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1 ����^yYO�we%Ney��0g{O��=�MÆEy�u^��P7�yYO�^_�pN8yMwL^�~��ia(M{�M�
4�I�Ufm��yRW)v�tf1oK�ah6�weK�M�^�*,�~{yYO�9l"h [1−4] �UfjP�> Yohkoh [5] v��ryRjP�> Wind [6] � Cluster [7] �tT:��yYO�we�:��we%Ne��ia�)��)Lv���iar"��.�~����DyYO��Æ�we�$b6Kog'�yYO��ANYX�$b6K���iaMB�5Eg2M/<�y�,tI{P7�40weo"2/<�y�~~$b6K�yYO�ANM[?={$���DyYO��Æ��I� yYO�YX!`� Sweet [8] { Parker [9] Z^Ufm��(�jPf�� 2D y"�� =Æ2.�2010-03-05 � O�2.�2010-05-19��M*�s(m~mS�Hg\)F (10333030 � 40390155 � 10605025) �MsmS�<(w;^f)F
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t�O	��ia8�yY��O"+#"V�y�,l0>:�O��P8�yY 5ERiw:6)�5y
�^�~��ia��M{(M�/TA?Xl�O�' MA(�"L+{l"L+�/�) {)�zG[B (Lundquist number)
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S �	Æq-���ia
_K)�zG[B*E^��~~/TA?Xl�O�'E^1�HvD4q-��iaKb���(�.�~�^RO�'� Petschek ^l�	4�Au~M�^��I�A?�O�' MA ≃ 1/ lg S ��1/TA?	Æ2#p'HH�js5� p'�℄�F�2Æq-��ia�p!*1Tb��#pyYO���,>E3��~~��
YX.:'�Tb�O��, [10,11] �S4�AN*Bl Hall ({>^#p yYO�weKdeOju� [12] �
2 &d8{[Q�[ZgI~C�tT
BT$b_F2yYO��.LC�ANYX��-$b_F����nvH~v� N��F_F (LCD _F [13] � RSX _F [14] � CS-3D _F [15]) �r1o_F (TS-3 _F [16] � MRX _F [17] � SSX _F [18]) �	�_F (VTF _F [19]) �V_FD#A,{��iaMBV}�a"O����V�O��A<oE"j�	~d'�7T_FYX�Æ�I�oEQ"j�
2.1 ��℄��	�/~3`"��8)T�P0wH3� LCD (Large Cathode Device) _F~?����iwh�Æ��D#V�?W~ 1 m ���ia���ia9+~ 1012 cm−3 �#i�+~ 5 eV � /i�MB�� LCD _F�)�zG[B� 10 t�� de ≪ l ≪ di(di � de H=~�imFa+{#imFa+� l ~O�[7i+) ��i1Ey���K�Æ�weXj	#iXÆ�nviw#iy"a(P (EMHD)[20] �=A�$biw�T[CDF�#""�)j+�#"�a"l X ?�yY�! [13] �V�O�PHj�yY����p
1 P-�iw2O�#Y{��ia#"�P��%M���#p'j/T"� Spitzer#p'��4�F?/TweK>^#p� �O�we:��$bweKjP��#"V�� [21] v�#i�)�we [22] �5� LCD �LC��pr$bP7�O���V��A, [23] �iw Helmhotz �x{U+yYS~V�Y>�� (Field Reversed

Configuration)(�p 1 P-) �)3j#"u(O�V��P�#"��we�u(O�wev�#"0�=��l	g�we�
MRX (Magnetic Reconnection Experiment) ~r?1o_F�V����ia9+~

1014 cm−3 � TS-3 (Todai Spheromak 3) _Fo~r?1o_F���iaMB{ MRX �."j�K ρi/l ≪ 1(ρi ~�iN&W� l ~_Fi+) � S > 100 ��.L~ MHD �g2�iw θ A+��T	�Æ�)[C#"�V�yY��!�P7#"��1�tIO��V��#"��"y�"��U�O�we,~
 push reconnection ��#"�9"y�+v~��O�we,~
 pull reconnection ��MRX _F<~�n�
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q 1 LCD %`G
(a) \E%$#b#�R��Bx�%$#�Q*�%$BB [13] � (b) Helmhotz !yX��R��Bx�!y�Q*�%$BB [23] 	

