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1 �$���
1.1 �7�J�\	Bg4>&V��$qFK?3 jOoO>+	E���jVCz�o;	�b�ÆN./u��bM?� Twiss [1] 
 Schneider [2] H7(#me$qFK?3 j��F��$qs;5|℄s;YgjVCz`s�o;� Hirshfield 
 Bekefi [3] *$qFK/u℄SvI�	_ 10 m ;N.�eFK/uFh=oKy�!*� Hirshfield 
 Wachtel [4] FC�U*K1����K-FKN.�� Melrose [5] *aE
e%HB���~r$qFK?3�� nEf�2008-10-07 � �Lf�2010-01-17MU}_��B���w.a��Pa (10973043, 10803020) � 973 Pa (2006CB806302) �|�=��BTPa (KJCX2-YW-T04)
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/�O/0v 129� j� 1979 j9i:
�D�*��$qFK?3 j�℄S4z�O;N. [6] G|Z(.�N.	�b�ÆN./u3,{>VX�Melrose 
 Dulk [7]  Melrose �� [8,9] 
Hewitt �� [10] ���$qFKN./u%*2t	A	.�N.!h.�N.�t	";EKN.�)�A�	.�N.��9�\d	Æ�O�8;3$�l_K�!*	My	$K1�X%8�e)b--D3� (1) `g��z.m>�HB� (2) t2v7��P) ne 
oO�)zW	<&Æ	 ωp ≪ Ωe Z� ωp O������s; Ωe O��$qs;�gj�o2~rY�Zb��*2℄S�T
h=	�d%7 [11∼15] ���F~r��$qFKN./uA�b�Æ	D3O`g��z.�dR�j	h)HB� Freund 
 Wu [16,17] ~r--m>�dHB#�	.�N.yxQ\
�Q\	Cz!*�Melrose 
 Dulk [7] �Melrose �� [8,9] � Hewitt �� [10] 1m>�FK��!-d�D~r�E�� Winglee 
 Dulk [18] ~r-!�
��HB	`g��#	$qFKN.�NC*��:�	vIH>EKt	
|p��	`g��lQ[GVR9xg*HB%7�℄	g*Vfv�Æ	̀ g��	VR9x0 wF�bWog*<`2)n���g*	�gWo�z�	Woh(�Q�d-vIH>� � Wu 
 Tang [19] �g	~r7Gz.Q��gWoh(	VR9x����.X�27��$qFKN.t3zzCÆ-��$qFKN./u	Q*	M�Æ-��$qFKN./uF��:�~ry	%*<&�
1.2 �p�g7�~%>Iu*PABg4G/r�	�d%7
O�}QJ	.�%7 [20] |_pAG(9Y�9�Ys;<& f (
1 GHz∼10 kHzK%	`)t��T���~�����d%7z.�D9b�Æ}a� (1)s;hr�t`syhr���s3�r�;ls;	IW3IW [21,22] � (2) ℄;ZnF�/s vIAG℄;3-;	s;/��W2 2 � (3) N.s;1%	����`)<�2vI;	`)7vI;/\C;-t`3�vI;	ax�/\C;	axz� (4) -;N.z.h�	�Rja|N.	9;/�|N.	9;W�2��d%7O-zK1�j��\4 (g*( 1∼50 keV) #�	ZZ��\4�� 	h) (> 0.1∼0.5 c) R�B#�℄S�d%7	��\d�Æ.)b� (1) j�	����N.\d�[\d�(F<�Ch���U�J��fZ+F5� (bump-in-the-tail) ?3 jt3�s� Langmuir ;N:���;;K�!*,;$K�!*G Langmuir ;FH	�Z�o;7&;�℄F������s;	-;
℄;*N:.�N.2eG-�d%7�Robinson �� [23∼25] ZÆ-zS)'.��
-;F�T
t	My-�&P);##�	�?V��1Zb\d -6"~r[\d1$oO.X� (2)��$qFK?3 j�� [6,11,13] [\dO- Twiss � Gaponov � Schneider ��H7(#�e8-
Melrose �9i:��d�D7R�[\d�(%7N:Fo�*xyOs;Vg��$qs;
|℄s;	�o;	jVCz�	";EK%7
7";EKN.z.(}	jw�_pAG4-F�Y*8 [26] !q1Y(�YNM�z.�`	9p_)�`�y 100% [27,28] �;a)EQW?�
300 km [27,29] �,.)EQ`U� 1013 K .A�`y 1015 K [30] �|ÆK�Q.A
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4zKzG�`��e��2�tAs%2EKN.	��~r�e-d�	N./u��\d�ÆH()z���}O����;;K�!*	��3�}uO��$qFK?3 j���DVH�`--�m:���e	N:";EKN.	:��Q�.�EKN.3�d%75) X NM.}7P�	tA�`�(z2^~rYVX	v�O�d%7�) X NM
.�EKN.'O��%7	N: —– `g$�43t	z�����5oO	!*Z���m:�� [31,32] F1�d%7�) X .J%7
.�EKN.hG	bPl:tAdh~r��e-�b\d (!� 1 oK) �

� 1 �ah��℄�m;
#<FLO/� HXR 6 Hα O/Gu
��G�L6GL�^
℄eL�� [32][\d	�Æ:��℄!D� (1) z��Fb�K,FbKzG�geG)bCh��Ch� A -2��ok�F*�	�4qe[�4q-f1\?3 jfZ�3�bO-�#ChfZ	�7 B hF��ok	�F� (2) Ch� A N:	��\���o%JR*RDB#�R���Co%J{�	��\����27e`s����;��3�so4; (!��8;�,8;�) 	EJjK�!*N:Vsr	�d%7�3RDB#	��\J�� 	".Sn����ok*-2owW�fZCqSdR�j		�a\
HBt327��$qFK?3 j8N:EKN.,� DCIM %7�vh2oO�R	��'��o%JWR��+�,(�K3�&	�����o
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�N: HXR %7 (��\d) FHg*z2 15 keV 	��i"y(�K3�����	�?o
N:.)( 104 ∼ 105 K (����Y�EK( Hα ��N,�� (3) )nN.7EKN.o�C	";.�%7�Q�(-C|SdRÆj�g*(R9HB	E����o%J $qB#o7e	$qÆDN.�";%7;-2��ok�	Ch� B e�
2 ���&sHMA5"l
2.1 �7�J�\	+y9�0isROoj�?-FKN.OF��$qs;,|�s℄s;YgjVCz�o;3N:	��N.�N:FK?3 j.)b--	M [33] � (1) F��HByÆwF$�^;	 (3v�HBK/) �uOÆ.�bFK.�#} d!(27?3 jomÆ	�-g	D�
—– E���	h)HB F (v‖, v⊥) 	\; ∂F/∂v‖ , ∂F/∂v⊥ F� 	MDÆeGdk�12v�x	E
e%HB`h���O+2�h��F v‖ , v⊥ �dkA\;�W2 0 !3E
e%HBO3 	� (2) oOÆK1�,Y����P)K1�ZG�� e Ωe ≥ ωp �!�Zb	M?gI�bK�-g2�'d"d}����;e3?gjVd"�oN.y�F��:�ym>�HBO$�^;	�w�	"��O~r��2	�}���|p	�ZHBfI/!�a\HB���gK��Æ�Ft	,�	*#�ywF�o2o4x|�FRD)x��h2`P)����y����FZZo4xy-2^}/u,ChA'��oOR*�RDB#�-2owW�bZz.Uzvhh)	����{�o4x3z.Uzljh)	��Q',\ZFo4xe3N:m>�HB�!���	�.S α W22_�.S α∗ 	 ZZ��u'WR�mP	����z�y�8Fb�m>�g*�2_�.S α∗ 	k��2o4x��
��hG	oO�121Y	o4x α∗ ( [33] �

α∗ = arcsin

(

Bt

Bf

)1/2

, (1)|y Bt 
 Bf H7(o4x��
��	oO�)�E�12�A�WV	o4x
α∗ = π/2 o.��'WR�o4x�F!3?'fZm>�HB�!� α > α∗ ��Q'Fo4x�Fh	V()x�	oOy;.Zu'fZm>�HB�
2.2 7�J�\	+y9��1Z)3lD3�o;	s;( ωq X.;( Nq, Lorentz !�( γ =

√

1 + u2/c2 E���	HB�^( Fb(u, µ)  u O�-w*	#*���
;hG	l_	MI�
γ −

sΩe

ωq
−

Nquµ

c
cos θ = 0 (2)Au'F� s s℄;*eGo$q (l_) 7.
 (,) ?V�Z� θ O;F3oO	�S



� 132 ���������0�u�e�S������� 28 ~�
Ωe O��$qs; µ = u‖/u, u2 = u2

‖ + u2
⊥ D4 ‖ 
 ⊥ 6Kvh
lj2oO	H*�

q 6K;	\I q � + 6KdQ\� q � − 6K;Q\�D3����y)n���P)/`g��\P)`�2�8`s�o;;	Kh)<z2)n��	�h)J('tA��*�����gg�
N2

q = 1 −
ω2

p

ωq(ωq + τqΩe)
, (3)|y

τq = −sq + q
√

s2
q + cos2 θ , (4)

sq =
ωqΩe sin2 θ

2(ω2
q − ω2

p)
, (5)

