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nØ©Û
K�lf
¥¥5âfDÑA59ÚÑ>4L¡�)K�lf (H−) �ÔnL§, ïÄ
ÚÑ�D

ÑÇé��fDÑ�K�, �\¿Û
��f�ØÓá5�N9-E±9-E����Ôn�µ. Äu CHIPIC ^

�²�, ¤õï�
�n� Particle-in-cell with Monte Carlo Collision ��fDÑ9K�lf�)ÔnL§��[�

{, ¿æ^ JAEA 10A K�lf
?1�[�y. �[��­��, ��f²þUþ�� 0.57 eV, � H �f¥y +Y

¤£, ��þ!��fåñÂÚÑ9�, ���)�K�lf�m©ÙØþ!. ù
�[(JÑ�©zÎÜ, �y


�{���5.

'�c: H �fDÑ, K�lfL¡�), Monte Carlo �{

PACS: 52.65.Pp, 52.50.Dg

1 Ú ó

8cÄu�¥ ITER Oy, �IÈ4mÐK�
lf
 [1](X JAEA 10A) 9�lfN�> [2,3] �'
ïuó�. �
÷v¥5å5\ (NBI) �lfN9
Ø¢��I¦, lf
¥ÚÑ�lfå7Lä�
ûÐ�1ÆA5, 
lfå1ÆA5Ð�é�§
Ýþ�ûulfå�m©Ù�þ!5. Ïd, ïÄ
K�lf
¥ H− �þ!5�åÏ±9élfå
�þ!�`z, ¤�8c�lfN�>Æöa,
��¯K. @Ï�K�lf
¢�ïÄ±9�$�
ê��[ïÄw« [4]: 3lf
ì9Ûþ���,

U�)på6� H− å, �3p§>f«�)� H

�õ/¤Øþ!©Ù, �T�þ!©Ù� H å¤
£�ÚÑ9ò�� H �9�A�)� H− ©ÙØ
þ!. �©òæ^�bC¢S!��¡��n�
Particle-in-cell with Monte Carlo Collision(PIC-MCC)

� { & ¢ T Ô n L §, ± B � Ð / Ñ Ö � � �
¢ �. Ä k, æ ^ Langmuir & � { � � > f U
þÚ�Ý©Ù, ¿òÙ����[�m^uO�

> f � � í © f (H2) � - E A Ç, , � $ ^
MCC �{�� H ��m©Ù¿éÙ$Ä;,?
1�l, O� H 3lf
¥�Uþ�È, Ó��
«L¡ H− �)�ÔnL§. �[(Jw«Tê
��{éu¥5âfDÑ±9 H− �)L§�[
´�&�.

2 nØ©Û9�{¢y

2.1 >>>fffUUUþþþ©©©ÙÙÙ999���ÝÝÝ������

>f��mÓ+3 Y ���Uì¢�êâ [5]

�� (Xã 1), X ��þ!. ã 1(a) �pU>f�
��¹, ã 1(b) �$U>f���¹. ��>f
��ÝÚUþ©Ù�½, B�O�>f� H2 -E
�AÇ, æ^ MCC �{ê�O�>f� H2 -E
L§ (L 1 ¥�A 1), ?
�� H �Ð©�m©
Ù. �â Frank-Condon �n, >f� H2 -E¤�
)� H Ð©Uþ EH �� 2.15 eV, Ù�ÝUì��
Ó5��.
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ã 1 >fUþ©ÙÚê�ÝÐ©��

L 1 �[¤�Ä�-Ea.

