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1 Ú ó

÷kê��óÀ­�$1�¦Ùé��>
6�> fäkûÐ��å, ±9é^6NÄå
Æ (MHD) Ø­½5äkûÐ���. 3�«Ã
a>6°Ä�Ãã¥, $,Å (LHW) U
�k�
�°Ä>6±Jø�Ð/�åUå, 
>f£^
Å (ECW) KU°ÄpÝÛ�5�>6, ?
·Ü
^5�� MHD Ø­½5. dd<�JÑ
 LHW

Ú ECW �Ó°Ä÷kê��lfN>6��
� [1], ¿��¿�<�¤'5. õc5, <�ln
Ø [1−4]!ê��[ [5,6] ±9¢� [7−11] ��¡é
Ù?1
�þïÄ. duVÅ�Ó°ÄQU
°Ä
� LH W Ú ECW ©O°Ä>6�Ú���>6,

�U
¢yé>6¿¡�`z, Ïd�IS9Øà
C¢��Aæ (ITER) Oy [6] ¤æ^.

,
, 3�'�ïÄL§¥, 'uVÅ�Ó°
Ä�Ån9^�E,�<�¤'5. Ï�, 3 TdeV

Ú Versator-II þ?1�'¢�¤¼���Ó°Ä
>6�uüÅüÕ°Ä�>6�Ú [7,8]. 3 WT-3

þ?1�¢��,*	�VÅÓ��^��lf
N>6kX²w��,, �du�UüØ�lfN
>6¥gÞ>6!9>6±9î0>6�Ï�é
�,>6�K�, �Ù�U�Ñ-<&Ñ�VÅ�
Ó�A�(J [9]. ,	¢��uy, �± O1 �Ý
\ ECW, ¿� LHW Ó��^�, ECW U
ÀJ5
�\�d LHW °Ä�pU>f�, 
�± X2 �
Ý\ ECW, ¿� LHW Ó��^�, ECW %ØUk
�\�d LHW °Ä�pU>f�, ÙÅnÿØ�
Ù [9]. Ó�, �
¢��½5`²VÅ�Ó�A�
�15 [10]. 
 Tore Supra þ?1�¢��,½þ
�Ð«
VÅ�Ó�A, %�,��Ñ²(�Ôn
©Û [11]. VÅ�Ó°ÄL§´Å��lfN�p
�^�E,L§, Ek�u?�ÚÔnïÄ.

2 VÅ�Ó�A���'X

ÄkïÄVÅ�Ó�A3��mþ���'
X. ECW � LHW ©OÏL>f£^{ZÚ>fK
�{Z��ªòUþ=£�>f. 3VÅ�Ó°Ä
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¥, >f¿vkÏL#�{ZÅnáÂ>^Å�U
þ, 
´3þãü«{Z�Ó�^e��k�/\
�. ù÷*Ly�VÅ�Ó°ÄU
°Ä� LHW

Ú ECW ©O°Ä>6�Ú����Ó>6. Ïd,

ïÄ>f£^{Z�>fK�{Z3��mþ�
��'XòkÏu@£VÅ�Ó°Ä�Ôn��.

ECW ¤�>f3��mþ�*Ñ´>f£^
{Z�-E�A�p¿��(J. >f£^{Zû
½
 ECW ���«

ω − k//υ// − nΩ e/γ = 0, (1)

Ù¥, ω � ECW ªÇ, k// � ECW Åê k 3^|
��þ�©þ, υ// �>f²1�Ý, n ��Ågê,

Ω e �>f£^ªÇ, γ ��éØÏf. é (1) ª?
18�z?n, k

1 − N//u//uth

− Y (1 − u2
//u

2
th − u2

⊥u2
th)1/2 = 0, (2)

ª¥, N// � ECW ²1ò�Ç, uth = υth/c �8�
z9�Ý, υth �>f9²ï�Ý, c �1�, u// =

υ///υth �8�z>f²1�Ý, u⊥ = υ⊥/υth �
8�z>fR��Ý, Y = nΩ e/ω. dd�� ECW

��«�� N// Ú Y �Cz, Xã 1 ¤«. ã 1

¥J�«�L«>fÐ¼«. dã 1(a) �±wÑ,

� Y < 1 ���âfò�lÐ¼«�äk�p�
Uþ. dã 1(b) �±wÑ, O� N// U¦ ECW �
�pUþ�>f�p�^. 3�lfNëêÚ^|
�½�, N// Ì�É ECW ��\���K�.

