploited to reduce the required
magnetic force using a paramagnetic medium solution
[27, 28]. The HG-TFM no longer needs such a method,
and consequently, can provide simpler, medium-free oper-
ation with air or water. These advantages of the HG-TFM
can provide the versatility of a quasi-zero gravity space as
a desktop-type magnetic source for magnetic levitation pro-
cessing, which enables the suppression of gravity-induced
convection in a wide range of potential industrial applications
such as protein crystallization and cell culture [1, 2]. It should
be noted that B, - dB. /dz values of 1980 and 2760 T> m~! can
be achieved after FCM from By, = 10 T even for the single
full-TFM with I D = 36 and 20 mm (without the slit-TFM),
respectively, as shown in table 2, which are higher than that
achieved by SMs [4]. These results suggest that the single full-
TFM can be also applicable for quasi-zero gravity in the open

magnets: superconducting magnets (SM), and hybrid-type

space outside the vacuum chamber with a range of 15-30 mm
in diameter. There is a limit for the enlargement of the space in
the bore because it is difficult to fabricate good quality bulks
>60 mm in O D, resulting in a narrower bore compared to that
of SMs.

In our previous work [12], where the mechanism of mag-
netic levitation in the quasi-zero gravity space is explained in
detail, it was highlighted that a large magnetic field gradient
product up to 3000 T> m~! of that particular HTFML design
could be highly applicable to magnetic separation. Regard-
ing the effectiveness of the magnetic force for crystal growth,
it is shown elsewhere that the magnetic force affects several
features: the magnetic field orientation, convection control,
reduction of sedimentation and so on [14]. However, there
are no theoretical rules yet regarding how the magnetic force
works during the process and it differs between the target
materials used. Thus, appropriate design of the I D of the HG-
TFM needs to be explored as related to the particular applic-
ation, where the magnetic force profile in the HG-TFM could
be correlated with the quality of the resultant crystallization.

4. Mechanical stress analysis results

The mechanical fracture of bulk superconductors has been
reported in several studies, where a crack might occur along
the circumferential direction mainly due to the hoop stress
induced during FCM from applied fields over 10 T at temper-
atures below 50 K [17-19]. To date, to prevent such mech-
anical fracture during magnetization, mechanical reinforce-
ment has been usefully applied using glass fiber reinforced
epoxy resin [29] or shrink-fit steel [7]. We also proposed a new
hat structure of an outer metal reinforcement ring based on
the results of mechanical stress simulations, in which a large
(RE)BaCuO ring-shaped bulk (I D = 36 mm, O D = 60 mm,
H = 20 mm) was experimentally confirmed to endure FCM
from 10 T without fracture [20]. For the HTFML consist-
ing of a (RE)BaCuO lens and (RE)BaCuO TFM cylinder,
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Table 2. Numerical results of maxima of the magnetic properties for each case including the HG-TFM, HTEML and full-TFM magnetized

at 40 K, extracted from figures 4 and 6.

HG-TFM HTFML
Bulk I D (mm) 10 20 36 10
B; (Bapp) (T) 10 (10) 10 (10) 9.8 (10) 11 (10)
IB.-dB,/dzl (T> m~}) 6040 (3790) 3460 (2760) 1980 (1850) 2430 (1850)
(single full-TFM)
Magnetization FCM ZFCM + FCM
Temperature (K) 40

the mechanical properties have been analyzed during the
magnetizing process from By,, = 10 T [30], in which the
necessity of adequate mechanical reinforcement was strongly
suggested, at least for the GdBaCuO TFM cylinder, but pos-
sibly the magnetic lens as well. It is also necessary to investig-
ate the mechanical properties of the present HG-TFM as well
during FCM, where the full-TFM part is tightly sandwiched
by the slit-TFM pair.

After calculating the trapped field profile shown in the pre-
vious section, the nodal force was then imported into another
software package, Photo-ELAS (Photon Ltd., Japan), for cal-
culating the electromagnetic stress on each mesh element of
the bulk TFMs during magnetization, which enables us to
assess the reliability of the HG-TFM in terms of the mech-
anical reinforcement method.

Elastic behavior in an isotropic material can be expressed
by Hooke’s law, in which the stress tensor, oy, is linearly pro-
portional to the strain tensor, ;;, as follows

U,-j:>\~akk-(5,-j+2G-5,-j, (4)
A= Tty 5
G= 72(15”/)’ (6)

where A and G represent Lame’s constants, d;; is the Kronecker
delta function, Ey is the Young’s modulus, and v is the Pois-
son ratio. The mechanical parameters, Ey and v, for each com-
ponent of the HG-TFM are summarized in table 3, which are
assumed in the simulation to be isotropic and in the elastic
region. Note that all components, including the epoxy resin,
indium and air gap, as shown in figure 1, were included in the
modeling of the HG-TFM, which should be considered for the
accurate prediction of the mechanical behavior [31].

Figures 7(a) and (b) show a contour map of the Von Mises
stress, oym, and the electromagnetic hoop stress along the y-
direction, oyy, respectively, calculated for the full-TFM part
of the HG-TFM with inner diameters of I D = 10, 20 and
36 mm, just after FCM from 10 T (step 5). In figure 7(a),
the oy value, which is a scalar quantity, represents the total
value of the mechanical stresses including all directions. Com-
pared with the maximum oyy value shown in figure 7(b), which
is close to the maximum ovyy value of 90 MPa around the
inner periphery of the full-TFM part, it was found that the

Table 3. Assumed mechanical parameters (Ey:Young’s modulus
and v: Poisson ratio) for numerical stress analysis of the HG-TFM
shown in figure 1 [20, 31].