?Ò -Ea. -Ec -E�

1 >f-El) e+H2 e+H+H

2 >Ö�� H+H+ H++H

3 L¡�) H+ e (wall) H−

4 L¡EÜ H+H(wall) H2

5 Uþ�Ñ H+ wall H

2.2 ������fff;;;,,,���lll���{{{

3 H DÑ MCC �¬¥, �©òê�¦) H

Uþ�È±9 H ��lfN»� (Plasma Grid,

PG) -E�) H− �ÔnL§ (Xã 2 ¤«). é

u H 3gd�m�DÑL§, du¢SÔn�µ
´ H+

2 /H+ 6 0.1, H+
3 /H+ 6 0.1, Ï
�©�Iê

�¦) H � H+ �m���>Ö-E (L 1 ¥�
A 2), ��Ñ H � H+

2 Ú H+
3 ���>Ö-E. d

	, du H �gd§�� [6], ÏdØI��Ä H �
Ù¦âf���5-E. H+ Uþ EH+ �� 0.5 eV,

�Ý©ÙÓ�����Ó5, �O���>Ö-E
��âf��Ý

v′H = vH − mH

mH + mH+
[g (1 − cos χ) + h |sinχ|] ,

(1)

v′H+ = vH+ +
mH

mH + mH+
[g (1 − cos χ) + h |sinχ|] ,

(2)

hx = g⊥ cos ψ

hy = gxgy cos ψ − ggz sinψ/g⊥

hz = gxgz cos ψ + ggy sinψ/g⊥

g⊥ =
√

g2
y + g2

z

cos χ =
√

1 − R1

ψ = 2πR2

, (3)

Ù¥, R1, R2 � [0, 1] �m�ü�þ!�Åê, �-
E�¤�, v′H C¤ H+ ��Ý,v′H+ K� H ��Ý.

ã 2 H ;,�l«¿ã

�X�m�í£, H ò�lf
>.�>, d
u�N9�á�á5ØÓ, Ù� H ��AÚ-Ea
.�ØÓ, Ï
I©O?n. 3 PG L¡þ, Ï~æ
k�½ö¾�7á, � H �TL¡�>�, ò3�
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�L¡-u#âf H−(L 1 ¥�A 3), ù´ H− �
)�­�Ãã. �â Rasser �§�O�Ñ H− ��
)Ç βH−

[7]

βH− =
2
π

exp
[
−π (φw − Ea)

a

√
mH

8EHZ

]
, (4)

Ù¥ φw �ó�¼ê, Ea � H �>fáNU, a �
�§e�êP~DÑÇ, mH � H ��þ, EHZ �
\� H � Z ��Uþ.

�Ä�ÚÑ>4�lfN³^��3, �©
ò H− �Ð©Uþ�� 3 eV. ÙÑ���R�u PG

L¡, �� H− 6²ÚÑ��, H− ò�<����
à� (port) ìv, H− -�¤k��N9Ñò��
�, ��÷v 

θ1 = θ2

ϕ1 = ϕ2

E1 = E2

, (5)

Ù¥, θ1, θ2 ©O�\�Ú�����9�{�¤
/¤�Y�, ϕ1, ϕ2 ©O�\�Ú����39þ
�ÝK� X ¶¤/¤�Y�, E1, E2 ©O�\�Ú
���âf�Uþ.

� H �>Ø PG 9±	��N9�, ò¬²{
L¡EÜ±9UþP~ü�ÔnL§ (L 1 ¥�
A 4 Ú 5). ùü�ÔnL§�±|^ Iron Ú Nickel

JÑ���ÇÚUþP~Ç)ÛúªO� [8]

RN =
[(

1 + 3.2116ε0.34334
L

)1.5

+
(
1.3288ε1.5

L

)1.5
]−1/1.5

RE =
[(

1 + 7.1172ε0.3525
L

)1.5

+
(
5.2757ε1.5

L

)1.5
]−1/1.5

εL = 32.55
m2

m1 + m2

× 1

Z1Z2

(
Z

2/3
1 +Z

2/3
2

)1/2 Ein

, (6)

Ù¥, RN � H ��Ç, RE � H Uþ�{Ç, εL

� H UþP~þ, Ein �\� H Uþ, m1, Z1 ©
O�\� H �þÚØ>Öê, m2, Z2 ©O�qâ
f (=�½¾) ��þÚØ>Öê.