ω2
q > ω2

p, ωp O)n����s;��;	s;I� ω ≈ sΩe A;	NS;��6K( [11,14,34] �
Γ =

π

2

nb

n0

ω2
p

ωq

1

(1 + T 2
q )Rq

∫

d3uγ(1 − µ2)δ

(

γ −
sΩe

ωq
−

Nquµ

c
cos θ

)

×
{ωq

Ωe

[

γKq sin θ + Tq

(

γ cos θ −
Nquµ

c

)]Js(bq)

bq
+ J

′

s(bq)
}2

×
[

u
∂

∂u
+

(Nqu cos θ

cγ
− µ

) ∂

∂µ

]

Fb(u, µ) , (6)|y
bq = Nq(ωq/Ωe)(u/c)

√

1 − µ2 sin θ ,

Rq = 1 −
ω2

pΩeτq

2ωq(ωq + τqΩe)2
×



1 − q
sq

√

s2
q + cos2 θ

ω2
q + ω2

p

ω2
q − ω2

p



 ,

Kq =
ω2

pΩe sin2 θ

(ω2
q − ω2

p)(ωq + τqΩe)
,

Tq = −
cos θ

τq
. (7)

nb 
 n0 H7}6`g��
)n��^P) s O℄;^� Js(bq) 
 J
′

s(bq) O���*%5�^
r	�^���8;	�GCz; Γ
[34]
s �

Γs =
Γ

∂ω/∂k
=

ΓRq

Wq
, (8)|y



� 2 { yPGÆ���%rGL�4!kÆ$
u
/�O/0v 133�
Wq = c

√

1 −
ω2

p

ωq(ωq + τqΩe)
. (9)

2.3 7�J�\	Bg4r�
Melrose 
 Dulk �Z-��$qFKN./u	�Z--}a [7,32] �
1) #����s;<W2��$qs; (ωp ≪ Ωe) JCz��eGF$qs; Ωe *,Yr	9b�s℄;*�
2) NS;��2;	\I;Q\	NS;�z!3N:-�9p_N.�
3) NS;3S).t!3z2N:� RN.�
4) Cz��2��HB�^y	dR�j�
5) NS;��F�HW	|�* (9�b��$q�q) .X�Cz!qN.��g�;2�W	;3�%7*=
DR	AGa)EQ-�
6) FFK!
h���y��`	,.) (> 1018 K) �
7) �N.3��o�3G���HBt?3 R3 x\3AFK���h�u�*[}ad���℄St	 (,�) *vI�	.�%7	�Z}a!�`	,.)4�	9p_4-	AGa)
Q|Æ�� 1980 jHolman �� [35] u�et	";EKN.��guO-FKN.N:	�j�EK℄$qCh��8:℄S";%7	ZZvI}aEK℄$qChN.	6�F2r?gÆA��`,.) (Tb > 109 K)
`9p_ (> 50%) �3����N.��k���℄S^Zt	%7�OF ωp < ΩeA����N./u<L.FKN./u.X�

3 HMP0Hv�0�<�{�',FKN.Ft	:�y	%*.�S	 E��T��.)	dR�jP!(FKN.	g*;�OZ�e[N.	NS8?O�.X [5,36] � 1979j9i:
�D�*$K1���$qFK?3 jZi℄S-��4z�O;N.pMD3��[m>�HB�l�m>�FK��u,%*2℄St	A	.�N.�t	";EKN.�aA�	.�N. [7∼10] �g9j9i:�� [11∼13] X�u�� [14]  Yoon �� [15]d�D7R-m>�FK��8*�℄S�T
h=�G	t	.��d%7��-/����N.��h�	℄S�FKN.	3�b�Æ%*O℄St	";EKN.�t	";EKN.z.�`	,.) TB ≈ 1012 K s;<&z>F 100 MHz∼5 GHz _pAG�-��W2
100 ms 8�z.�`	9p_7r��y� 100% |Æ�Q--*q.)nN.	�Hh9� Dulk [27] � Benz [30] 
 Rudolf [37] '�Z�";EKN.	vI}a��d�(";EKN.Ot	��g*SC	�zb	 [29] ��l�vI	7R�e-�2?Æ	��\d� Fleishman 
 Melnikov [38] �EKN.	vI}a
db��\d!-MC	/U�(g*z>F 10∼100 keV hG	��27	$qFKN.����



� 134 ���������0�u�e�S������� 28 ~�	℄S";EKN.���* [39] ~r-�a\HB	`g��27	$qFKN.!*FK!
|�-N.x	AG>��(!
AG3N._pAGl�N.s;	IW3Nz� Fleishman 
 Arzner [40] B*��$qFKN.	ÆJj!
fe-EKN.	}YAG>�z.`e*=K
m^`IK3vI [38,41] Z�KR� Fleishman 

Platonov [42,43] �(EKN.	E^℄;N.O-2;�?�Aj#�	��$qFKN.hH1N:	� Fleishman [44] ��1��-t2��$qFKN.N:t	.�EKN.	`	�Æey�l� Fleishman[45,46] |�-��N:	R9x��27	$qFKN.x3E���H^hG	tA
;�oOP)?�Aj1N.x	(O�Vocks
 Mann [47] |�-lot	�TUO$�iyo6%y	��$qFK?3 jg?g.X27.�;	6�� Rozhansky �� [48] !*-2 χ2 4Æ	EJj2`exiÆ�:1EKN.�dh-k�H℄d31|N.�)HB�x|ÆHB�N.v�s;HBdh-�<~r7GEKN.x|ÆHB[E?1Y(-℄SZ�GUpMO#-�b��\d�(EKN.-��$qFKN./uN:3N.;�z.l/	oO?��j�
3.1 ECME =p��~%>4Tm9i:�� [11] !*FKN.��U��℄S-t	�d%7	�ZvIGU�-2�T����	 β k���R�R*oOzW	�b"W3����#��z	P)3�3�R�R	P)3�JO'pz�	�!q�TyuwF�2P)#�Y(o�*x�pM�(�d%7uN:Fo�*xyCz	�o;�dO,IuF�*xyj9	q.�;�y^�b`)[��F	Wos;�2;	s;A;Gg��o�*xj9e��pMD3�*xe	����P)<<�2x�	����P)�T��P) (7�*x�) ��P)(

n0(R) = 109R−6cm−3 , (10)�*xe	��P)(
n(R) =

n0(R)

102g(R) + 1
,

g(R) = 1 − tanh

(

R − 5

2

)

. (11)�℄ (10) � (11) �	 R O�t	�q}��	|�a`)�*#�	oOZn��'�TC��oO/Æ�`)*	v�oOzo2+N*�bH�	`)�^�X[oOO?�g	�pM	\dqO�8��\B#7q*	oO3�- Newkirk [49] \d8ZÆ*[��P)\d�eoOP)>�� (J� 2) �gy*[oO
P)\d���jeo�*xe��	����s; fp 
 fp0 ��	$qs; fg 5|℄s; 2fg 
 X \	Wos; fx0 d!� 3 oK�|y R = 1 }6z�K	`) R0 O�d%7�H	-t�
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� 2 ��UpP���Q* [11]��1#%tsx	<j7G,27	�o;s;t`syhr���sÆA-;/℄;Æ�`9Y�� 3 EK!�-;3℄;'N:2 R0 h℄;�OFU�	`)���*x-;F R1 h��℄;F R2 h��℄;Fxej9	|� R2 − R0 /-;	j9|� R1 − R0 -�2!q-;3℄;K/.�bAG�`�v=p<� Ω = 40 MHz 

� 3 �p+yf��
���t< fp � fp0 Æ��
%rt< fg6}^t< 2fg � X ℄
Xpt< fx0
[11]
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∆R ≈ 105 km .X;h( vω ≈ 0.1c J�`AG>(9Y�F�/s AGvI℄;3-;	s;/W2 2 v�kz>O 1.8�0�;Q\-;F`2Wos; fg(1 + f2

p/f2
g ) Yg.�z	Cz;3℄;F 2fg/(1 + u2

0)
1/2 Ygz.�zCz;!q℄;
-;	s;/z>( 2[1/(1 + u2

0)
1/2 − f2

p/f2
g ] �/!F�bU�	`) fp/fg F 0.1∼0.2G!�� u0 = 0.2 J H/F 	s;/( 1.88, u0 = 0.6 A/k( 1.67 �3�-;1℄;	AG�`�gGs;/hW�FÆ�s;vI-;3℄;	�v;-t�Æ�F�bs s; 2fg(R) 
 fg(R

′

) 8?O�b`)N:	C=* 2fg(R) = fg(R
′

)  R
′ 	-t�7-;	C=;-tU�3rM{�P)x (�v;) 	-t'O�	�,27	�o;Fo�*x�j9�/|��G��7MvL�	.�;uO;���*x	-t3��*x?�`hWV?z!qvI;��/\C;-t`ax�/\C;z�gy� 4fe	?Æs;	;F���*xA3�*x�R	�S���e-;z.h�	�Rjr℄;h �,vI�vI�a|N.	9;Æ/�|N.9;W�2�

� 4 ���t<<
k:T [11]!� 3 oKF�s,P)xeF	Wos;�g/ fg `!3Fs;�29b MHzA-;,Wo�Fh`	`) (s;h�) eF	Wos;�g/ 2fg "`J-;
℄;',Wo-ZAvI?�N.�
3.2 ECME =u*PABg4TmFKN.-5u'#���Fh)�G	�'N�t3G��d"m>�y�3�m>�,�IA?3 ju,�ZZuOFK!
��N.	g*P)( [7,32]

W ≈ η
′

n0mv2
0 (12)A!
u�H*Iy	 η

′ (
η

′

=
a − 3

2

∆φ

∆α
sin2 α0 cos2 α0(∆α)2 . (13)
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l_9	9�tA� (J� 5) �Rm>��V	�'>pdhA ∆α2'?0�R� ∆α ≈ α0 NC8� ∆φ �ÆA?��V� ∆φ ≈ π NC�12 α0 ≪ 1 ���g*P)( [7,32]

W ≈ n0mv2
0α

3
0 (14)AeG��!
qA ∆α = α0(∆φ = π) Z6[m>��,���I�Z��,�!�m>�,���IAm>����	g*P)gg( n0mv2

0α
3
0 �!�FK�3 �xBh!
A	g*P)W2 n0mv2

0α
3
0 �3!�FK�Fb�xBhbKr	bAg*P)��y�4z!
g*P)�v�3�!
g*P)��_( [32]

W ≈
n0mv3

0α
3
0

ΓL
, (15)qh L (oS+S)�

� 5 �n?�m`:
:uB� [32]FKN.	�b�ÆvI}auOr	`,.)�,.) Tb 3N.g*P) W 	tA( [32]

kBTb = WVcoh , (16)Z�	 Vcoh ON.	K℄�1
Vcoh ≈

[

2π
(ωv0α0

2πc2

)3
(

∆α

α0

)2
]−1

. (17)-I (14) � (16) � (17) #7����Fb�xBhy	FKN.,.) [7,32]

Tb ≈
mv2

0

2πkB
n0

(

2πc2

ωv0

)3
( α0

∆α

)2

. (18)D3 ∆cos θ ≈ (v0/c)∆α, ∆ω/ω ≈ (v0/c)2∆αα0, n0 = 107cm−3 t*I����FK7.	�)/EK℄7.	�) (Tb ≈ mv2
0/kB ≈ 108 K) ` (2πc2/ωv0)

3n0(∆α/α0)
2/2πkB ∼ 1012 �!�FKF3 �xyBhbK-I (14)∼(16) ����v�N.,.) [7,32] �

Tb ≈
mv2

0

kB

(

2πc

ω

)2
1

Lr0
, (19)



� 138 ���������0�u�e�S������� 28 ~�Z�	 r0 = e2/mc2 O��l��q�ZAFK7.�)z>OEK℄7.�)	 106 +�!qF3 �xFK7.	,.)�g( Tb ≈ 1014 K 312Fb�xFK7.	,.)uh`- Tb ≫ 1014 K �d}?Æ;\ ("! X ;\
 O ;\) 
d}?Æ℄;*	��$qFK	NS;��?Æ7rKM�9b^*8���$qFK	NS; Γ ?��2;	\I
℄;^r"ON.s; ω �N.�R θ ��5}as;/ ωp/Ωe 	�^E�3��HBKt�7Mg�vI�	EKN.	E�}ah�uOz.��	9p_p_)9���y� 100%�$qChFK7.1 X \EQ.!!3 X \NS/ O \Æ�2�-FKNS;6yI����[7,32]

Γ
(X)
s

Γ
(O)
s

=
1 + T 2

O

1 + T 2
X

(

1 + TX cos θ

1 + TO cos θ

)2

, (20)�/ TX,O (
TX,O = −χ ± (χ2 + 1)1/2 , (21)|yH^ χ F ω2

p/ω2 ≪ 1 A(
χ =

Ωe sin2 θ

2ω cos θ
. (22)12 ω = 2Ωe ��7.A	�/( TX ≈ 0.5(1 cos θ ≈ 1/3) 
 TX ≈ 0.2(1 cos θ ≈ 0.1) �!q6s℄;FKN.FN.;�--*z.�9p_��O-2H^ Ωe/ω �.J7q3IW!3 TX Vg2 1 N.u3Z9p_�z#�=\I$Æu'eGZ}��!q��8/�Vg 100% 	9p_N.�vI�	EKN.	3�bE�}aO|ÆEQW�FKN.�4zNS;	|Æ ∆ωI� ∆ω/ω ≤ 0.01[32] �OFH7eN.	��Oh2�o4xy	?Æ`)3���gZZ7.��O��o2?Æo4xZZo4x	oO�) B 
$qs; Ωe z.?Æ	^k!qFKN.	�s;<&Æ/ 0.01 z�?'zt2�

3.3 D^Ya7�46`S��v��oOy	E���	$qFKN.!(��.�N.	�b�Æ:�/uF��:�~ry{>%*2℄Sd}E�.�N.GU}7O-A4	K℄.�%7GU�gj�9i:�X�u��d�D7R-Z�N./u��8%*2℄St	�d.�#N:	"v:�/u5|s;r�
℄;GU�pMD3!(N.27;	E���z.�m>�fI	h)HB�3{>	�/vIEKt	
|p��	E�`g��QQ[GVR9xfI	g*HB}a!t	) X .JN.	vIH>EKt	��%7N:	E�`g��	g*HBz'[Ge�gWo	VR9gx�
Stupp [50]  Zaitsev �� [51]  Fleishman [45] H7t?ÆS)~rVR9x��#	FK?3 jpM��1VR9x�g,	Woh('dh}Y�h��!�d�D�8�oO>+IZ	��h)dR�j�	E���HB%[Oz.�gWo	VR9gx
h)�GdR�jHB	Q��Æ���$qFKN.J-�gWoh(
h)dR�jlÆ#�
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/�O/0v 139�D3E���z.VR9xfIF (E) = AE−α JE���\[|	�g*��6K(�
S =

∫ ∞

Ec

AE−α
0 E0dE0 =

A

α − 2
E2−α

c (keV · cm−2 · s−1) (23)E���	�g*��2|VR9x	�gWo"k Ec �� Ec → 0, S → ∞( e�g*.IVR9HB?�g�jR�g�4D�0�Æ.�b"k Ec �F��xm^ α UzA
Ec 1�g* S 	(O�z�?Æ	�g"k���sE����g*9b^*8	M�����d�d��vI���E���	�gWo�d�_(��� [52] |�-)}4I��7y0Wo (sharp cutoff) 
!
Wo (saturation cutoff) �

F (E) =

{

AE−α � E > Ec ,

0 � E < Ec ,
(24)

F (E) =

{

AE−α � E > Ec,

AE−α
c � E < Ec .

(25)

Wu 
 Tang [19] |�-`2Z)YhG	�fE���	HB�^(�
Fb(E) = Ab tanh(E/Ec)

δ(E/Ec)
−α (26)Z� α OVR9x��	gxm^&�m^ (steepness index)δ 
�gWo Ec X[-VR9x���gWo	h(�Ab O}��A^ [19] � Ab = 1/

∫ ∞

0

tanh(E/Ec)
δ(E/Ec)

−αdE �7�gWoh(-a�d��^ tanh(E/Ec)
δ � �� 6 [19] fe-� α s (α = 3) �?Æ	 δ AHB�^	}a�t�y����� δ ≫ α A�gWo
R2y0Wo�� δ ≤ α AuO!
Wo�12��	�f δ > α VR9x��	HB�^z.&�	Woh(7F�gWo Ec h.�bg*;	�

� 6 �WS:y��
�hXpi)Æ}zhyn_ α = 3[19]
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3.4 6`S��v=J�\	Bg4d;��

Wu 
 Tang [19] 	~rZ�6[7G��z.dRÆjh)HBE���	�gWoh(���.X�27$qFK?3 j���	HB�^(
Fb(u) = A1 tanh

(

u

u0

)2δ
1

u2α1

, (27)Z� u0 O�-w*VR9x��	�W#* A1 O}��A^��HB�^_Zg*	fI7 (26) I|y α1 = α + 1/2 �<jZ�6[� δ ≤ α ANS;'OVk#} d!�E���	HBF�g,z.!
Wo�xbKrM?g27����	FK?3 j!(ZA�?wF$�^;	�� 7 �1OKkNS;3 δ 5j9S θ 	tA�*R	 O1 
 O2 }6dQ\	-;
℄;X1
 X2}6;Q\	-;
℄;�o.;\	NS;'l� δ 	NC3NzZd[z.&��gWo	VR9x��go.X27FK?3 j3��gWo&�m^ (δ)?z? �27?3 j�� 7 01ONS;3�gWo (Ec) 	tA����e;	NS;l��gWo Ec 	NS3NS�

� 7 �LlOT<4k:T6�hXp
uB [19]l� Tang 
 Wu [53] ~r-�To!yVR9x��#	FK?3 j|�-�gWoh(�E���	H^�)n����H^1?3 j	(O�
4 �\5U!�� 90%�*	�/gDOO#F1d����oN.vI	-g*	�.�;/?vI�/EQJX�GU23�N./u��HTC�K12vI;Z	yN7R
4zJX}7ObZz.d}kCZn	Wa)";.�;	h%7GUN./u	��7R<<x�2~r	m	���oOy	E�`g��	$qFKN.O��.�N.	�b�Æ/uF℄S��%7�℄y	-A4K℄.�N.GU�V (!_
��oh	.�N.�t	5|p�	.�%73EKN.�) ��-{>
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|p��	`g��lQ[GVR9xfI	g*HB}aZ'd�D�u��$qFKN./u	:S;�3��VvI
��H>�EK%7�℄	g*Vfv�Æ	`g��	VR9gx0 wF�bWog*<`2)n���g*	�gWoqOz�	Woh(�Q�d-vIH>� �Wu 
 Tang [19] 	~rZ�EKz.Q��gWoh(	VR9x����.X27$qFKN.t3!℄�-E�`g��;0nz.�m>�HB	6�zzCÆ-��$qFKN./u	Q*	M�4z��Æ-��$qFKN./uF��:�y	%*<&���1R9x��	gx}a}7O�gWoh(
?Æo����!pD"vh)HB�^z�fI1��$qFKN./u(O	�VCs~rO#X[��R9gx
vFo����!p	}aH^3Kt.�N.GU�vI*hG	&A(d�D6"~r��.�N.	"v:�/u�5N.;�	:��x}7OoOZn	℄0�jÆQ	��-g�?���.�%7GU8?O�bq#	%7NM3O���A0%7*#�℄y	�bvF!Y�ÆO#�b.t��.�%7N.����	:�\do26�.~℄�!!(N.;	E�`g��	Ch/uz.?Æh)HB�^	E�`g��27	��$qN.FvI}a*	M�N.j9�℄y;�Zn
?V�℄	(O�5N.x	#%t���6��.Ww{�
[1] Twiss R Q. Aust. J. Phys., 1958, 11: 564

[2] Schneider J. Phys. Rev. Lett., 1959, 2: 504

[3] Hirshfield J L, Bekefi G. Nature, 1963, 198: 20

[4] Hirshfield J L, Wachtel J M. Phys. Rev. Lett., 1964, 12: 533

[5] Melrose D B. ApJ, 1976, 207: 651

[6] Wu C S, Lee L C. ApJ, 1979, 230: 621

[7] Melrose D B, Dulk G A. ApJ, 1982, 259: 844

[8] Melrose D B, Rnnmark K G, Hewitt R G. J. Geophys. Res., 1982, 87: 5140

[9] Melrose D B, Dulk G A, Hewitt R G. J. Geophys. Res., 1984, 89: 897

[10] Hewitt R G, Melrose D B, Rnnmark K G. Aust. J. Phys., 1982, 35: 447

[11] Wu C S, Wang C B, Yoon P H, et al. ApJ, 2002, 575: 1094

[12] Wu C S, Reiner M J, Yoon P H, et al. ApJ, 2004, 605: 503

[13] Wu C S, Wang C B, Zhou G C, et al. ApJ, 2005, 621: 1129

[14] Chen Y P, Zhou G C, Yoon P H, et al. Physics of Plasmas, 2002, 9: 2816

[15] Yoon P H, Wu C S, Wang C B. ApJ, 2002, 576: 552

[16] Freund H P, Wu C S. Phys. Fluids, 1976, 19: 299

[17] Freund H P, Wu C S. Phys. Fluids, 1977, 20: 619

[18] Winglee R M, Dulk G A. ApJ, 1986, 310: 432



� 142 ���������0�u�e�S������� 28 ~�
[19] Wu D J, Tang J F. ApJ, 2008, 677: L125

[20] Suzuki S, Dulk G A. Solar Radiophysics, Cambridge: Cambridge University Press, 1985: 289