Ey (GPa) v
(RE)BaCuO bulk 100 0.33
Epoxy resin 3.0 0.37
Al alloy (A7075-T6) 78 0.34
Indium 12.7 0.45
SS 304 193 0.28

main component of the electromagnetic stress results from the
hoop stress along the y-direction in the full-TFM part. The
maximum oyy value was almost independent of the bore size
because the trapped field is equivalent for each HG-TFM with
different bore sizes as shown in figure 6(a). These numerical
results for the stress profile are similar to that reported for the
annular (RE)BaCuO bulk magnet system (full-TFM) for an
NMR spectrometer [21], in which an electromagnetic hoop
stress about 100 MPa was generated at the inner peripheral
region of the annular bulks reinforced by a similar structure.
This means that the present reinforcement technique would
work even for the present HG-TFM system. Considering the
compressive stress of —100 MPa from the reinforcement by
the Al-alloy rings and the SS capsule during the cooling pro-
cess before FCM, the maximum total stress would be less than
the fracture strength of typical Ag-doped (RE)BaCuO bulks
of 50-70 MPa [32]. As a result, the full-TFM part should be
appropriately reinforced and not break [21].

Figures 8(a)—(c) show the contour map of the Von Mises
stress, oym, the electromagnetic hoop stress along the y-
direction, oyy, and the electromagnetic radial stress along the
x-direction, oxy, respectively, for the slit-TFM pair of the HG-
TFM with inner diameters of I D = 10, 20 and 36 mm, just
after FCM from 10 T. For the case of I D = 10 mm, a max-
imum Von Mises stress of oyy = 54 MPa exists at the sur-
faces of the slit-TFM pair facing the full-TFM part. The oxx
profile for each I D, as shown in figure 8(c), is similar to
that for oyy. On the other hand, the oyy contribution to the
Von Mises stress, as shown in figure 8(b), is relatively small.
These results suggest that the main component of the electro-
magnetic stress results from the electromagnetic radial stress
along the x-direction, oxy, in the case of I D = 10 mm and
ID =20 mm. However, for the wider I D = 36 mm, the electro-
magnetic stress mainly results from the hoop stress along the
y-direction, oyy. Since an induced current flows in two regions
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Figure 7. Contour map of (a) the Von Mises stress, ovm, and (b) the electromagnetic hoop stress along the y-direction, oyy, calculated for
the full-TFM part of the HG-TFM with inner diameters of I D = 10, 20 and 36 mm, at step 5 just after FCM from 10 T.
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Figure 8. Contour map of (a) the Von Mises stress, ovm, (b) the electromagnetic hoop stress along the y-direction, oyy, and (c) the
electromagnetic radial stress along the x-direction, oxy, for the slit-TFM pair of the HG-TFM with inner diameters of I D = 10, 20 and
36 mm, just after FCM from 10 T.

in the slit-TFM independently due to the existence of slits, the During the magnetization of the HG-TFM exploiting slit-
resultant trapped field and the mechanical stress become lower, TFMs stacked on the full-TFM, an extra stress component
compared to the full-TFM, even if the slit-TFM is magnetized may be generated due to the repulsive force between each
by FCM from 10 T. TFM part. Figure 9(a) shows a cross-sectional contour map
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Figure 9. (a) Cross-sectional contour map of the electromagnetic stress along the vertical direction, o7z, for the HG-TFM with various
inner diameters, just after the FCM process from 10 T. (b) The o7 distribution along the z-direction at the inner periphery (x = 18 mm) and
at the outer periphery (x = 30 mm) for the HG-TFM with I D = 36 mm, extracted from (a).

of the electromagnetic stress along the vertical direction, oz,
for the HG-TFM with various inner diameters, just after the
FCM process from 10 T. The positive o value is concen-
trated mainly in the inner periphery of the slit-TFM facing the
full-TFM, and the magnitude of o, increases with increasing
I D These results suggest that a repulsive force exists in this
region. However, the positive oz, region vanishes at the outer
interface of the slit-TFM facing the full-TFM (z = +24 mm,
—15 < x < 30 mm for I D = 36 mm case), which indicates
the possibility of an attractive force or very small repulsive
force there. Figure 9(b) shows the o, distribution along the
z-direction at the inner periphery (x = 18 mm) and at the outer
periphery (x = 30 mm) for the HG-TFM with I D = 36 mm,
which were extracted from figure 9(a). At the inner periphery,
the o7 value changes from positive to negative around the
interface (z = =24 mm). These results indicate that a repuls-
ive force exists at the inner interface. On the other hand, at
the outer periphery, the oz value is negative and continuous

for both the slit-TFM and full-TFM, suggesting that an attract-
ive magnetic force might exist at the outer interface. Similar
trends were also observed for the HG-TFM for I Ds = 10 and
20 mm.

Figure 10(b) shows a contour map of the final trapped field,
Br, of the HG-TFM with I D = 20 mm after FCM from 10 T.
It should be noted that a trapped field along the +z-direction
exists at the periphery of the slit-TFM (region A), which has a
similar By strength of 10 T as for the full-TFM. These results
suggest that ‘region A’ is magnetically attracted to the mag-
netized full-TFM. On the other hand, there exists little field
trapped downward along the z-direction in the inner periphery
region of the slit-TFM (‘region B’). These results indicate that
arepulsive magnetic force exists in the counter side in the full-
TFM, which can be understood well from the schematic view
of the magnetic flux lines in figure 10(a).