da-EäN¢yL§: �½��þ!�Å
ê R3, XJ RN ÷v'X R3 < RN,H ò���, Ù

��Uþ E2 � Ein � RE �¦È, b½����
�©ÙÎÜ{u½Æ, = (5) ª¥ θ2 ���{u
�Åê, @o�â (5) ª��l H �9�^�âf
�$Ä;,. d	, �Ä�ÚÑ>4Ú�9�>�
Ç, �©òÚÑ�é H �DÑÇ µH �� 0.24, 2
�½��þ!�Åê R4, �� H �>ÚÑ�, Ï
L'� µH � R4 �ê���, X R4 < µH K H U
ì (5) ª��?\�[�m, ÄK- H � port �>

��.

2.3 KKK���lllfff;;;,,,���lll

H− $Ä�§:

mH−
dv

dt
= qH− (E + v × B) + collision, (7)

Ù¥, mH− , v, qH− ©O� H− ��þ!�Ý!>
þ, E �>|rÝ, 3O¥5Cq^�e�òÙ�
Ñ, B �^aArÝ, collision � H− -E� (8c
6�Ø�Ä).

2.4 ���{{{¢¢¢yyy

3 CHIPIC ^�²�e, ��K|®¤õï�

�n� PIC-MCC �{ [9], �©ò¥5âfDÑ
±9L¡-EK�lf�)�{�®k�{?1
kÅ(Ü, ã 3 ´ CHIPIC ¥âf PIC-MCC �m6
§ã. éun��m
ó, âf�;3���²¡
þ, 
z�²¡þ�âfq´��3���âf+
�¥, �©�â>f!H Ú H− �Ö�'ØÓé§
�©O?1�l, ¿òØÓ«aâfIP�ØÓô
ÚBu*	. �mS�m©, §S?\âfu��
¬Uì 2.1 !¤ãu�>f, d��âf+¥=¹
>f. �>f?\ MCC �¬�O���f�m©
Ù, d��âf+¥�¹>f� H. ��mí£, �
âf+?\âfÉå�¬, ?
���a��m 
�¿�äâf´Ä�>>., ,�é-9� H �
fUì 2.2 !¤ã?1-EÓ�u�>f, H -�
ÚÑ9��âf+¥ò�¹>f!H ±9 H−, 2
éd 3 aâf©O MCC -E!ÉåÚ>.&E?
n, ìdÌ�e�, QU�y�aâfÂ|²ï�
âfêþv
õ (÷vÚOêþ�¦).
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ã 3 CHIPIC ¥ PIC-MCC �m6§ã

3 �[�y

3.1 ëëëêêê������999���...£££ããã

ã 4 ¤ « � JAEA 10A K � l f 
 « ¿
ã. � â ¢ � ^ �, � [ � ò H2 Ø r �
� 0.3 Pa, >f�Ý�� 5×1017m−3, X ��^
| BX = B0 exp

[
−z2/

(
2l2B

)]
, Ù¥, lB � 0.09 m,

B0 � 80 Gs. lf
� 0.24 m, ° 0.48 m, p 0.2 m;

ÚÑ>4æ��¾, ÚÑ�m�«�� 0.14 m,

° 0.34 m, X ���å/m 14 ü�, Y ���å/
m 27 ü�, ���»� 9 mm; X , Y , Z �����
�Ñ�� 2 mm.

ã 4 JAEA 10A lf


3.2 ���[[[(((JJJ999'''ééé

ã 5 Ú ã 6 © O ´ H � Ý Ú H− � Ý �
� m � ü z ã. d ã 5 � �, � � [ � m �

� 2.0×10−4 s �, H Â|��²ï, âfê�Ý
­½3 0.5×109 mm−3. dã 6 � H− �Ä���
­�, Ù�Ý�� 1.8×108 mm−3, L²�[�lf
N��­�.

