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1 Ú ó

É-Ùp�Ñ� (SBS) ´-1�lfN�p
�^¥�«­��Ø­½5 [1−3], Ùu)Ån9³
��{´.5�åàC¥���­�ïÄSN, �
8cISïÄ�'��, ��{'�{ü, õæ^
6N�.½öâf�[Eâ [4]. ùü«�{�k
`":, ~X6N�.ØU�¹ÄåÆ�A, ��
±�[�ºÝ��lfN; âf�[Eâ�,ØU
�[�ºÝ��lfN, ��±�¹>f!lf�
ÄåÆ�A. >fÄåÆ�A3,
�¹e¿Ø´
é­�, ¦)>f�$Ä¦O���mÚ�ØU�
�, éO�]
E¤�½§Ý�L¤. ùp0��
«·Ü�[��{, é>fæ^ Boltzmann 6N£
ã [5−7], élfæ^ Vlasov £ã, �±4�/ü$
O��¦, ¯��[�lf$Äk'�Ôny�.
�©ò&?ù«�{3�lfN�[¥��J.

2 Ôn�.�ê��{

Äk�Ä� �-13�lfN¥�ÚÑ
' X

ω2
L = ω2

pe + k2
Lc2, (1)

Ù¥ ωL, ωpe ©O�-1ªÇ��lfNªÇ, kL

�-13�lfN¥�Åê, c �ý�¥�1�. Ù
3�lfN¥�DÂ^ÅÄ�§L«�

∂2Az

∂t2
− c2∇2Az + ω2

peAz = 0, (2)

Ù ¥ Az � ¥ ³ A � z © þ, ä N í � L §
� ë � © z [1]. I � 5 ¿ � ´, � § (2) b ½

 A · ∇ne = 0, Ù¥ ne �>f�Ý, ù3��
�¹e¤á, �3��!n��¹eØ�½¤á.
Ó��§ (2) æ^
¥Õ5� ∇ ·A = 0. lfé-
1|�K��±dlf�lfNªÇ�²�L�,
lf�lfNªÇ'>f�lfNªÇ� 1—2 �
êþ?, �
{ü, Ñ�
lfé-1|�K�. é
�§ (2) ��m�äz, b½-1¥³´d�¯�
��Ü©Ú�úCÜ©�¦ÈL«, =-

Az =
1
2
Ãzexp(−iωLt) + c.c.

�§ (2) �äz��

2iωL
∂Ãz

∂t
+

(
ω2

L − ω2
pe

)
Ãz + c2 ∂2Ãz

∂t2
= 0, (3)

Ù¥ ω2
pe =

4πnee
2

me
, e �Ä�ü >Ö, me �>f

�þ. �m�äz�¿Â3uò¯CÜ©©lÑ5
��±¦O���mÚ��°. 3ê��[¥, �
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mÚ���dªÇ�p�Å�û½, òpªþl�
.¥GØ��±�°é�mÚ����, ù3�l
fN�[¥²~^�. ~X�m�lfN�[¥
� Darwin �. [8]!.5àC¥�>fÑ$�. [9]

�.
lf$Äd Vlasov �§£ã:

∂f

∂t
+ v · ∂f

∂x
+

qE

m
· ∂f

∂v
= 0, (4)

Ù¥ f �lf©Ù¼ê, v �lf�Ý, q �lf¤
�>Ö, m �lf�þ, E �·>|rÝ. 'ulf
�$Ä, duÙ¤É�k�Äå�·>å�'�~
�, ùp==�Ä
·>å, ¿vk�Äk�Äå
élf$Ä�K�. ·>|�§�d Poisson �§
�Ñ:

∂2φ

∂x2
= − 4πe (ni − ne) ,

ne =n0 exp [e (φ + φd) /Te] ,

φd = − me

2e

(
eAz

mec

)2

, (5)