Figure 10(a) shows a schematic view of the magnetic
flux profile for the HG-TFM after FCM. To understand the
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Figure 10. (a) Schematic view of the magnetic flux profile for the HG-TFM after FCM. (b) Contour map of the final trapped field, Bt, of
the HG-TFM with I D = 20 mm after FCM from 10 T. (c) The effective magnetic poles of the HG-TFM after FCM. The outer periphery
region (region A) and inner periphery region (region B) of the slit-TFM can be considered as opposing magnetic poles.

distribution of the magnetic flux lines at the interface visually,
the full-TFM and the slit-TFM pair are placed at a distance.
It can be confirmed visually that the magnetic flux lines co-
exist at the interface and form the superposition of the mag-
netic fields that is destructive around the central bore or con-
structive around the bulk periphery.

Let us describe these results using a magnetic pole model.
Figure 10(c) shows the effective magnetic poles of the HG-
TFM after FCM, which presents the mechanism of the larger
magnetic gradient of the HG-TFM. The outer periphery region
(region A) and inner periphery region (region B) of the slit-
TFM can be considered as opposing magnetic poles. As a res-
ult, region A is attractive (an N-S or S—N pair) and region B
is repulsive (N-N or S-S pair) with respect to the magnetized
full-TFM at the interface. Since both TFM parts are mounted
in an Al-alloy ring and the whole HG-TFM is encapsulated
in an SS capsule, o7z acts as a compressive stress, and that
maxima is around 50 MPa for the full-TFM and 35 MPa for
slit-TFM in the HG-TFM with I D = 36 mm. However, in the
narrower bore cases, I D = 10 and 20 mm, o7 decreases des-
pite the superior B, - dB,/dz performance. In any case, there
is little fracture risk due to the compressive stress for the HG-
TFM during FCM from 10 T, since the compressive fracture
strength of (RE)BaCuO bulk is about one order of magnitude
higher than the tensile mechanical strength [33].

5. Conclusion

We have proposed a new concept of a HG-TFM. The HG-TFM
is made from (RE)BaCuO bulk superconductors to realize a

quasi-zero gravity space using magnetic force, in which a slit
ring bulk (slit-TFM) was tightly stacked with a TFM cylinder
(full-TFM). State-of-the-art numerical simulations were used
to investigate the magnetic and mechanical properties detail
during and after magnetization. The important results and con-
clusions in this study are summarized as follows.

(a) A maximum value of the magnetic field gradient product
of B, -dB,/dz = —6040 T> m~' was obtained after con-
ventional FCM from By, = 10 T of the HG-TFM with
a 60 mm outer diameter and 10 mm inner diameter. This
value may be the highest ever reported compared to any
other magnetic sources. The superiority of the HG-TFM
is the easier magnetization process including a single tem-
perature and a simpler construction without any additional
cost, but also the higher B, - dB,/dz can be provided in an
open space outside the vacuum chamber.

(b) The B, - dB,/dz value increased with decreasing inner dia-
meter of the HG-TFM and with increasing applied field,
Bgpp, during FCM. Even if the inner diameter of the HG-
TFM is 36 mm, a B, - dB. /dz value of 1980 T> m~! can be
achieved, which is slightly higher than 1850 T2 m~! for
the single full-TFM case.

(c) The electromagnetic stress during the FCM process was
also investigated to analyze the mechanical behavior
of HG-TFM device. The electromagnetic stress in the
HG-TFM device during the FCM process mainly results
from the hoop stress along the y-direction, oyy, for the full-
TFM.

(d) The outer and inner periphery regions of the slit-TFM
can be considered as opposing magnetic poles. The outer
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periphery region is attractive (N=S or S-N pair) and the
inner periphery region is repulsive (N-N or S-S pair) with
respect to the magnetized full-TFM at the interface. How-
ever, it was confirmed that there is little fracture risk for
the bulks during FCM from 10 T in the proposed real-
istic configuration of the HG-TFM, where both TEM parts
are mounted in Al-alloy rings and the whole HG-TFM is
encapsulated in an SS capsule.

(e) A quasi-zero gravity space can be realized using the HG-
TFM with its large B, -dB,/dz value in an open space
outside the vacuum chamber even without the magneto-
Archimedes method. The HG-TFM device is a compact
and cryogen-free desktop-type magnetic source to provide
a large magnetic force and can be applicable to scientific
research, such as in the life/medical sciences for protein
crystallization and cell culture.
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Abstract

In this work, we have verified experimentally an all-(RE)BaCuO hybrid trapped field magnet
lens (HTFML) using only one cryocooler and a special technique named the ‘loose contact
method’. In the experimental setup, only the inner magnetic lens was tightly connected to the
cold stage and cooled at all times, and the outer trapped field magnet (TFM) cylinder was
loosely connected to the cold stage before the magnetizing process by introducing a gap
between the outer TEM and cold stage of the cryocooler. As a result, the superconducting state
for zero-field cooled magnetization of the inner magnetic lens and the non-superconducting
(normal) state for field-cooled magnetization of the outer TFM cylinder can co-exist at the same
time. A maximum concentrated field of B, = 9.8 T was achieved for the magnetizing process
with an applied field of B, = 7 T in the present HTFML, consistent with the numerical
estimation in our previous conceptual study. These results validate the HTFML concept as a
compact and desktop-type magnet device that can provide 10 T-class magnetic field
enhancement from the viewpoint of the magnetizing method. However, during magnetization
with a higher By, of 10 T, thermal instability of the outer stacked TFM cylinder caused flux
jumps to occur, resulting in mechanical fracture of multiple bulks. These results suggest that the
further development of a practical cooling method that can realize a stable and controllable
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cooling process for each part of the HTFML is necessary based on fundamental studies relating

to the thermal stability of the large stacked TFM cylinder.