ã 5 H �Ý��müzã

ã 6 H− �Ý��müzã

ã 7 w«
 H 3 Y ���Uþ©Ù�¹. d
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ã 7 H Uþ3 Y ���©Ù

ã 8 H− 3 XZ ²¡��mã

ã 9 X = 10 mm, Z = 81 mm ? H � Y ¶Cz

ã 10 H− 3 Y Z ²¡��mã

ã 7 ��, l Y = −240 mm � Y = 240 mm �m H

3$U«©Ùþ!, 3pU«¥y
 +Y ¤£. T
5ÆÎÜÐ©���>fUþ©Ù�¹, =pU�
>f +Y ���õ. ã 8 w«
 H− ÚÑ9DÑ;
,, du H− �Ö�'�é>f��, ÙÉ�f^|
K���, Ï
�k�é½�CÚÑ«�� H− Ú
Ñ�Ç�p.

ã 9 w«
 H 3 X = 10 mm, Z = 81 mm ?
8�zâfê�Ý÷ Y ¶Cz. dã 9 ��, du
¯k���>f�m©ÙØþ!, ���)� H �
m©ÙØþ!, =Ð©���>f©Ù¥ +Y ��
¤£, >f� H2 �A�)� H �¥y +Y ¤£. H

�ÚÑ>4L¡-E��) H−, H− �)�R�
ÚÑ¡÷ Z ��$Ä, U
�9��, ���­�
�/¤Xã 10 ¤«��mã, dã 10 ��3ÚÑ
« +Y Ü© H− �È�õ, l
y¢
 H− å�m
�þ!©ÙåÏu>f��þ!©Ù.

ã 11 8�z H 3 X ���Ý©Ù
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L 2 ØÓÔn�µe H ²þU

H �9�^ H � H+ �A H ²þUþ

Ø�Ä Ø�Ä 2.15 eV

Ø�Ä �Ä 1.823 eV

�Ä �Ä 0.574 eV

ã 11 � H �Ý©ÙÆ, du H DÑL§¥É
�5gu9�Ù¦âf��^, ��Ùg�UþP
~. ,	, =� H �ÚÑ>4�>½lÚÑ�<º
�âØ��l, =z� H Ñë�
�õg-E, Ï

ã 11 ÎÜäNÔn�µ. d	, �©©O3ØÓ
Ôn�µe�[
 H Uþ�È�¹ (�L 2), ù


(J�©z [10] �[(JÎÜ, y²
T�{��
(5.

4 ( Ø

�©nØ©Û
K�lf
¥>fUþ�È
L§, æ^©zêâ��
Ð©u�>f�¹, ©
ÛÚïÄ
 H Ú H �l�{, ¿òT�{A^
u CHIPIC ^�²�, (ÜI	lf
�[�y, �
[(J�©z'éÎÜ�Ð, l
�y
�{��
(5.
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The three-dimensional numerical simulation study
of H transmission and negative hydrogen

ions production∗
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Abstract

The negative hydrogen ion source neutral particle transmission characteristics and the physical processes of the negative hydrogen

ion extracted from plasma grid surface are analyzed. The influence of the extraction hole transfer rate which leads to hydrogen

atom transmission is studied. A physical phenomenon of collision and reflection between H and different attribution conductor walls

is explored. Then based on CHIPIC software platform, a full three-dimensional PIC-MCC simulation algorithm, in which the H

transmission and the physical process of negative hydrogen ion production can be simulated, is successfully developed. It is verified

by the simulation of JAEA 10A model. While the simulation reaches a steady state, the average energy of H is about 0.57 eV and H

presents +Y drift. The non-uniform H beam bombarding the extraction wall leads to the spatial nonuniformity of negative hydrogen

ions. These simulation results are consistent with those given in the literature, thereby verifying the reliability of the algorithm.

Keywords: transport processes of H atoms, surface-produced H− ions, Monte Carlo method
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