LHW ¤�>f3��mþ�*Ñ´>fK
�{Z�-E�A�p¿��(J. du LHW

U�XÚ¥�fÅ�m�3�� ∆Φ, LHW ä
k � ½ � Ì ° (N ′

// min ∼ N ′
// max). Ù � � «

� c/N ′
// max < υ// < c/N ′

// min. Ù¥ c/N ′
// min =

υ//2 Ú c/N ′
// max =υ//1 ©O´ LHW ��«�²

1�Ýþe�. ÏL��U�Eâ [12] �±¢y
é LHW ²1ò�Ç N ′

// �N�, ?
UC LHW

3��mþ���«.

�Ñ¯>f�»�*Ñ�A [13], ¿b�·>
|�", VÅ�Ó°Ä� Fokker-Planck �§�±�
� [3]

∂f

∂t
=

∂

∂υ
DLH

∂f

∂υ
+

∂

∂υ
DEC

∂f

∂υ
+

(
∂f

∂t

)
coll

, (3)

þªm>1�!��©OL« LHW Ú ECW Ú

å�*Ñ�A, Ù¥ DLH Ú DEC ©O´ LHW

Ú ECW �*ÑXê. 
m>1n�K�-E�, �
)>f�>f�m�-E, ±9>f�lf�m�
-E. |^��k�éØ�A��� Fokker-Planck

�è�±éþª?1ê�¦). d� LHW Ú ECW

�O�5*ÑXê©O�

DLH =



π

2

q2
e

m e

1
ω′

∣∣∣E′
//

∣∣∣2 ∣∣∣∣
υ//=ω′/k′

//

υ//1 < υ// < υ//2,

0 elsewhere,

(4)

DEC =
(pIN

A

)
π

ω

β3
th

lnΛ

4πε0

e2

A

Aeff

γ∣∣p//

∣∣ |Θn|2

cos α

× 1√
π∆N//

exp
{

(N//res − N//)2

(∆N//)2

}
, (5)

Ù¥ q e �>f>þ, m e �>f�þ, ω′ � LHW

ªÇ, E′
// � LHW >|, k′

// � LHW Åê k′ 3^
|��©þ, PIN ´�½«� A Ïþ¡þ ECW

� õ Ç, Aeff � > f $ Ä � k � Ï þ ¡ « �,

βth = vt/c, lnΛ �¥Õéê, ε0 �ý�0>~
ê, p// � > f ² 1 Ä þ, Î Ò |Θn|2 ´   � �,

cos α = |υg · n| / |υg|, υg ´ ECW �+�Ý, n �
^¡{�, N//res = (γ − Ω e)/(p//βth).

ã 1 ECW ��«� (a) N// = 0.8; (b) Y = 1

|^T Fokker-Planck �è�±O�Ñ�>
^Å�^�©Ù¼ê (FRF) �éuð�d�©

115206-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 115206

Ù¼ê (FM) �Cz FRF-FM, Xã 2 Úã 3 ¤
«. ¢��p�L« FRF − FM > 0, =²>^
Å�^�>f�ÝOõ�«�, 
J��p��
� (FRF − FM < 0). ã 2(a) �üÕ ECW ��>
f*Ñ¿�-E�A¿���­��/¤��
é¡>f©Ù¼ê (FEC-FM). ��, ECW ÏL£
^{Zò$U>f\�¿3���NC/¤�
é¡>f©Ù, 
�â Fisch[14] �>6°ÄnØ,

ECW °Ä>6Ì�dùÜ©�é¡pU>f�
�, d� ECW °Ä>6�Ý JEC = 0.0184 MA/m2.

ã 2(b) �üÕ LHW °Ä�¤/¤��é¡>f
©Ù¼ê (FLH-FM). ��, LHW ÏLK�{Z\
���« (2 < υ///υth < 4) NC�>f, 3�-E
�A¿���²ï�, $U>f�\��/¤��
'�²w��é¡pU>f�. d� LHW °Ä�
>6�Ý JLH = 0.3391 MA/m2. ã 2(c) �ã 2(a)

Ú (b) ��5U\, = (FEC − FM) + (FLH − FM).

ã 2(d) � LHW Ú ECW Ó � � 3 � > ^ Å 6
Ä©Ù¼ê (FEC+LH − FM), d�VÅ�Ó°Ä
>6�Ý JEC+LH = 0.5031 MA/m2. é'ã 2(c)

Ú (d) ��, VÅ�Ó°ÄØ�Óu LHW Ú ECW

©O°Ä�J��5U\, �VÅ�Ó°Ä

� LHW Ú ECW ©O°Ä>6����Ó>6,

= JEC+LH > JEC + JLH. é'ã 2(a) Ú (b) ��,

Ü©d ECW \��pU>fá\
 LHW ���
«, AO´���Ü©>6��é¡pU>f. �
VÅ�Ó°Ä�, ù
>fò� LHW ?�Ú\�

¼����²1�Ý, l
/¤�	��Ó>6.