Keywords: hybrid trapped field magnet lens, bulk superconductors, trapped field magnets,
magnetic lens, vortex pinning effect, magnetic shielding effect, loose contact method

(Some figures may appear in colour only in the online journal)

1. Introduction

To provide a higher magnetic field in more cost-effective
way, large single-grain bulk superconductors such as the
(RE)BaCuO (RE: rare earth elements or Y) family of mater-
ials are known to be a promising for generating magnetic
fields of several Tesla or more as so-called trapped field mag-
nets (TFMs). This TFM can provide the trapped field quasi-
permanently without any additional current source once it is
magnetized by exploiting the ‘vortex pinning effect’, and only
needs to be cooled below a superconducting transition tem-
perature, 7. To date, the highest trapped field of By = 17.6 T
has been achieved in a two-stack GdBaCuO bulk pair mag-
netized by field-cooled magnetization (FCM) [1, 2]. Accord-
ing to Bean’s critical state model, where the critical current
density of the bulk, J., is assumed to be field-independent, the
trapped field of a disc-shaped TFM by FCM increases in pro-
portional to its diameter and J.. Hence, many of conventional
approaches for the trapped field enhancement have focused on
the crystallization process, resulting in a higher and uniform
J. of the bulk material [3, 4]. In this sense, it is expected that
these compact and strong bulk magnets would replace a con-
ventional magnetic field source in applications such as rotating
machines [5], Lorentz force velocimetry [6] and nuclear mag-
netic resonance apparatus [7]. On the other hand, the magnetic
lens utilizing the same bulk material exploits its ‘diamagnetic
shielding effect’ nature to concentrate a magnetic field from an
external coil magnet. Zhang et al achieved a concentrated field
of B, =13 T at 20 K using a GdBaCuO bulk lens by zero-field
cooled magnetization (ZFCM) with an external applied field of
7TI8].

In 2018, the authors proposed a new concept of a hybrid
TFM lens (HTFML), in which the inner bulk magnetic lens can
concentrate the trapped field provided from the outer TEM cyl-
inder, resulting in a concentrated trapped field higher than the
external magnetizing field required for magnetization that per-
sists even after removal of the external field [9]. In the paper,
a higher trapped field of B, = 13.49 T was predicted at 20 K
for the applied field of B,p, = 10 T using inner (RE)BaCuO
lens and the outer (RE)BaCuO TFM cylinder, and B. =4.73 T
was predicted at 20 K for By, = 3 T using inner (RE)BaCuO
lens and the outer MgB, TFM cylinder. This concept was first
verified experimentally using different bulk materials, i.e. an
inner GdBaCuO lens (7. = 92 K) and an outer MgB, TFM
cylinder (7. = 39 K) and exploiting the difference in 7. For
this design, a maximum concentrated field of B, = 3.55 T was
achieved reliably with an applied field of By, =2 T at 20 K
[10]. In the case of the HTFML using an inner (RE)BaCuO
lens and outer (RE)BaCuO cylinder, a special technique must

be used to control the temperature of each bulk part individu-
ally, such as the use of two cryocoolers, a thermal (heater)
method or a mechanical switch [11]. Hence, the magnetizing
sequence of the HTFML includes two magnetizing methods:
ZFCM for the inner magnetic lens and FCM for the outer TFM
cylinder. As a first step, we have realized the HTFML based on
the same (RE)BaCuO bulk material for both parts using liquid
nitrogen, in which the inner magnetic lens and outer TFM cyl-
inder were housed in separate containers with liquid nitrogen
poured into each container sequentially according to the cor-
responding magnetizing sequence. As a result, B, = 1.83 T
was obtained at 77 K after magnetization with By,, = 1.80 T
[12]. However, to best exploit the trapped field capability of the
outer (RE)BaCuO cylinder and realize a higher B, over 10 T,
the all-(RE)BaCuO HTFML should be cooled to a lower tem-
perature below 50 K and magnetized, where the J.(B, T) char-
acteristics have a higher value under higher magnetic fields.
Furthermore, if the HTFML device can be realized using one
cold stage of a cryocooler, the whole system would be more
cost-effective, and provide both a higher magnetic field and
magnetic field gradient in an open bore space outside the
vacuum chamber [13].

In this work, we have verified experimentally an all-
(RE)BaCuO HTFML magnetized under 50 K using only one
cryocooler by a special technique, in which only the inner
magnetic lens was tightly connected to the cold stage and
cooled at all times, and the outer TFM cylinder was loosely
connected to the cold stage before the magnetizing process by
introducing a gap between the outer TFM cylinder and cold
stage. During the cooling process before magnetization, the
outer TFM cylinder then cooled much slower than the inner
magnetic lens. As a result, the non-superconducting (normal)
state for the outer TFM cylinder and the superconducting state
for the inner magnetic lens can be simultaneously realized.
A maximum concentrated field of B, = 9.8 T was achieved
for the magnetizing process from By,, = 7 T in the present
HTFML, consistent with the numerical estimation in our pre-
vious conceptual study [9]. The concentrated field values are
compared for other HTFML devices reported. These results
validate the HTFML as a compact and desktop-type magnet
device that can provide 10 T-class magnetic field enhancement
from the viewpoint of the magnetizing method.

