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1 Ú ó

8c, Äu�¥ ITER Oy, �þ'u¥5å5

\ (NBI) �lfN9ØïÄ�3�I?1¥. du

K�lf�¥5z�Çp, Ï�ÉIS	9Øï

Äö��à (X Camembert III!JAERI 10 A��.

C�)[1−4]. 39Ø¢�¥, �¦��Uþlfåé

�lfN\9, ïÄL²JpKlf¥Klf�

�)Ç, Uk�/JplfåõÇ. C5, F�Æö

3¢�¥uy, lf¥>fUþ©Ù��þ!5

¬��¤�)�K�lf�m©ÙØþ!, ùòK

�lfå1Æ�A, lUC�lfN\9´» [5].

Ïd, ©ÛÚïÄ>fUþ�m©Ù��þ!y�,

éu`zK�lfÚK�lfå1ÆA5�ï

Äó�ó, ´�©��. ,, é�lfNÑ$

9ÚÑA5�ïÄ1�nØÚ¢�Ãã, Ø=Ñ¤

ã��JÝ4�, ÏIS	�1ïÄö�åu

mu�[^�¿éÙ?1ê��[ïÄ. l@Ï�

�[ïÄ¤J�, ý�õêK�lf��[��,

Ñ´æ^�$��.ïÄ [6−10]. ù
�[éun

)Ú©ÛK�lf�>Ä�A5´�1�, ��

Ä¢Slf�AÏ/GÚ^|/��, da$�

ê��[�{BØUý¢�Alf�ÔnÅn.

�uÔn�µ�lf�.Ñ4ÙE,, æ^�n

���[�{éÙê��[ïÄ¿Â�. Äu±

þ£ã, �©3 CHIPIC âf�[^�²�e, mu


�±�n� (=n��mn��Ý)PIC/MCC �

[^�, ¿(ÜI	¢�éÙ�[�y.

2 �n� PIC/MCC�{ïÄ

2.1 ���nnn��� PIC/MCC nnnØØØ©©©ÛÛÛ

�>âf$Ä�§

mi

dv

dt
= qi (E + v × B) + collision, (1)

Ù¥ mi ��>âf�þ, v ��>âf�Ý, qi �

>þ, E �>|rÝ, B �^aArÝ, collision �

�>âf-E�.

3K�lf��[L§¥, K�âf$ÄG

��Ï��)µâf�m�-EÚ>^|éÙ�

âÔ[åíÄ�^. �L5�>âf�$Ä�¬K

�>^|. 3�[�mÚ�����¹eUòüö

©O?n. �ud, �©æ^�mÚ?��{, 3�

��mÚ� ∆t S (Xã 1), $^ Boris–Buneman[11]

�a���{, |^��k��© (FDTD) �{¦

)�>âf�>^|�m�p�^, |^�AkÛ

�{?nâf�-E. d	, éu�[�m«��
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ã 1 �>âf�m6§ã

y©, �ò��n��m÷X Z ��y©����

²¡?n (Xã 2). äN?nL§Xeµ3 A, B ¡

¦)âf¤É>^å, ¿^NÈ�{ò|���

���:þ¶3 C ¡?nâfÉ>^|íÄ¿�

#âf&E, ±9O�âf�m�-E¿é�>â

f�Ý?1?�; 3 D ¡?nâf�u�Ú>.

&E, ¿�Ä�lfN³é>.âf�K�, ±(

�âfê8Â|²ï. du3 PIC/MCC �{?n

L§¥, éâf&E?ngê�õ, �
(�$�

p�, 3���mÚ�m©�, ò¤kâf&El

M�¥ÖÑ, ¿^u PIC ¥ C ¡âfÉå?nÚ D

¡âf�¹?n, �?n�.�òâf&E��

��¥, ¿��^u�>âf��µâfm-E±

9¥Õ-E?n, ��òâf&E�\M�¥, ù

�Ò�;�ª�/N^M�, ±JpO��Ç. 8

c, du�n�Ñt�§�¦)�Ç $, Ï�

©æ^O¥5Cq, �Ñ>|�^, élfê�

�[ïÄ.

ã 2 �[�my©«¿ã

2.2 ���nnn������>>>âââfff���---EEE???nnn

2.2.1 >f�¥5âf�-E

d PIC ¥O���
>fn���Äþ©þ

� p1, p2,p3, �O��éØÏf

γ =

√

p2
1 + p2

2 + P 2
3

c2
+ 1, (2)

>f��Ý

vi =

√

p2
1 + p2

2 + P 2
3

γ2
, (3)

>f�ÄU (ü µeV)

εi =
mec

2

e

(

√

p2
1 + p2

2 + p2
3

c2
+ 1 − 1

)

, (4)

1 i �>f�-EVÇ

Pi = 1 − exp
(

− ∆t
∑

j
viσj(εi)nj(xi)

)

, (5)

Ù¥ c �ý�1�, vi �>f�Ý, σj (εi) �1 j a

�Aa.�-E�¡, nj (xi) �1 j a�A�qâ

fê�Ý.

1 j a�Au)�©VÇ

Pj =
nj(xi)σj(εi)

∑

j
nj(xi)σj(εi)

. (6)

�AkÛ�{?nâf-EäN�{�µÄ

kO� Pi, '� Pi �þ!�Åê���5û½´

Äu)-E, -Eu)�, �â��Aa.�©V

Ç�� Pj �,��þ!�Åê���'X, ±û

½u)Û«a.��A, �â��Aa.�-EÄ

åÆnØ [12] ?n-E�âf��ÝCz, ±9Î

âf����#âf��).