VTF (Versatile Toroidal Facility)~	�_F [24] ���iaiw#iN`6)� (ECRH)V��9+�~ 1012 cm−3 �#i�+~ 10 eV �/i�MB�:��O�we1TbO��iw_FvKDF�Jr�xi#"V��l�yY���>7��x#"V�yYO�� Ej�5Eg2� (y�u�0q3�J) � VTF _FP��O�weK�Ej��ia#"�H��/T#"{iC�iB��h��
CS-3D ~;+dO_F���ia9+�~ 1016 cm−3 �iw 0q6vU+DF�Æ�)#"V�O��yY�� (�p 2 P-) �D#weK� _F�.)3j#U�V�U+���ia#"V�$bweKjP�� Hall #"�� �>n	Æ Hall #"{Æ+yY�`ju�*�#"V:�U^�n�PA�$b6KyYO�YX�_F�MB{YX�Æ�
_�; 1 P-�{ 1 ��a#5T;d^�'�?A>�0R��IB

LCD MRX VTF CS3D LMP*�{H\D 10 ∼ 100 100 ∼ 1000 100 ∼ 1000 1 ∼ 10 1 ∼ 100Zl\[L� R�6v� Hall 6�� 6Fh3� Hall 6� %kVÆ℄-�?`%q 6Fh3 3D 6� 6Fh3
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q 2 CS3D %`G?<q [15]

(1) X�R�|\�%$�� (2) !�l (1se4); (3) GlC-�%$X� (4) |Y3	
2.2 4S:��`"�`"&�Q���ia yYK��(nviwy"aAe�=A�iwE"ay"aAenv��op��n{RC'&�

E + u × B = −βeDi∇ · Pe +
DiJ × B

n
+ D2

e

dJ

dt
+

J

S
,K��ia�[7�ji+~ L �)�zG[B S ≡ ωAτR, τR ≡ 4πL2/ηc2 ~#p}
"-� τA ≡ 1/ωA ≡ L/VA ~�7G"-� VA = B0/

√
4πnmi ~�7GL+� dα ≡ c/ωpα,

Dα ≡ dα/L �H=~mFa+{op��mFa+ (α= i, e H=~�i{#i) � Pe ~#iU(� Dα → 0, S → ∞ �OK�����%y"a�RC'&
E + u × B = 0 ,~"��ia�y�
)A� pd�(� jTb���iaK�#p'<��O�'nviw Sweet-Parker A?�=A�5 q-K���ia�41Tb��#p'<1�<D4jPK:��wLO�'�~~�YX.8^l�Tb��iaK��TwLO��A?�pNA<1��V#�#y,/V��>^#p'�%)O�'��pNA<1i% Hall 4�ÆE�wLO�A?� $b6��iaKH=2/�TA?g'�"hYXv�DwL�TbO�we�

(1) Hall 4�
Sonnerup Bl [25] �#i{�i #imFa+{�imFa+=-�t�I��(V�H���5�d Hall #"�ÆEO�t�d�#i}
t{�i}
t�Ei+Aa�V



� 352 �������d���Q�M�(������� 28 ��J�yYHH�5� Terasawa [26] iwB�ANBl� Hall 4�EKMV�yY�J�HH�5nM)LO�we�
MRX $biw7�D#fU�P7��ia�9+v�Tb�[el	e�P��jTb{=OTb�Ng2��KFV�� [27] � jTb���iaMB��P����a5&�KFV�O�wenviw Sweet-Parker A?�=A�7���iaMB�*[eTbl	e%)�KFVa+01�>nO�'%)� Tb��iaMB��6
Æ+yY"�$bP���J�yY�HH�|�� Hall 4��� [27,28] ��p 3P-�iw2#il"�P�� MRX $bP���#i}
t�� �>n��#i}
t�x+~ 5.5 ∼ 7.5 c/ωpe ��B�AN���x+=O [29] �5n Polar �>�jPK�o:��#i}
t�� [30] �

q 3 MRX L Hall 5�Q��_���A <.V,�zZk, [27]