2. Experimental setup and magnetizing sequence
Figure 1(a) presents the experimental setup of the HTFML,

in which the inner magnetic lens and the outer TFM cylinder
are encapsulated in a stainless steel (SS) holder for mechanical
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Figure 1. (a) Experimental setup of the HTFML, in which the inner magnetic lens and outer TFM cylinder, both made from (RE)BaCuO,
are encapsulated in a stainless steel (SS) holder for mechanical reinforcement. The side and top views of the actual setup are also presented
in the photographs. Schematic views of (b) the outer TFM cylinder and (c) the inner magnetic lens.

reinforcement. Side and top views of the actual setup are also
presented in the photographs. Figures 1(b) and (c), respect-
ively, show the side and top views of each bulk component
of the outer TFM cylinder and the inner magnetic lens. All
of the bulks were fabricated by the QMG™ method (Nip-
pon Steel Corporation, Japan) [14]. The outer TEM cylin-
der was constructed using three stacked EuBaCuO ring bulks
(top bulk, middle bulk and bottom bulk). The dimensions of
the EuBaCuO cylinder are a 60 mm outer diameter (OD),
36 mm inner diameter (ID) and 54 mm height (H). Each of the
EuBaCuO ring bulks was reinforced by an Al alloy ring 5 mm
in thickness (OD = 70 mm, ID = 60 mm) adhered by a thin
layer of epoxy resin. These bulks were also encapsulated in the
SS holder with a ‘hat structure’ 5 mm in thickness for mech-
anical reinforcement against the Lorentz force generated dur-
ing magnetization. Such mechanical reinforcement is neces-
sary to avoid fracture of the bulks, particularly for applied
fields as high as 10 T. The effect of the ‘hat structure’ of the
outer SS holder on the mechanical reinforcement was investig-
ated by numerical simulation, which can provide a compress-
ive stress around 100 MPa from the cooling process due to
the difference in the thermal expansion coefficient between
the bulk material and SS holder [15]. The effect was experi-
mentally confirmed to avoid fracture of a ring bulk for FCM
from By, = 10 T in [16]. As shown in figure 1(c), the inner
magnetic lens (OD = 36 mm, ID = 10 mm, ID2 = 26 mm,
IH = 8 mm, OH = 30 mm) was constructed using two pieces of
conical-shaped GdBaCuO bulks, in which a slit with 200 ym
width is inserted in the diagonal direction so that the magnetic
flux can be concentrated into the central bore through the slit.
The TFM cylinder and magnetic lens are the same used in the

previous experiment at 77 K [12]. Note that only the inner lens
component, including the SS holder and a copper spacer, was
tightly connected to the cold stage through a thin indium sheet.
The temperature of the TFM cylinder, magnetic lens and the
cold stage of the GM-cycle helium cryocooler was monitored
by two Cernox™ thermometers and a Pt-Co thermometer,
as shown in figure 1(a). The whole device was enclosed in a
vacuum chamber. A cryocooled 10 T superconducting magnet
(JASTEC, JMTD-10T100) was utilized to ramp up/down the
external magnetizing field. The concentrated field was mon-
itored at the center of the lens by an axial-type Hall sensor
(EW. Bell, BHA921), and the external magnetic field was
calculated by measuring the electric current through a shunt
resistor.

Figure 2 shows the time sequence of the temperature for
both bulk parts—the inner magnetic lens, 71, and the outer
TFM cylinder, Tt—and the external field, Bex, and the concen-
trated magnetic field, B, at the center of the HTFML, which
has been revised for these experiments in comparison to the
original conceptual study [9]. To delay the cooling rate of the
outer TFM cylinder quasi-independently even using one cold
stage of the cryocooler, a special technique named the ‘loose
contact method’ has been designed. Figure 3 shows the con-
ceptual view of the ‘loose contact method’, exploiting two
kinds of experimental configurations of the HTFML in the
vacuum chamber, aligned in (a) the horizontal direction during
the cooling process and (b) the vertical direction during mag-
netizing process. In the initial preparation of the experimental
setup of the HTFML on the cold stage, the outer TFM cylinder
was loosely connected to the cold stage—with a 1 mm gap—
by screws and then installed in the vacuum chamber. During
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Figure 2. Time sequence of (a) the temperature 7 (the outer TFM
cylinder, T't, and the inner magnetic lens, 7.) and (b) the magnetic
field B (external field, Bex, and concentrated magnetic field, B. at the
center of the present HTFML using all-(RE)BaCuO bulks) during
the magnetizing process divided into steps from (1) to (5). The
magnetizing applied field, Bapp, corresponds to the maximum value
of Bex.

the cooling stage of (1) in figure 2, the cooling process was
started, and several hours later, the whole HTFML device was
tilted 90° along the horizontal direction using a hand-held rod
attached to the bottom of the apparatus. In this stage, as shown
in figure 3(a), a non-uniform gap, i.e. 0—1 mm, was introduced
at the interface between the TFM cylinder and the cold stage
due to its own weight. This method worked sufficiently as to
delay the cooling rate of the TEM cylinder in contrast to that of
the inner magnetic lens, which is connected to the stage tightly
without a gap. Before proceeding to the magnetization in the
ascending stage of (2) in figure 2, the whole HTFML device
was aligned vertically, where the gap between the TFM cylin-
der and the cold stage would be =0 mm and the TFM cylinder
would contact loosely with the cold stage by its own weight,
as shown in figure 3(b). At stage (2), the inner magnetic lens
is in the superconducting state (T < T.) and ZFCM is per-
formed, but the outer TFM cylinder must be in the normal
state (Tt > T.). As mentioned before, the inner lens compon-
ent was tightly connected to the cold stage and the temperat-
ure can be precisely controlled. In the magnetizing process,
the whole HTFML device in the vacuum chamber was lifted
up and inserted into the bore of the superconducting magnet
as shown in figure 3(c).

