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ÏLé[^N9ÏeüÆ GdBCO ��NÚ�/[^N3��§Ý!"|e!¶é¡�¹e^]2å�ÿþ,

ïÄ
n«ØÓ|�¥9Ï[^N�Ú\�ªéüÆ GdBCO ��¬á^|©Ù9Ù^]2å�K�. ¢�(JL
², XJ?3��Nþ��ÿþ^�/[^N N 4�e, K3¶é¡�¹e, ��/9Ï[^N N 4�þ���N
eL¡b3�å�, ��N���^]2ålvkÚ\9Ï[^N^z� 14.3 N O\� 31.8 N, Jp� 222%; ��
/9Ï[^N��3��NþL¡!N 4R��þ�|e��K9Ï[^N�, ��N���^]2ålvkÚ
\9Ï[^N^z� 14.3 N O\� 21.6 N, O\� 151%; ��/9Ï[^N��3��NþL¡!N 4R��e
�|e��K�/9Ï[^N�, ��N���^]2ålvkÚ\9Ï[^N^z� 14.3 N ~�� 8.6 N, ~�
�Ã9Ï[^N�� 60%. ù
(J`², �kÏL�ÆÜn/�O��NÚ[^N�|Ü�ª, âU¼��p�
^|rÝ, k�/Jp��N�^]2åA5, T(Jér?��N�A^äk����¿Â.

'�c: üÆ GdBCO, [^N, Ó¼^|, ^]2å

PACS: 74.25.−q, 74.72.−h, 74.25.Ha

1 Ú ó

p§��NÏäkp�^]2åÚûÐg
½^]2A5, ¦�Ù3��^]2¶« [1,2]!;
U�Ó [3,4] Ú^]2$ÑXÚ [5−7] �+�äk2
��A^cµ. éu¢SA^ó, Jp��NÚ
[^N�m�^]2åw�c��, ��NÚ
[^N�m�^]2åÌ��6u��á��5
UÚ[^N^|©Ù, ��N^]2å���¬
á��» [8]!¬â�� [9]!þÝ [10,11]!e%§
Ý!e%pÝ!^z§Ý [12,13]!¤^[^N�^
|rÝ [14] Ú^|©Ù [15−18] �ëê���'. ©
z [19] Ò[^N9ÏeüÆ GdBCO ��NÚ[^
N�m�^]2å?1
ïÄ, ©z [20] ïÄ
^
G[^N�|Ü/ª9måéüÆ GdBCO ��N

^]2å�K�, ©z [21] ïÄ
ØÓ|e?§e
üÆ YBCO ��¬]2åÚáÚåA�, ù
ïÄ
(JL², ^]2å�[^N�|Ü�ª!^|©
ÙÚ|e�Ó¼^Ï;��', �Ì��éü�
��N�ü�[^N½��N�|Ü^Nm�]
2åA5, Ò9Ï[^N�Ú\�ªé��N^
|©ÙÚ^]2åK��¡�ïÄÿÃ��. yk
���^]2¢�L² [22−24], ��N�^]2å
¬�X�m�O\P~, ]2pÝ¬�X	\Ö
1�O\ü$, ��	\Ö1£Ø�, ^]2X
Ú¿ØU¡E��5�pÝ, ù
¯Kî/{N

��N�A^?§. ¯¤±�, [^N�m��
p�^år!fÝÐ [25], �Ã{¢y½�^]
2; ��N�[^N�m�^]2å��, ^]2
½5Ð [5], �^]2fÝ��. �
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^Nm���^]2å!ûÐ�f5!±9��
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NûÐ�g½^]2A5, ÏLé[^N9Ïe
üÆ GdBCO ��NÚ�/[^N3��§Ý!"
|e!¶é¡�¹e^]2å�ÿþ, ïÄ
n«
ØÓ|�¥9Ï[^N�Ú\�ªéüÆ GdBCO
��¬á^|©Ù9Ù^]2å�K�, ¿��

²w��J. ù
(Jér?��N�A^äk
����¿Â.