Ù¥ φ �·>³, ni �lf�Ý, Te �>f§Ý, n0

��~ê�Ý. >f�Ý´d>f�$Ä�§

me∂tu = e∇ (φ + φd) − ∇pe/ne (6)

�Ñ>f.5¿b�>f��§$Ä
���,
Ù¥ u �>f�Ý, pe �>f9Ø. �§ (3)—(5)
�äz��Ó�¤
�©�Ú£�§|. �§ (3)
aqu��5 Schrödinger �§, �±æ^ Crank-
Nicolson �ª [10] ¦). lÑ���§�Ûª�§,
æ^S�¦), �
���½�°ÝS�gê�
�3 3—10 g�m. T�§�¦)'�æ�, Äk
>f�lfNªÇ7LÏL��5 Poisson �§�
¦)��. 
��5 Poisson �§8c·�æ^�
´S�¦), Ïd�-1�ä�§ (3) ÍÜ��V
­S�. �
Jp�Ç, é�§ (3) Øæ^ Crank-
Nicolson �ª, 
´æ^�m¥%�©��{¦).
d�§�¦)I�¦^>.^�, éd�©æ^g
d\�ÚÑ�>.^�, Ùí��é5`�{ü.
éu�1ÅÚm1Å, ?¿��gdÅÄ�§�L
�ª�

∂tAL − vg∂xAL = 0, (7)

∂tAR + vg∂xAR = 0, (8)

Ù¥ vg L«Å�+�Ý, AL,R L«�1Å�m1
Å��Ì. 3�§ (3) ��>.?�½\�Å (m1

Å) ���, Ïd�>.�>.^��±L«�

∂t (Az − 2AR0) − vg∂xAz = 0, (9)

Ù¥ Az = AL + AR ��1Å�m1Å��Ì�
Ú, AR0 ��>.?�½�\�1�Ì. Ó�3m
>.?k

∂t

(
Az − 2AL0

)
+ vg∂xAz = 0, (10)

AL0 �m>.?�½�\�1�Ì. ò�§ (9),
(10) �äz��

∂t

(
Ãz − 2AR0

)
− iωL

(
Ãz − 2AR0

)
− vg∂xÃz = 0,

(11)
∂t

(
Ãz − 2AL0

)
− iωL

(
Ãz − 2AL0

)
+ vg∂xÃz = 0.

(12)
Ïd�§ (3) �>.^��±�� (11), (12) ª. Ï
�1����u1��, �
�{ü, �±r (11),
(12) ª¥��m�Ñ�. �3-1rÝ'�p�,
SBS �O�Ç�p½ö SBS �
u�¦1��ä
k�½���, ÏdÑ�¬�5�½�Ø�. ,	,
Ñ�1�ªÇ� ωL ØU����, ÄKÑ��m
�ê�Ó�¬�5�½�Ø�. ��5`, lf(
Å�ªÇ�k-1ªÇ�Z©�A, SBS �O�Ç
��k-1ªÇ�Z©�A, ��§ (11), (12) ¥
�1���'�±Ñ�. |�§ (3) (Ü>.^
� (11), (12), K�±¦).

��5 Poisson �§ (5) �¦)æ^S���
{, ÙS��{Xe [11]:(

−∇2 + K(r)
)

φ(r+1)

=ni (x) − n0 exp
[
φ(r) + φd

Te

]
+ K(r)φ(r), (13)

(r) L«1 r g�S�(J, À^±Ï>.^�,

K =0.5
[

max
(

exp
(φ + φd

Te

))
+ min

(
exp

(
φ + φd

Te

))]
.

éu Poisson �§, À�ù��>.^���¡´
Ônþ��Ä, ¦O�L§¦�UÎÜÔn^�,
,��¡´êÆþ��Ä, �±\¯O��Ý. �
¦¦)�§¥�S�¦¯Âñ, 3�§ (3), (5) ¥\
\��/G¼ê, T¼ê¦ Poisson �§ (5) �|�
§ (3) �k3a,��«�âÍÜ, 3�[«��
üàØÍÜ, ù�U
���Ý/�Ø>.^��
5�K�. lf$Ä� Vlasov �§�¦)æ^©�
�f��{, �§©��ü�é6�§, Té6�
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§æ^n�� Van Leer �ª [12]. äNL§�ë�
©z [13].