In figure 2, the magnetizing applied field, By, corresponds
to the maximum value of Bex. The magnetizing sequence was

constructed from the following process from (1) to (5), which
is special for the HTFML exploiting the gap for the outer TFM
cylinder.

(1) During the cooling process, where the whole HTFML
device is aligned in the horizontal direction: the temper-
ature of the inner magnet lens, T, (as well as that of the
cold stage, T) is lowered from 300 K to the lowest tem-
perature as possible (roughly, a minimum of 7 = 20 K
in the present experiment). At the end of this stage, the
inner magnet lens is in the superconducting state, but the
outer TEM cylinder is in the normal state (>7'¢) due to its
delayed cooling speed.

(2) Ascending stage of the magnetizing process (while the
cooling process proceeds), where the whole HTFML
device is stood upright and aligned in the vertical direc-
tion, and then inserted in the superconducting magnet: the
external magnetic field, Bey, is ramped up linearly to By,
at a certain rate (+0.1 T min~!. in the present experiment),
which corresponds to the ascending stage of ZFCM for the
inner magnetic lens. The magnetic field is concentrated
in the bore of the magnetic lens, which would be higher
than By, because of the shielding effect by the magnetic
lens. The temperature of the outer TFM cylinder should
be kept over T until B,,, completely penetrates the outer
TFM cylinder. It is desirable that the difference in tem-
perature between the outer TFM cylinder, T, and T,
AT (=Tt—TL), be over 50-100 K just before magnetiz-
ation, which enables the separation of the magnetization
processes of ZFCM for the magnetic lens and FCM for
the TFM cylinder in the later stage.

(3) Cooling process in a static magnetic field: Tt is then
decreased gradually to the lowest Tt = 50 K, below T
but higher than 77, due to the imperfect thermal contact to
the cold stage through the gap =0 mm. The B, value can
be maintained reliably if 7 is kept at 20 K.

(4) Descending stage of the magnetizing process at the lowest
temperature: By is decreased linearly down to zero at a
certain rate (—0.1 T min~!, or —0.002 T min~". for higher
Bgpp over 7T, in the present study). During this process, the
outer TFM cylinder is magnetized by FCM and a magnetic
field is trapped inside the TFM cylinder within its trapped
field capability based on its J.(B, T) characteristics (if this
can be done successfully without the occurrence of large
flux jumps caused by the resultant heat generation and/or
mechanical fracture of the bulk material).

(5) As a result, the HTEML can reliably generate B, higher
than the trapped field of the single cylindrical TFM, as well
as Bypp, even after Bex = 0.

Figure 4 shows the typical experimental results for the cool-
ing process of the present HTEFML exploiting the ‘loose con-
tact method’, in which the HTFML device set in the vacuum
chamber was reclined up after r = +11 h, from the horizontal
direction to the vertical direction. The maximum AT 2 100 K
was obtained at # = 48 h after beginning the cooling process.
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Figure 3. Conceptual view of the ‘loose contact method’, exploiting two kinds of experimental configurations of the HTFML in the vacuum
chamber, aligned in (a) the horizontal direction during the cooling process and (b) the vertical direction during magnetizing process. (c) The
whole HTFML device in the vacuum chamber lifted up and inserted into the bore of the superconducting magnet in the magnetizing process.
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Figure 4. Typical experimental results of cooling process of the
present HTFML exploiting the ‘loose contact method’, in which the
HTFML device set in the vacuum chamber was reclined up at

t = +11 h from the horizontal direction to the vertical direction.

It was also confirmed that AT would change depending on the
degree of inhomogeneous contact through the gap. The lowest
temperatures were Tt = 54 K, T, =24 K and T = 14 K for
each point on the outer TFM cylinder, inner magnetic lens and
under the cold stage, respectively.

3. Experimental results

Figure 5 shows the time dependence of the temperatures meas-
ured at each position—the inner magnetic lens, 7, the outer

TEM cylinder, T, and the cold stage, Ts—and the concen-
trated field, B., and the external field, By, during magnetiza-
tion with several applied fields, Bypp, of (a) 3T, (b) 5 T and (c)
7 T, respectively. The lowest value of 7. and Tt for magnet-
ization process is included in the bottom panel of each figure.
In the case of By,, = 3 T, as shown in figure 5(a), the By
value was ramped up at # = +8.5 h, when the maximum tem-
perature difference AT > 100 K was obtained reliably after
cooling to 7, = 40 K and Tt = 150 K. The lowest temperat-
ures were, respectively, Ty, = 24 K for ZFCM and T, = 57 K
for FCM. Resultantly, B, = 5.5 T was achieved with little flux
creep caused by the non-linear electrical property of the bulk
material, even well after FCM process at t = +24 h. Com-
pared with the higher By, cases of 5 T and 7 T, as shown in
figures 5(b) and (c), it was confirmed that the AT value varied
in the range of 50-100 K, and the lowest temperatures of 7
and Tt were not consistent because the non-uniform thermal
contact through the gap during the initial cooling stage is not
controllable precisely. It is also noteworthy that the present
system does not require the precise adjustment of the temper-
ature, but only needs the outer TFM cylinder to be kept above
its 7. until the ascending stage of ZFCM for the inner mag-
netic lens is completed. Higher B, values of 7.9 T and 9.8 T
were achieved for B,,, = 5 T and 7 T, respectively. These
experimental results successfully verified the numerical estim-
ations for the 10 T-class HTFML, up to By, = 7 T, for the
first time [9]. These values will be compared with conven-
tional HTFMLs at the end of this section. It should be noted
that the experimental 7't value was not constant and gradually
increased due to the heat generation caused by the movement
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Figure 5. Time dependence of the temperatures measured at each position—the outer TFM cylinder, T, the inner magnetic lens, 77, and