2 ¢ �

¢ � ¤ ^ � ü Æ GdBCO � � ¬ á (� »
� 20 mm, þÝ� 3 mm) ´lÏLºÜd¬LK�
��{ (MTG) ��� [26] �¬ (�»� 20 mm,
þ Ý � 12 mm) þ � � e 5. ¤ ^ � / [ ^
N (PM1) Ú � / 9 Ï [ ^ N (PM2) � º � þ
� 10 mm × 10 mm × 10 mm, L¡¥%��^|

� 0.5 T, �
U
k�/ïÄ9Ï[^N�Ú
\�ªéüÆ GdBCO ��¬á^|©Ù9Ù
^]2å�K�, ·�^T��¬áÚùü�[
^N�O
 5 «¢��Y, Xã 1(a), (b), (c), (d),
(e) ©OL«�/[^N (PM1) Ú��N¥¶é
¡ PM1 ↓ −HTS!3ã 1(a) �Ä:þÚ\�/
9Ï[^N N 4�þ����NeL¡b3�
å PM1 ↓ −(HTS + PM2 ↑)!3ã 1(b) �Ä:þ
�K��N PM1 ↓ −PM2 ↑!3ã 1(a) �Ä:þ
��NþL¡Ú\^z�� N �²1u�/[
^N�9Ï[^N����N�å|e�£�9
Ï[^N PM1 ↓ −SCPM ↑, 3ã 1(a) �Ä:þ�
�NþL¡Ú\^z�� N ²1u�/[^N�
9Ï[^N����N�å|e�£�9Ï[^
N PM1 ↓ −SCPM ↓ � 5 «¢��Y, �ÞL«�
�^NÚ[^N�^z��, 3¢�L§¥, 9Ï

ã 1 [^N!9Ï[^NÚ��N�mØÓ|Ü�ª«¿ã
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[^N´Ú��N�åe%�. ·�æ^n��
m^|9^åÿÁXÚ [27], éùA«�¹e�
^]2å?1
ÿþ. zgÿþc, �/[^N
���N��?u¶é¡G�, �§��m�å
l Z = 43 mm, ���N�e% (Ã��N�ØI
�e%L§) ���§Ý (77 K) �. 4�/[^N
l Z = 43 mm � �m©R��C��N (½9
Ï[^N) þL¡, �üömå�� Z = 0.5 mm(�
C9Ï[^N� Z = 3.5 mm) �, 4�/[^N÷
�´�£, �¤�gÿþ.

3 (J�?Ø

ã 2 � a |Ü!b |ÜÚ c |Ü�¹e�/
[^N¤É�^]2å�Ù���N (½9Ï[
^N) þL¡R�ål (F -Z) Cz�. lã¥�
�Ùw�, 3ùn«�¹e, �/[^N¤É�^
]2åÑ�Xüö�mål�~�ÅìO\, �
O\�ÌÝØÓ. Ù¥ a |Ü�^]2å��
N
��NÚ�/[^N�m��p�^å, �
�^]2å� 14.3 N; c |Ü�^]2å�L
², �/[^NÚ9Ï[^N�m��p�^å,
3�/[^N�CÚlm9Ï[^NþL²¡�
^�p�^å�A�´��Ü�, Ã^¢y
�, L²[^N�m��p�^åäkéÐ�
E5ÚfÝ, ��^]2å� 17.3 N; b |Ü�^
]2å�� a |Ü�^]2å�aq, ��
N�mþ��£Ä, ��^]2å� 31.8 N, ´ a
|Ü��^]2å 14.3 N � 222%�. Ó�·�
�uy, � Z 6 30 mm �, b |Ü�^]2åØ�
' a |Ük²wJp, �Ù]2XÚ�fÝ�²
wJp. �X3eü� Z = 5 mm �, a |ÜÚ b
|Ü�^]2å©O� 3.5 N Ú 9.5 N, fÝ©O
� 1.2× 103 N/m Ú 2.9× 103 N/m, w, b |Ü¥^
]2åk
���Jp, O\�Ü©5g9Ï[^
N��z. 3k��N� a |ÜÚ b |Ü¥, ^]
2å�þ�3X²w�^¢y�, �3k9Ï[
^N�^e�^]2å%k
¤��O\, ^]2
XÚ�fÝ�²wJp; ù`²3ù«�¹e9Ï
[^N�Ú\²w�Jp
XÚ�^]2åA5,
é��^]2�A^äkÈ4�r?�^.