3 §S�(5��y

åØ­½5´�lfN¥�«­���*Ø
­½5, �)õ«/ª�Ø­½5, ~X�5Ø­
½5!V6Ø­½5!lfåØ­½5�. éu�

{ü�Ø­½5, nØþ�±�ÑÙ�5O�Ç
Ú�ÚÅn�. �©|^lfåV6Ø­½5é§
S?1�y [14]. 3>fÑl Boltzmann ©Ù�b
�e, �lfN�0>¼ê D �±L«�

D (k, ω) =1 +
1

k2 + 4πn0e2/Te

4πniq
2

m

×
∫

∂F0/∂v

ω/k − v
dv, (14)

Ù ¥ k, ω © O � � ½ 6 Ä � Å ê � ª Ç,∫
F0dv = 1 � 8 � z � l f � Ý © Ù ¼ ê.

b ½ l f � � Ý © Ù ¼ ê � ± L « � ü å �
Ý � � � l f 6, Ù © Ù ¼ ê � ± � ¤ F0 ∝
exp

[
− (v − vd)2 /2v2

ti

]
+exp

[
− (v + vd)2 /2v2

ti

]
�

/ª, vti �lf9�Ý. ��¦)�§ (14), ���
O�ÇXã 1 ¤«. Ó�|^·Ü§S?1�[�
��O�Ç�w«3ã 1 ¥. ã 1 ¥�Åê±ªÇ
�Ý δ ��ê?18�z. �±w�, nØÚ�[
(JÎÜ��~Ð. ��5¿�´, 3Åê���
«�, �[¤æ^��mÚ��é6ÄÅ���,
XJ ��mÚ�, ���(J�nØ�ÎÜ��
Ð. 36ÄÅê���«�, duÙO�Ç�Ù¦
Åê�¹e���O�Ç���êþ?�m, �,
�[¥�½�6ÄÅê��, ��kO�å5�´
Ù¦O�Ç���Å�, k��±*ÿ�õ�Å�
�O��¹. ,	, d0>¼ê�Ñ�)¿Ø�k
XO�), �kÃ¡���O�), Ù��ªÇ�
O�Ç'XO�)���êþ?, �ù«)3�[
¥�J*ÿ�.

Vlfå6Ø­½5��ÚÅn´lfÐ¼,
3�[�5O�Ç�Ó�, �©���
lf�Ð
¼ã�, Xã 2 ¤«. ã 2 ¥î¶��m �, ±ª
Ç�Ý8�z, p¶�lf�Ý, ±ý�¥1�8
�z. lfÐ¼é¯u), ?\��5�ã. 3��
5�ã, ���ü�½öõ�lfÐ¼µ^�±Ü
¿���µ^, ��3�[�Ïµ^ê~�, ��
���«­�. ÏLé·>lfå6Ø­½5��
[�y
§S3�[·>¯Kþ��(5.

� � � � � � � � � � � � � � � �� � � � �� � � � �� � � � �� � � � �
	 
 � �

ã 1 Te = 10Ti, vd = 2.91vti �, Vlfå6Ø­½5
�O�Ç

� � � � � � �� � � � �� � � �� � � ��� � � 	

 � �� � � � � � �� � � � �� � � �� � � ��� � � 	


 
 �

� � � � � � �� � � � �� � � �� � � ��� � � 	

 � �

ã 2 Vlfå6Ø­½L§¥�lf��mØÓ���©Ù
¼ê (a) t = 104ω−1

pe ; (b) t = 2 × 104ω−1
pe ; (c) t = 105ω−1

pe
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4 SBS ïÄ

ÏL·>¯K, y²§S��Ü©�¬�(,
�k-1|�§�¦)9Ù��lfN�ÍÜÿ
��y. 3k	\-1|��¹e, æ��Ù¦§
S�[(J�'���ª5�y·Ü§S��(
5.