2.2.2 ¥Õ-E

3�lfN¥, �>âf�m�¥Õ-E�´

K�âf�È��Ï�. �©æ^ Takizuka�

. [13] O��>âf�m�-E, 8c=�Ä>

f�m�¥Õ�A. Xã 3 ¤«, äN?n6§X

eµÄkò¤k>f&El��¥ÖÑ¿P¹�

âf��©/�, ,�UìØE5Kò>fü

S, 2�Å/À�ü�>f?1-E, �âfoê

�óê�, z|âfé=ë��g¥Õ-E, �â

foê�Ûê�, 4��n�âfüü-E. �â

féÀ��.�, 4z|âfé?\¥Õ-EÄ

å?n�¬, ��âf¥Õ-E���Ý. ��,
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ò¤kâfUì�©/�Ö\M� (=ØUCâf

��I&E).

ã 3 >fm¥Õ-E?n6§«¿ã

2.3 õõõ¸̧̧^̂̂|||ÚÚÚ���lllfffNNN³³³OOO���

A½/�^|Ø=Uk��åâf, �UU

õK�lf�ÚÑ�Ç. ,	, 3lf��O¥,

7L�ÄK�lf�ÚÑ, duK�lfÚ>f

�£^�»ØÓ, >f�N´�^z¢33l

f�«, ÏÚ\Ün�LÈ^|/�éu

�OK�lf��©�. �ó�3 CHIPIC ^

�²�þ, æ^^Ö�., éÝ/^N?1�©,

¿ê�¦)^|©Ù, 3õ¸^|¥, ü�^N(

�Xã 4 ¤«.

Z

Y
C

N

b a



X
S

ã 4 ü�^N(�

�
�y�lfN�>L§¥âfêÂ|²

ï, 7LÚ\Ün�âf���.. �âf$Ä�

�[>.�, duz�âf��Ý��ØÓ, §�

É�Ù¦|âf�K��ØÓ. �©æ^�«{z

�.?nâf´Ä�ì9Ð¼, ÙnØúª [14] �

Vsh = (kTe/2e) ln [(1/2π) · (mion/me)] , (7)

Ù¥ Vsh ��lfN³, mion �lf�þ, me �>

f�þ, kTe �>fUþ.

�>fUþ�u Vsh �, >fò�9áÂ, �

>fUþ�u Vsh �, >fò���. äN¢yX

eµÄk�½>fl=�>.¡�., ,��â1

´���n(Ü>fUþÚÄþÅð, O�>f�

9-E���Ý��.

L 1 ^|��

a/mm b/mm c/mm ^Ö¡�� ^N�ê

1�a^| 4 120 10 R� X ¶ 5×2

1�a^| 4 240 5 R� Y ¶ 4×2

1na^| 4 240 5 R� Z ¶ 6

LÈ^| 8 120 10 R� X ¶ 1×2

 

Y

Z X

S N

ã 5 �[�.(�ã

3 �[ëê��9£ã

ã 5 ´lf�[�.�(�ã, −120 mm<

X < 120 mm , −240 mm< Y < 240mm , 0 mm<

Z < 203 mm , � > . Ñ � � � û � N, ^ |

UìL 1 ��. z� 10−8 s l X = 0, Y = 0,

Z = 100mm ?u� 100 �÷âf. �Äâf�

[��å^�, ±9-EVÇ��å^�, X, Y, Z

n�����©O�� 2 mm,4 mm,2 mm. PIC¥

�mÚ��� 10−10 s,>f�¥5âfm-E±9

>f�m�¥Õ-E�mÚ�Ñ�� 10−8 s. �


{zO�, b½�[L§¥�©f!��f!�a

�lf�Ý©Ùþ!�Ø��mCz, �©f�§

Ý�� 300 K, H+
2 ê�Ý� 1.0× 108 mm−3, H+

3 ê

�Ý� 5.0 × 108 mm−3, ��f��í©fâfê

�Ý�'� 10 : 1 [15], >f�þã�aqâf�m

��Aa.XL 2 ¤«.
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ã 7 >fUþ©Ù�>f§Ý�UþCz

4 �[(J��y

�X�mí£, �>fê�Ý��½G��,

���
�[(J.

dã 6 ���[�m�� 4.0×10−5 s �>f

Â|��²ï, >fê�Ý½3 0.8×109 mm−3,

L²¤�[�lfN���. ã 7 ¥ EEDF�>

fUþ©Ù¼ê, T e �>fUþ (eÓ). dã 7 �

>fUþÌ�©Ù3ü�>fU?, ÏLO��ü

�U?©O´ 2.3 eV(ã 7 ¥J�) Ú 19 eV(ã 7 ¥

¢�), �3 70 eVNC�3>f_«.

dã 8 �õ¸^|é>få��å�^, � Z

¶eiLÈ^|é>få�{¢�^, dã 9 �>

f3 Y ���)
¤£.
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5 ( Ø
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Abstract

Based on the analysis of the plasma physics mechanism in negative hydrogen ion source, the particle-in-cell algorithm is studied

and optimized and a high efficient storage method of particles is designed. Using the Monte Carlo collision model, considering the

plasma potential and coulomb collisions between charged particles, the full three-dimensional particle-in-cell/ Monte Carlo algorithm

(PIC/MCC) is developed. With the magnetic charge model, using the FDTD method, the line cusp magnetic field is calculated. With the

negative hydrogen ion source JT-60U and considering the main reactions in the negative hydrogen ion source, the full three-dimensional

PIC/MCC simulation algorithm is verified by simulation.
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