CS-3D$bXjYX�	Æ Hall#"{Æ+yY�`ju�*�#"Vp9��. [31] �YX:��NeU+yY�%)�#"VK<���ia9+I�01�#"V�+%)�U+yY~�"�#"V2HH�U+yY%)�#"V�p9U� X Up'�;+�U+yY>+�p9�A+P7�iwyX22U+yYP��|' >;�� Hall #"�5
Hall #"{U+yY�`ju�*#"V:�p9��p 4 P-�

q 4 CS3D L Hall $#3$#W��'�Fk��,zZ�2|B,�$#W�Ad [20]
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(2) >^#pyYO��$bweK�T^�%NeV#�.#y,/l���,��,/M2�#�i
�5V�>^#p�)LO�we�$b6yYO�YXK� LCD { MRX _FH=jP��V#,/ [32] {#y,/ [33] �iw29+,/�P�� LCD_FP���Z' �i�r"OO�V#,/�j���i�r"�V�>^�TbZ'�%Ml�>^TbZ'j��ÆT"�u+TbZ'�"�Æ	�i�r"V��pT>^#p�	Æ/T>^#p�� 5)L�O�we��1$b>6
2/T>^#p�"q[FXl_a�[7� MRX  O�weKP�����Ysr"�� �/T,/:���F #"V�5��:��"->E1O�sj�"-�~~/T��Ysr"EM��D4wLO��.���$b O�tOO:��<j�#y,/�>n:$�/1p;Z' ��Z'OO��N�����A�/T,/NeO��:�5%j�>n:� #"VK<�S�O�weJ9h��~5/T#y,/nM2O�d��)Lu��sO Cluster �jP:� [34] ���A O�g+h 30 s l��/1pTi �M^_�:O�PH�>^#p�A(�/T��A O�V����%j�Z'���R�O�h�A�[FEj;?O�h{O�����A1	Ej�IV���/F?��A
nM1�:yYO���~ [35,36] �Pvr" yYO�weK��1~
1t�
Hj$b�LpI:$�

2.3 `"N��}%
(1) �i�)�{)L O�weK�yM^�~��ia�(M{�M�)L{)��#�i�/N�. Ufm�{yR��iaKtTjP� [37,38] � $b6K Ono ��<� TS3 _F�g'��i�)�{)LYX [39] �R82O�weh���i�+a�LC�$�P�� O�g+=��i,)��> p/"-��i�+��I�� 200 eV �5nj" $bKP���i,)L��7GL+����MRX$bo:��O�weK��i)� [40,41] ��iM� O��^R� 10 eV t���i,)���FtÆO��K<�
(2) #yK�P�Uf��iaYXK�#yK�1E^_8��.�m�K�K��.;?� /�+:F02K
"�RM��#iV��5yYO�u~Oj�m�s:�I�{m�K�#i)L�#yK��.
e9l�h��#iRMdH�%)nM�d��iaE	'F��5ÆE,/�%j�o
nMV���iaZ'�V#��7A�/TAiwA^�d#yA�MV�#yK��/TwenM\1#yK�V���I� LCD $bK� Stenzel �� [32] P����O�V��RM#i"h��#yK�� 3j#"�9"p�iwX2�P�:����iaK#iRMdH�%)�� |>�"pP�:��Z'~ 6.5 GHz �K�I�/TZ'{���#i��iaZ'"��~~�/TK�nM1	Æ#i��iaAA^�d~#yA5V���

2.4 x�D����`"�WL$b6K�yYO�we�n�?℄����iaMB�&v�o{$b�5Eg29l"h�/1$b6yYO�YX{q-K�yYO��Ej=t� MRX { VTF �$b\
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_g'�"hYX�Z^y�1Ju�0q3� VTF $bH~gD{1~�5Eg2LC$b/< [42] � gDyY�����i�KH,y�C��~~EM
4��d��ia#"�iw.5�xP����#"~ 3 A t� ({.5�x��U"UE4) � 1~yY����iC�i%)�C��i01�$bP���
4���ia#"�I� 3 kA t�� RMBxz"j�qy��MRX $bP7O�t���KHÆ+yY�A+� �NEj�5Eg2��$bP�l�Nqy��O�'>}Ej�yYAa���ia"o"��P7 [43] �/;?8a�5Eg2MP7℄��Æ��.�O��.{5Eg29l"h�
3 rK{[Q�&daH�7�0. Kpk"�P��Fy���ia_F (LMP)�g'�yYO�$bYX��p 5P-�$bt?W 25 cm�a 2 m�vK 10r�xi#"V�e�	'�U+yY�s�yYj+ 1 000 G �L�-NA�ZD#�.?"�ID#���ia9+ 109 ∼ 1012 cm −3 �#i�+ 2 ∼ 10 eV =-��i�+�~ 0.1 eV �D#weK���iaMB_
�x�nOMF�$bKi^L�vfD#� Helicon D#g2����ia�9+~ 1011 cm−3 �#i�+�~ 5 eV �~"#imFa+~ 2.37 cm ��imFa+~ 450 cm �

q 5 LMP %`G $btK�`U[CDF�vmÆa"�m"a 120 cm �x 10 cm �� 0.5 cm � Æa"�ij+#"vV�O�PHj�yY���3j#"	RU#�2N�D#V��7T#""�#"�s�I�~ 2 500 A �#"�i0iw IGBT ghtI�iw&�MBnvP7#"A��`5[F��5P73j#"2��ia�u(�~�P�:� �>;��O�we�jsX2MP�8T8�>;����iaMB{yYMB�~~�8�%pTnv8�s(�_F�M8�X2 8T>;�S|s( (s(�S+ < 0.5 mm) �	ÆD#we_
�x�OMF�~~nvH=�_yX2{V#X2�iw4�D#W!P�V!�MB�%MXl��iaMBv�yYMB8�HH�p*� Helicon D#K���ia��.MB (��ia9+{#i�+) 	V#DbX2
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(l = 4 mm, d = 0.5 mm) Xl� 	W��iwV#X2P����i({" (�(#i�+�7��({"�7�OK{9+�7�"�) �yY���iwyX2P����yX2	?W~ 0.1 mm �mb'� ?W~ 1.5 mm �Z}e,��I 50 x5d��TX2"�x?��_ #De,��}�iwjU#�8=z�l�iwyX24�W!P����>;�y�{�,%M�y�"L~�yYO�"h�YX9 &Lg'K�
4 oC�*{l 20 /' 70 P�g+ dO_F�g'O�$bYXv��$b6yYO�YXtTv��p7o℄F�L'��q-jP��,�B�ANYX"A~�*��82ÆO��Æ�we
�LpI����D�/� Hall J�Y�#i}
t�$bb:���1O�YXKr}�!K4OjÆ�
_
	Dd�	�O�s:�I1#5�q-K�O��41 	�q-I�+:O��yM�} ��iaK��4�z℄r�d��}��TL�℄�4D�^�d��ia(M{�M�Eh	�q-�$b6yYO�YXW4?�O:�!` LCD �F_F��$bAtO:?�O:�/o1O$�Fy�_Fg'O�$b�pT�~�iw�EP���ia�yYMB�1>;HH�}NeU+�F7��YX℄��O��.{8a�yYlr>we=-����VTF{ MRX �	�_F��$botT:�[C#Y� ℄�Aa>�`	+v��/;?vy 	�_F�L�U2+'L5YX8�O�we1Ez;���v�Eh$b6YXK��iaMB{O�u(�7��}
��>6
22/7MBg'�nYX�~~Hv|'O��s:�u(���iaMB=-�h��I��$bYXK�}$�uO���}P7
uO�Ku(��1��}K ℄��)u(�e��℄;�yYO�we^%Ne#i�)L{)��2Æq-��ia�F�#i�)L{)��I [44,45] p?1�8h℄�
_��Eh �4ByYO�$bKKjP���i�)�)L� $bP�t�>6
jT��[�#i)L)��/1J�$bK#imFa+E^1�5$bP�t��4 �imFa+OO
h�P7��iaMB��53�%�#imFa+�*�#i(P=��vnjP�1�
|�℄;��v� $b6��iaMB�}I�V#X21�v#i=��snC40\_�5LCX2B^D4"HjSvi%�#iL+�E25HH�Ej�_F O�weKP���S4�,/�.����,/��i�,/���Z'�#y,/���12Æ,/ O�weKPd�_au�
Hj��YX�/�,/�O�s:�~th��,/2�#�i��4
� yM^�weKnM$a�;��� LCD��`$bKP����O�"h�#yK�=z��{;#yK��q-HH�5n/pAto6
 R_F����Lb:�~�*$b6��iaK�yYO�we[=Oq-��iaKjP��O�we�2J*�.���ia�QMB (�)�zG[B) "O� q-��iaK)�zG[Bp!�~ 105 �5Eh$b6_FK� S Bs�K~ 1 000 t���Æ/T�~�MRXtT8 S B^RD 105 u~_F�pIP"�E9 [46] �/HjLpI^R_F�#i�
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S B<��$b_F5℄��q-jP��,�B�ANJ9A~�
22F�g'O�K�.Æ�we�YXo�
z{�n�PA�2$b6yYO�AN���{UfÆ�9l"h� T
_ (�i�)L)��#y,/2yYO��u��#yK�) LC�/
�f{H��Qk$b6yYO�ANo���p��At��1�}