éu>f§Ý Te = 5 keV, �Ý� 0.3nc, l
f§Ý Ti = 0.5 keV ���lfN, \�1rÝ
� I = 1 × 1016 W/cm2 ��¹, Ù¥ nc �n�
ª\�1��.�Ý, ©O^ Vlasov-Maxwell §
S [13,15] �·Ü§S�[, ���(JXã 3 ¤«,
Ù¥î¶��m, ±-1±Ï T �ü , p¶�Ñ
�Ç, ±\�1�-1rÝ I ?18�z.

� � � � � � � � � � � � � � � � � � � � � � � � ������
�

� �	
 � � 
 � � � � � 
 � � � � �
ã 3 Vlasov-Maxwell �·Ü�[���Ñ�Ç��m�Cz

lã 3 �±wÑ, 3á�mS, ü«�[�{�
����Ç½5þ�Ó. ü«�{�����Ç�
�m�üzÑ�3X
uy�, Ù��ÇÑ�±3
pY². 3 SBS ¥, XJÑ�1v
r, KÑ�1�
±w���#�Ä$
, -u#� SBS L§, ù«
L§�±¡��É-Ùp�?éÑ�. 3?éÑ�
L§¥, Ñ�1�ªÇ�±L«� ωs = ωL ± jωa,
j = 1, 3, 5, · · · �Ûê, ωa �lf(Å�ªÇ. �
â�[(J, éÑ�1?1ªÌ©Û, uyÑ�
1�ªÇ(¢Xd, Xã 4(a) ¤«. 3?éÑ�
L§¥, /¤�ü���DÂ�lf(ÅÑ�±
Ð¼lf, ¦lf(Å�K�{ZÇ?�Úü$.
t = 160000/ωL �lfÐ¼���mXã 4(b) ¤

«. ã 4(a) ¥î¶�Ñ�1ªÇ, ±\�-1ª
Ç ωL 8�z, p¶��Ì, ?¿ü ; ã 4(b) î¶
� �, ±-1Å� λ 8�z, p¶�lf�Ý, ±
lf9�Ý8�z.

� � � � � � � � � � � � � � � �� � �� � �� � 	
 ��
 ����� � � � � � �
� � �

���� �� ��� � � ! " " ! # " ! $ " ! % &� '
� � �� � �� � �� � �� �� �� �� �� ( �

ã 4 SBS �[(J (a) Ñ�1�ªÌ; (b) t = 160000/ωL �
lf3É-Ùp�?éÑ�L§¥���m©Ù

éu,
XÚ, ü��É�~��Ð�U
�
��Y�Ôn)��$�, ù�±ÏL Lyapunov
�ê5L� [16]. ·��Ä�XÚTT´ù��«
XÚ, 3�[(J¥�±w�ù�:.

5 ( Ø

?�
��¿1·Ü§S, T§S�±é-1
àCÔn¥� SBS L§?1�[. ÏLélfåV
6Ø­½5��[, �y
T§S�±�(/�[
·>¯K. é SBS ��[w«T§SÓ��±��
�(�(J. ·Ü�{U
¯��[ SBS ¥�Ôn
L§, �XÄåÆ�[�', �[�m4�/ á,
é,
¯K�±¯��Ñ½5$�½þ�(J, Ø
���«Ð�{.
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Hybrid simulation of stimulated Brillouin scattering
in laser fusions∗
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Abstract
In laser plasmas interactions, the simulation of stimulated Brillouin scattering takes a long time. In order to decrease the simulation

time, a hybrid Vlasov code is developed, in which the electrons are treated as Boltzmann fluid. The two-ion beam instability is
simulated, and the simulation results are compared with the theoretical results. Stimulated Brillouin scattering is also simulated, the
results show the code correctness.
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