the cold stage, Ts—and the concentrated field, Bc, and the external field, Bex, during magnetization with several applied fields, Bapp, of

(a) 3T, (b) 5STand (c) 7 T, respectively.

of magnetic flux during FCM of the outer TFM cylinder, which
was remarkably large for higher B,y,. This thermal instability
might come from the possibility of larger heat generation in
the stacked TFM cylinder, as well as the slower cooling speed
and efficiency of the loose contact method in the present setup.
Figures 6(a) and (b), respectively, show similar results of
the time dependence of the temperature and magnetic field
during magnetization with an applied field of By,, = 10 T.
During the ZFCM process until t = +14 h, B, = 13.9 T was
generated at the center of the HTFML device with a back-
ground field of Bex = 10 T, which means that the maximum of
B, might be over 13 T, if the outer TFM cylinder could replace
external magnetizing magnet after the FCM process. Unfortu-
nately, during the descending stage of the FCM process, the
Tt value increased and stayed as high as 68 K, and then the B,
value suddenly dropped at Bex = 5 T due to the occurrence of
a large flux jump at r = 418 h, at which the temperatures also
abruptly increased to above T.. After that, the B, gradually
decreased with decreasing Bex and the final B. value became
negative. Such a negative B, value is typically obtained in the
case for the single magnetic lens, in which the magnetic flux
is trapped in a part of magnetic lens after completing the con-
ventional ZFCM process [8]. These results indicate that the
thermal instability of the outer TFM cylinder could result in a
flux jump during FCM and/or the mechanical fracture of the
bulk material. To realize a B, value over 10 T, further invest-
igations are required relating to the following issues: thermal
stability of the large, stacked TFM cylinder, and development
of a more practical cooling method that can achieve a stable
and controllable cooling process for each part of HTFML.

Figure 7 summarizes the magnetization curves of the
HTFML magnetized from B,,, = 3, 5, 7 and 10 T, which can
compare the difference of the lens effect during the ascend-
ing stage, and the flux creep and the final B, value in the des-
cending stage. In the ascending stage, for every By, value, the
B.—B., relation shows an identical trend, which indicates the
good reliability of the shielding effect by the magnetic lens.
However, in the descending stage for By, values of 7 T and
10 T, the flux creep seems clearly due to the large temperat-
ure rise during FCM (up to 68 K) in the stacked TFM cylin-
der. In the case of Byy, = 10 T, a flux jump occurred during
the descending stage that may be of mechanical or thermal
nature, which will be discussed later. If this flux jump did not
occur under a constant and stable temperature during magnet-
ization from B,,, = 10 T, it is expected that B. = 13 T would
be achieved.

To find out whether mechanical fracture occurred after the
magnetization of the HTFML from By, = 10 T, the inner
magnetic lens and outer TEM cylinder were magnetized sep-
arately again. Figure 8 shows the magnetization curve of the
magnetic lens by itself during the ascending stage of ZFCM
with By, = 3 T and Ty = 30 K, after the occurrence of
the flux jump during the magnetization of the HTFML from
By = 10 T (labeled ‘After’). A similar result before the
flux jump is shown for comparison (labeled ‘Before’; see
figure 5(a)). The measured B, was enhanced (with respect to
Bex) by the magnetic lens and increased in proportional to By,
consistent with the ‘Before’ results. This result clearly shows
that there was no fracture in the inner magnetic lens after the
flux jump.
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Figure 6. Time dependence of the temperatures measured at each
position—the outer TFM cylinder, T't, the inner magnetic lens, 71,
and the cold stage, Ts—and the concentrated field, B, and the
external field, Bex, during magnetization with an applied field,
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Figure 7. Magnetization curves of the HTFML magnetized with
applied fields, Bapp = 3,5, 7 and 10 T. The lens effect during the
ascending stage, and the flux creep and the final trapped field in the
descending stage are compared.

Figure 9 shows the trapped field profiles for the (a) top
surfaces and (b) bottom surfaces of each TFM ring bulk (top
bulk, middle bulk, and bottom bulk), magnetized by FCM from
Bapp = 1 T in liquid nitrogen after the flux jump, in which
the trapped field value was measured 3 mm above the surfaces
of each ring bulk. Photographs of each bulk were also taken
after the measurement. The fracture point can be seen in the

.I"l"w-‘l

Ascending stage
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B (T)

ﬂ" ::. - - - _...._....i._.__.._ _'.1.
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Figure 8. Magnetization curve of the single magnetic lens during
the ascending stage of ZFCM with the applied field of By,p =3 T,
after the happening of the flux jump during the magnetization of the
HTFML from By, = 10 T, labeled as ‘After’. The result before the
flux jump is referred as ‘Before’ from figure 5(a).