[21] Maxwell A, Howard W E, Garmire G. J. Geophys.Res., 1960, 65: 3581

[22] Lee R H, Warwick J W. Radio Science, 1964, 68D: 807

[23] Robinson P A, Cairns I H. Sol. Phys., 1998, 181: 363

[24] Robinson P A, Cairns I H. Sol. Phys., 1998, 181: 395

[25] Robinson P A, Cairns I H. Sol. Phys., 1998, 181: 429

[26] Barrow C H, Flagg R S, Perrenoud M. Solar Phys.,1984, 90: 111

[27] Dulk G A. ARA&A, 1985, 23: 169

[28] Benz A O, Jaeggi M, Zlobec P. A&A, 1982, 109: 305

[29] Benz A O. Solar Phys., 1985, 96: 357

[30] Benz A O. Solar Phys., 1986, 104: 99

[31] �n<�U~��}6��Æ���=�w"� 1985, 5: 9

[32] V���a9^�U~��w�1�$='9�(j��wf�2� 1997:334-336, 563-582

[33] V���w�1�Q1�B�(j��wf�2� 1999: 390-405

[34] Chen Y P, Zhou G C, Wu C S. Acta. Phys. Sin., 2003, 52: 421(in Chinese)

[35] Holman G D, Eichler D, Kundu M R. IAU Symposium 86, Radio Physics of the Sun, Kunduu M, Gergely

T, eds. Dordrecht: Reidel, 1980: 457

[36] Melrose D B. Aust J Phys., 1973, 26: 229

[37] Rudolf A. Treumann, Astron Astrophys Rev., 2006, 13: 229

[38] Fleishman G D, Melnikov V F. Phys. − Uspekhi, 1998, 41: 1157

[39] Hong-Wei Li. Solar Phys., 1987, 111: 167

[40] Fleishman G D, Arzner K. A&A, 2000, 358: 776

[41] Gdel M, Benz A O. A&A, 1990, 231: 202

[42] Fleishman G D, Platonov K Yu. in Magnetic Fields and Solar Processes, Wilson A, ed. ESA SP-448,

Noordwijk: ESA, 1999, 2: 809

[43] Platonov K Yu, Fleishman G D. AZh, 2001, 78: 238 (transl.: Astron. Rep., 45: 203)

[44] Fleishman G D, Gary D E, Nita G M. ApJ, 2003, 593: 571

[45] Fleishman G D. Astronomy Let., 2004, 30: 603

[46] Fleishman G D. ApJ, 2004, 601: 559

[47] Vocks C, Mann G. A&A, 2004, 419: 763

[48] Rozhansky I V, Fleishman G D, Huang G L. ApJ, 2008, 681: 1688

[49] Newkirk G J. ARA&A, 1967, 5: 213

[50] Stupp A. Mon. Not. R. Astron. Soc., 2000, 311: 251

[51] Zaitsev V V, Kruger A, Hildebrandt J, Kliem B. A&A, 1997, 328: 390

[52] Gan W Q, Li Y P, Chang J. ApJ, 2001, 552: 858

[53] Tang J F, Wu D J. A&A, 2009, 493: 623



� 2 b yPGÆ���%rGL�4!kÆ$
u
/�O/0v 143�
Solar Radio Emission Mechanism Driven by Electron-cyclotron

Maser Instability

TANG Jian-fei 1,2, WU De-jin1

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Graduate

University of Chinese Academy of Sciences � Beijing 100049 � China)

Abstract: Electromagnetic radiation mechanism is the most basic and important research topic

in astrophysics. And the generation of radio emission is one of the most complex emission mech-

anisms. This paper gives an overview of the solar radio emission and bursts from observation to

theory. The electron-cyclotron maser instability is an important mechanism that directly ampli-

fies electromagnetic radiation by nonthermal energetic electrons trapped in magnetic fields. It

has been extensively applied to explain various short-time radio burst phenomena, such as the

auroral kilometric radiation from the Earth, radio emission from other magnetized planets in the

solar system and extra-solar planets, radio bursts or spikes from the Sun and other stars. Most

discussions on the electron-cyclotron maser instability suppose that the nonthermal electrons have

an anisotropy loss-cone distribution. This is the primary condition of the nonthermal electrons

to driven electron-cyclotron maser instability and it restrict this mechanism to be applied widely.

On the other hand, major astrophysical observations imply that the nonthermal electrons

frequently exhibit an energy distribution that can be approximated by a negative power-law spec-

trum with a lower energy cutoff. From the close connection between the hard X ray emission

and radio emission we can expect that the hard X ray and radio emission are driven by the same

nonthermal electron beam. Recent study show that the power-law electrons with the steepness

cutoff can efficiently excite the electron-cyclotron maser instability because of the energy reverse

distribution below the cutoff energy. Thus greatly broaden the applicable condition of the elec-

tron cyclotron maser emission mechanism, and then expand the prospect of application of it in

astrophysics.

Key words: radio emission mechanism; electron-cyclotron maser (ECM) instability; radio

bursts; power-law spectrum; lower energy cutoff behavior