ù´VÅ�Ó°Ä3��mþ��«��/ª.

VÅ�Ó°Ä3��m��3,�«��/
ª, Xã 3 ¤«. ã 3 �ã 2 �«OÌ�3u ECW

ä����²1ò�Ç (N// = 0.5) Ú��ªÇþ
�¤£ (Y = 0.92). ù¦� ECW U
\�äk�
�²1�Ý�>f. é'ã 3(a) Ú (b) �±wÑ,

d LHW °Ä�pU>fá\
 ECW ���«, ¿
U
� ECW ?�Ú\�
¼����R��Ý.

¿�ù
>fÏäk���²1�Ý
�l>f
Ð¼«, �Uk�//¤�	��Ó>6. ã 3 ¥,

JEC = 7.75 × 10−4 MA/m2, JLH = 0.3569 MA/m2,

JEC+LH = 0.4591 MA/m2, 
ÀO�Ó>6�Ý�

∆JSyn =JEC+LH − JEC − JLH

=0.1014 MA/m2. (6)

� â ± þ © Û, � \ r V Å � � Ó � A, A T
¦ ECW Ú LHW *Ñ«�­U, ¦�d�«Å
\��pU>fU�,�«Å?�Ú\�, ?
J
p>6°Ä�Ç.

ã 2 >^Å�^��©Ù¼ê�éuð�d�©Ù¼ê�Cz. ECW: N// = 0.25, Y = 0.98; LHW: υ//1 = 2, υ//2 = 4;

¤?8�z��» � ρ = 0.2 (a) FEC − FM; (b) FLH − FM; (c) (FEC − FM) + (FLH − FM); (d) FEC+LH − FM
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ã 3 >^Å6Ä©Ù¼ê�éuð�d�©Ù¼ê�Cz (FRF−FM). ECW: N// = 0.5, Y = 0.92; LHW: υ//1 =

2, υ//2 = 4. ¤?8�z��» � ρ = 0.15 (a) FEC−FM; (b) FLH−FM; (c) (FEC − FM)+(FLH − FM);

(d) FEC+LH − FM

e ¡ ï Ä V Å ° Ä 3 > 6 ¿ ¡ þ � � Ó
' X. | ^ n � � é Ø O � 5 Fokker-Planck �
è (CQL3D) �±O��«�ªÅ°Ä^�e�
>6¿¡. ã 4 Úã 5 Ð«
ØÓ>6¿¡�
�^�e�VÅ�Ó�A. ã 4(a) Ú (c) ¥ ECW

�4�� θ = 0◦, ÏLN!^|�±¢y ECW

�l¶°Ä. dã 4(a) Ú (b) ��, ECW Ú LHW

° Ä � > 6 ¸ � þ 3 ρ = 0.3 N C. d � � Ó
° Ä > 6 IEC+LH = 0.3465 MA, À O � Ó >
6 ∆ISyn = IEC+LH − IEC − ILH = 0.2460 MA.

ã 5(a) Ú (c) ¥ ECW �4�� θ = 8◦, ECW >
6¸�?3NC, � LHW >6¸�?3ØÓ �.

�Ó°Ä>6 I ′EC+LH = 0.2645 MA, ÀO�Ó>
6 ∆I ′Syn = 0.1794 MA. '�ã 5 ¥�ã��, V
Å�Ó°Ä�, 3 ECW �È«��3���>6
OÌ. Ù�Ï�U3uVÅ�Ó°Ä�, ECW \�

�/�>f, ¦�÷v LHW ��^��>fO
õ, ?
O�
 LHW �>6°Ä�Ç, ¿Uõ
�
/� LHW õÇ�È, �dÓ� ECW �°Ä�Ç
�k�UÏ�lfNëê�J,9�å�Uõ

��Jp. é'ã 4 Úã 5 ��, � LHW � ECW

�>6¸����, Ù�Ó>6�ÀO�Ó>6
� LHW � ECW �>6¸�Ø�����. Ïd
3 LHW � ECW °Ä�>6¸����VÅ�Ó

�A��.