top surface view of the bottom bulk, in which the crack pen-
etrates along the 10 o’clock direction as depicted. In addition,
it was confirmed that there is an identical trace of burning at
the interface between the top surface of the bottom bulk and
the bottom surface of the middle bulk, as marked in each pic-
ture. The degree of fracture behavior was determined from
the results of the trapped field profile into three-levels: not
broken (top bulk), partially broken (middle bulk), and com-
pletely broken (bottom bulk), respectively. The bottom bulk, in
which the crack destroyed the circumferential current, showed
the so-called ‘C-shaped’ magnetic field profile on both sur-
faces of the bulk and there is no longer the remnant trapped
field inside the central region, i.e. By = 0 T. In contrast, only
the top bulk showed a comparative, uniform field profile with a
peak value of By = =+ 0.32 T at the center of both surfaces. This
profile might deserve to be described as ‘not broken’. In the
middle bulk, evaluated as ‘partially broken’, the bulk showed
an inhomogeneous trapped field profile that is not identical
for each surface, and the trapped magnetic field is as small as
Br = 4+ 0.02 T at the center. These results offer evidence that
the thermal instability of the stacked TFM cylinder caused a
flux jump during the FCM process, which resulted in the mech-
anical fracture of multiple bulks at the same time, even though
the mechanical reinforcement using the SS support with the
‘hat structure’ was applied. It is therefore recommended that
the stacked bulk cylinder should be kept at a constant temperat-
ure with adequate cooling to avoid flux jumps when it is mag-
netized with higher B,,, = 10 T. In this sense, fundamental
studies related to the suppression of the thermal instability of
the HTFML should be performed in more detail.

Finally, figure 10 summarizes the concentrated field, B,
at the center of the HTFML, as a function of By, compared
with previously reported experimental results [10, 12]. Since
2018, the feasibility of the HTFML has been proved partic-
ularly for lower By, up to 3 T for two cases: (a) exploiting
an inner GdBaCuO bulk lens and outer MgB, TFM cylinder,
in which a maximum concentrated field of B, = 3.55 T was
achieved for B,y, = 2 T at 20 K, and (b) replacing the outer
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Figure 10. The concentrated field, B, at the center of the HTFML
(labelled ‘All-RE [This study]’), as a function of Byp,, compared
with previously reported experimental results. In the previous
experiments, the HTFMLs were constructed with the combination
of an outer MgB, TFM cylinder and inner GdBaCuO magnetic lens
(labeled ‘MgB,-RE: 20 K*) [10], as well as an all-(RE)BaCuO
design at 77 K (labeled ‘All-RE: 77 K’) [12]. The numerical
estimations for the HTFML with all-(RE)BaCuO bulks are also
included (labeled ‘All-RE (Sim.): 20 K”) [9].

MgB; cylinder with an EuBaCuO one, in which B, = 1.83 T
was achieved for B,,, = 1.80 T at 77 K. However, these config-
urations are not appropriate for magnetization with higher By,
over 3 T, because of (a) the inferior J.(B, T) characteristics
of the MgB, bulk and (b) the operating temperature of 77 K.
An original concept of the HTFML that could generate over
B. = 10 T requires that both the inner and outer (RE)BaCuO
bulks are utilized at lower temperatures below 50 K [9]. In

this study, the HTFML exploiting the ‘loose contact method’
using one cold stage of a cryocooler realized such a realistic
configuration which could work in a range of By, from 3 T to
7 T. A maximum B, = 9.8 T value was achieved successfully
when magnetizing with B,,, = 7 T, although the flux creep
was larger compared to that of lower By, values. The B, —Byp,
relation obtained from this experiment is consistent with our
numerical estimations (indicated by the dotted line), but not
for higher By, due to the larger flux creep for By, over 7 T
and the mechanical fracture of the bulk materials over 10 T.
This issue would be resolved by use of a more practical cool-
ing method that can provide proper individual cooling of each
part of the HTFML using one (or two) cold stages, combined
with a switch that would work based on its thermal property
and/or mechanical function. Furthermore, fundamental studies
to understand and improve the thermal and mechanical sta-
bility of the stacked TFM cylinder during its magnetization
would have an important role in improving the practical design
of the HTFML.

4. Conclusion

We have verified experimentally an all-(RE)BaCuO HTFML
magnetized under 50 K, using only one cryocooler and a
special technique named the ‘loose contact method’, where
the outer TFM was loosely connected to the cold stage
before magnetizing process by introducing a gap between the
cold stage. A maximum concentrated field of B, = 9.8 T
was achieved after magnetization with an applied field of
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By, = 7 T, which is twice as superior as the other HTFML
devices to date. The experimental B, values, as a function
of Bypp, were consistent with the numerical estimation repor-
ted in our previous conceptual study. These results validate
the HTEML concept as a compact and desktop-type magnet
device that can provide 10 T-class magnetic field enhancement
from the viewpoint of the magnetizing method.

However, during magnetization with a higher B, of 10 T,
the B, value suddenly dropped due to the occurrence of a large
flux jump that resulted in the mechanical fracture of the bot-
tom bulk in the stacked TFM cylinder, even though mechan-
ical reinforcement using the SS support with the ‘hat structure’
was applied. If the flux jump did not occur during magnetiza-
tion from By, = 10 T, it is predicted that B, = 13 T would be
achieved. To realize a B, value of over 10 T, further investiga-
tions are needed relating to the thermal stability of the stacked
TFM cylinder and the development of a more practical cool-
ing method that can achieve a stable and controllable cooling
process for each part of HTFML.
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