�4M5�d�
_�'|#i�)L{)��I�O�K�K��.�� Kpk"�P�pT:�yYO�$b_FtT5d�>niw�.�V#X2{yX2�40\_2�.���iaMB{yYMBLC�P���8g'yYO����YX�	Æk�_F.���iaMB{yYMB�[!�d'� _F�MYX#i}
tIv�Æ��I�0.�zeO2wLO���~�M�^��I�O��,/�h��Æ�
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Progress in Laboratory Simulation of Magnetic

Reconnection

ZHANG Shou-biao1, XIE Jin-lin1, HU Guang-hai1, LI Hong1, HUANG Guang-li2,

LIU Wan-dong1

(1. Key Laboratory of Basic Plasma Physics of Chinese Academy of Sciences, Department of Modern Physics

University of Science and Technology of China, Hefei 230027, China; 2. Purple Mountain Observatory, Chinese

Academy of Sciences, Nanjing 210008, China)

Abstract: Magnetic reconnection is an important phenomenon in space and laboratory plasmas,

it is considered to be an important mechanism of solar flare and magnetospheric substorm. In

the past years, a series of important results have been obtained in the experimental research of

magnetic reconnection in laboratory plasma. In this paper, several major experimental devices

of magnetic reconnection are introduced, with their different plamsa parameters, experimental

methods and essential findings. In TS-3 and MRX device, ion acceleration and heating related

with magnetic reconnection were observed, but the particle acceleration mechanism is unclarified.

Detailed experimental study of electromagnetic fluctuation has been made in MRX, and a positive
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correlation between magnetic fluctuations up to the lower-hybrid frequency range and fast re-

connection was found. Ion sound turbulence in the current sheet was measured in LCD, which

produced an anomalous collision rate and enhanced reconnection rate. In LCD device, microwave

radiation was found, which may cause by mode conversion of plasma waves on density gradi-

ents. In addition, reconnection experiment is carrying out on the linear magnetized plasma de-

vice(LMP) in USTC. Langmuir probes, magnetic probes, energy gridding analyzer, mach probes

and emissive probes are fabricated and installed in LMP device. The reconnection magnetic field

is generated by two parallel copper boards with current in the same direction.

Key words: plasmas; magnetic fields; turbulence; laboratory
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