3 VÅ�Ó�A�õÇ¯K

3�ÄVÅ�Ó�Ç¯K�, Ø�;���Ä
ÀO�Ó>6�>^ÅõÇ�m�'X. ®²�Ù,

üÕ LHW ½ö ECW °Ä�, �lfN>6Ó>
^Å\�õÇ¥y�5�'X, ��âc¡��'
X�ïÄ�±íÿ, �Ó°Ä�ÀO�Ó>6�ü
�Å�õÇ��6'X�U¥��5'X, Ó��
�U�3VÅ°Ä�õÇ��'X.

d (4) Ú (5) ª��, LHW Ú ECW �O�5*
ÑXê©O� ECW õÇ PLH Ú LHW õÇ PEC ¤
�'. dd, UC>^ÅO�5*ÑXê�±½5
ïÄVÅ�Ó>6�>^ÅõÇ�m�'X. �[
O��(JXã 6 ¤«. lã 6 �±wÑ, 3O�
5*ÑXê�é���, ÀO�Ó>6�>^Åõ
ÇÄ�þ¥�5'X, 
3O�5*ÑXê�é�
��, ÀO�Ó>6�>^ÅÅõÇ�O�
ªu
�Ú, ¿3�
õÇ��^�e¬~�. 3ã 6(a)

¥, ECW O�5*ÑXê�é���, ÀO�Ó>
6� LHW õÇ�O�kO��~�, 
3ã 6(b)

¤«�¤k LHW O�5*ÑXê�/e, ÀO�
Ó>6þ� ECW õÇ�O�kO��~�. ù�
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U´Ï�3 ECW õÇ���, �Ü©É���m
��^��å�d LHW Ú ECW �Ó\��>f
� ECW D����R��Ý
?\Ð¼«, 
À

O�Ó>6�´dùÜ©>fJø, ùò~�ÀO
�Ó>6. �Úy�K´*Ñ�A!-E�A±9
Ð¼�A�m�¿���²ï�(J.

ã 4 >^Å°Ä>6¿¡. ECW: PEC = 1 MW, ��
� φ = 10◦, 4�� θ = 0◦; LHW: PLH = 1 MW, N ′

// =

2.7, �Å°Ý ∆N ′
// = 0.9 (a) = ECW °Ä, IEC =

0.0260 MA; (b) = LHW °Ä, ILH = 0.0745 MA; (c) ECW

Ú LHW � Ó ° Ä, IEC+LH = 0.3465 MA, ∆ISyn =

0.2460 MA

ã 5 >^Å°Ä>6¿¡. ECW: PEC = 1 MW, �
�� φ = 10◦, 4�� θ = 8◦; LHW: PLH = 1 MW,

N ′
// = 2.7, �Å°Ý ∆N ′

// = 0.9 (a) = ECW °Ä,

I′EC = 0.0106 MA; (b) = LHW °Ä, ILH = 0.0745 MA;

(c) ECW Ú LHW � Ó ° Ä, I′EC+LH = 0.2645 MA,

∆I′Syn = 0.1794 MA
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ã 6 ÀO�Ó>6�Ý�>^ÅõÇ�m�'X (a) ∆JSyn-PLH-PEC; (b) ∆JSyn-PEC; (c) ∆JSyn- PLH

4 ( Ø

VÅ3��mþ��Ó�3ü«Ån: Ù�,

Ü©d ECW 3$U«\��>f?\� LHW �
��«, ¦�k' LHW üÕ°Ä��õ�>f
� LHW \�; Ù�, Ü©d LHW \��pU>f
÷v ECW ���^�
� ECW ?�Ú\�. X
J LHW Ú ECW 3��mþ*Ñ«�­U, þã
ü«ÅnòÓ��3, ?
U
��§Ý/�Ó\

�>f. XJ LHW � ECW °Ä�>6¸� �
��, K÷vVÅ3 /�mþ��Ó, ò¼��
��Ó>6. ïÄ�L², ÀO�Ó>6�>^Å
õÇ�m¥��5'X, ù´*Ñ�A!-E�A
±9Ð¼�A�p¿��(J.

a�Øó�ÜHÔnïÄ�¶_ÓïÄ
!�¥Uï

Ä
Ú9[,ïÄ
���.
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Study on synergy of electron-cyclotron and
lower-hybrid current drive in Tokamak∗
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Abstract

The mechanisms of the synergy effects between electron-cyclotron and lower-hybrid current drive and the synergy current are

revealed. The matching relationships required by synergy effect in phase space and on current profile are explained. The non-linear

relationship between synergy current and wave power is showen by computer simulation, and its physical explanation is given. This

work provides physical support for the design and analysis of relevant experiments.
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