ã 3 � a |Ü!d |ÜÚ e |Ü�¹e�/
[^N¤É�^]2å�Ù���NþL¡R�
ål� (F -Z) Cz�. lã¥��Ùw�, 3 a

|ÜÚ d |Ü�¹e, �/[^N¤É�^]2
åÑ�Xüö�mål�~�ÅìO\. d |Ü
�^]2å�Ñ3 a |Ü^]2å��mþ
ý, �X�/[^N�eü, ��N�mþ�
�£Ä, d |Ü�^]2å' a |Ü�²w p,
X Z > 5 mm �, d |Ü�^]2åO\���ú,
X Z = 5mm �, a |ÜÚ d |Ü�^]2å©O
� 3.4 N Ú 7.6 N; �� Z < 5 mm �, d |Ü�^
]2å×�O\, X Z = 0.5mm �, a |ÜÚ d |
Ü�^]2å©O� 14.3 N Ú 21.6 N, � a |Ü
��^]2å 14.3 N � 151%; � e |Ü��¹K
�Ø�Ó, �/[^NÚ��N�m�^]2å
3 7.5 mm 6 Z 6 20 mm �, �Xüö�mål�
~�Åì~�, Z < 7.5 mm �, K�Xüö�m
ål�~�ÅìO\, �� Z < 20 mm �, �
�éu a |ÜK��e�� £, �� e |Ü�
^]2å' a |Ü�²w $, X Z = 5 mm �,
a |ÜÚ e |Ü�^]2å©O� 3.4 N Ú 0.1 N;

ã 2 3 a |Ü!b |ÜÚ c |Ü¥^]2å�må (F -Z) �C
z'X

ã 3 3 a |Ü!d |ÜÚ e |Ü¥^]2å�må (F -Z) �C
z'X
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� Z = 0.5 mm �, e | Ü � � � ^ ] 2 å �
k 8.6 N, =� a |Ü��^]2å 14.3 N � 60%.
ù 
 ( J L ², e | Ü � ¹ e � / [ ^ N ¤ É
�^]2å�kÃ9Ï[^N���^]2å
� 60%!b |Ü�¹e^]2å� 27%, d |Ü�
¹e^]2å� 40%, ù
Cz�9Ï[^N�Ú
\�ª!±9��N�9Ï[^N�å|e��
�NÓ¼^|©Ù���'.

�
?�Úá���o b |ÜÚ d |ÜU¼
����^]2å, ·�|^ Lake shore $§¿�
&Þ, éù 5 «�¹e (�K a �¹) å��NL
¡ Z = 0.5 mm ?^|�R�©þ Bz ?1
ÿ
þ (c |Ü�å9Ï[^NL¡ Z = 3.5 mm). ã 4
´ a |Ü�¹eå�/[^NþL¡ Z = 0.5 mm
?^|R�©þ�î� £ (BZ-X) Cz�.

ã 4 a |Ü�¹eå�/[^NþL¡ Z = 0.5 mm ?^|R
�©þ�î� £ (BZ-X) Cz�

ã 5 © O ´ b | Ü � ¹ e å � � N þ L
¡ Z = 0.5 mm Ú c |Ü�¹eå9Ï[^N
þL¡ Z = 3.5 mm ?^|R�©þ�î� 
£ (BZ-X) Cz�, lã 5 ¥�wÑ, c |Ü�¹
e9Ï[^N�^|rÝ²w�u b |Ü�¹e
��NL¡�^|rÝ, ù´du b |Ü�¹e�
�NþL¡^|´��N�9Ï[^N�å|e
�¤Ó¼�^|Ú9Ï[^N^|�Ó�^�(
J, �X��N§Ý�eü, 9Ï[^N^|�B
ß��NêþÅì~�, ��N¥�^|Bß¡È
Åì~�, �Ü©^|����N¤¶-, lU
C
��NþL¡�^|©Ù, �� b |Ü�¹e
��NL¡^|rÝ��u c |Ü�¹e�k
9Ï[^N�^|rÝ. �Ò^]2åó, b |Ü
�¹e��^]2å5g��NÈ(^|!9Ï
[^N^|Ú�/[^Neü���N¥¶-a

A>6¤�)^|��/[^N^|�Ó�^, Ï
d, b |Ü��^]2å�uÙ¦�¹e�^]2
å, ù
(J�ã 2 ¥A«|Ü�¹e���^]
2å¢�(J��.

ã 5 b |Ü!c |Ü�¹eå��NþL¡ Z = 0.5 mm
Ú9Ï[^NþL¡ Z = 3.5 mm ?^|R�©þ�î� 
£ (BZ-X) Cz�

ã 6 a | Ü !d | Ü Ú e | Ü � ¹ e å � � N þ L
¡ Z = 0.5 mm ?^|R�©þ�î� £ (BZ-X) C
z�

ã 6 ©O´ a |Ü!d |ÜÚ e |Ü�¹eå
��NþL¡ Z = 0.5 mm ?^|R�©þ�î
� £ (BZ-X) Cz�, lã¥��ÙwÑ, d |
Ü�¹e, 3�/[^N£Ä���S, ��NÈ
(�^|��´ç��þ�, fÐ��/[^N�
)�^|����, du��/[^N^|���
�^|éÙ�)äkü½5�]2å, ¤±, ¦�
3T|Ü/�e, �/[^N¤É���^]2å
'Ã9Ï[^N����^]2å��õ, ��,
3 e |Ü�¹e, ��NÈ(�^|��K��/
[^N�)�^|���Ó, du��/[^N^
|���Ó�^|K�)áÚå, Ïd e |Ü�¹
e�/[^N¤É�^]2å 8.6 N 3üömå
é���¹e, �uÃ9Ï[^N����^]2
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å 14.3 N, �u d |Ü�¹e�/[^N¤É��
�^]2å 21.8 N, ���u b |Ü�¹e�/[
^N¤É���^]2å 31.4 N.

4 ( Ø

ÏLé[^N9ÏeüÆ GdBCO ��NÚ
�/[^N^]2åA5�ïÄuy, ��N�^
]2å�9Ï[^N�Ú\�ª!��Ne%�
ª9^4�����'. X�/9Ï[^NR�^
z!� N 4����NeL¡�, ��N���^
]2å� 31.8 N; �9Ï[^N��3��NþL

¡!N 4R��þ�|e�£�9Ï[^N, ��
N���^]2å� 21.6 N; �9Ï��3��N
þL¡!N 4R��e�|e�£�9Ï[^N,
��N���^]2å� 8.6 N. d	, ·��uy,
��NÚ�/[^N�m���^]2å�9Ï
[^NÚ�/[^N�m���^]2å�Ú, ¿
Ø�uÚ\9Ï[^N�üÆ GdBCO ��NÚ�
/[^N�m���^]2å. ù
(J`², 3
¢SA^¥, ·�7L¿©�Ä^N�Ú\�ª!
��N�e%�ª9^4���Ï�, �OÑU

¿©u���á�^]2A5�^|©Ù, l¼
����^]2åA5.
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Abstract

The effects of magnetization methods with additional permanent magnet on the magnetic field distribution and the levitation force

of single domain GdBCO bulk superconductor are investigated with a cubic permanent magnet in their coaxial configuration in zero

field cooled state at liquid nitrogen temperature in three different ways. It is found that when the N pole of the cubic permanent magnet,

for the levitation force measurement, is placed above the GdBCO bulk superconductor and in the downward direction, the maximal

levitation force can be improved to 31.8 N, and that when the N pole of the additional cubic permanent magnet points to upward and

sticks to the bottom of the GdBCO bulk, the maximal levitation force is increased up to about 222% of the levitation force of 14.3 N for

the system without additional permanent magnet. The maximal levitation force can be improved to 21.6 N (or reduced to 8.6 N), when

the GdBCO bulk superconductor is closely placed below and magnetized by the additional cubic permanent magnet with N pole in the

upward (or downward) direction, and the additional permanent magnet is removed away after the magnetization, the maximal levitation

force is about 151% (or 60%) of 14.3 N for the system without the additional permanent magnet. The results indicate that the levitation

force of high temperature bulk superconductors can be effectively improved by introducing additional permanent magnet based on the

scientific and reasonable designing of the system configurations, which is very important for the practical design and application of

superconducting magnetic levitation system.

Keywords: single domain GdBCO, permanent magnet, trapped field, levitation force
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