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$�m�f van der Waals å©O^ REBO Ú Ito �²�³¼ê5£ã. ïÄuy: �X\��f�þ�O\, þL¡
áNAÇÚ��AÇ�¸�Ñ¬�pU«£Ä; �'u H, 2H \��f, 3H \��fäk�p�áNAÇ —– �)
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1 Ú ó

%Äá�äkûÐ�9D�5!�$�>�
Ë�ÚEÜË�, �2�^�àCC��¡��
lfN9á�, �òUY^�IS9ØàC¢�
æ (ITER) � Èìq¡. ,
%Äá�äk�p
�zÆ@¡Ç [1] Úér� 3H ¢3Uå [2], ùî
­K�
%Äá�?�Ú�A^ [3,4]. �C JT-60U

þ�(J [5] w«%Äá�� 2H ¢3þ3�½�
^�e�±ü�é$. ù��¡�(Jq:-

<�é%Äá��ýÏ, �dF�Úî³�ÓN�
3ï� ITER �¥(C� —– �%9� JT-60SA. H

9ÙÓ ��f —–2H, 3H ��$�p�^�Å
n [6] I�?�Ú�n). DÚ�ÄuüN-EC
q�Ôní�nØÃ{éÐ/½þ£ã$U-E
¯K [7,8], AO3àCC�� ÈìC�NC [9].

©fÄåÆ�{�±éÐ/�[$Uâf�
p-EL§ [10−12]. Ito �<æ^?U�� REBO

³ [13] ©OïÄ
ü�$U H �fñÂü��
$ [14,15] 9$U H �fëYñÂõ��$ [16]. �

[(JL²: � H �f±ØÓUþ\��, %�â
fm�-EL§�©�áN!��ÚBß; H �f
�õ��$-E, Ñy���áy�, �Ôõ�ó
G(�, �k�þ H �fáN3�Ô¥. �´, 3é
A�àCC�¥¢�uÿ���A�Ôõ� CHx

gdÄ, ��[(JØÎ. Salonen � [7,17] æ^©f
ÄåÆ�{ïÄ
 H �f��z��¬�$��
p�^, JÑ
�«#�í�Å� —– ¯�zÆí
�, ¿�¤õ/)º
%�zÜÔ� H �f�Ïþ
O\
~��y�. �´du���z��¬�$
q��{��Ï, �$qá�í�Ñ�Ô«õ� C

�fÚ�NzÜÔ [18]. w,, ��ÎÜ¢SC�
�z%Äqá���{I��?�ÚïÄ. °(�
�*�%�^&EkÏu�O#����{. Sun

� [8,19,20] ïÄ
$U H �f�ü��$±9õ�
�$�m�-E, ©Û
%�âf-EL§¥�U
þ��ÚUþD4, ¿�ïÄ
�$��m��§
�p�^é-E�K�. (Juy: -EL§¥y
E,�õN�A, üN-ECqnØ����; �
\�Uþpu 20.0 eV �, �§�p�^wÍO\
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 H �f���AÇ.

3 Sun �<ó��Ä:þ, ·�l H �f*Ð
� 2H Ú 3H �f, ïÄ
áN!��!BßL§
�Ó ��A±9\� 2H, 3H �f�ØÓ�$�
�m�UþD4L§. ù
(Jéu���¬�$
qá�kX­��¿Â, 
���¬�$qá�´
æ^©fÄåÆ�{?�ÚïÄ�¬�$@¡¥
��'���Ú. Ó�, ù
(Jén)%Äá�
� 3H ¢3Å�9�O 3H �Ø�Yk/�¿Â.

2 O��.��{

¬N�$¥ C-C �f�m��p�^�±U
ìÙ�^�rf©�üa: r�d�p�^Úf
� van der Waals å. ùü«ØÓ��p�^¦¬
N�$äk�G(�. �S C-C �f±8�:

/ªü�, /¤ sp2 �, �r�d�p�^; C �
U ABAB ½ ABC (��Oü�, �m�3f van

der Waals �p�^. �©æ^ REBO ³¼ê [21] £
ã%�XÚ�r�d��^, æ^ Ito �JÑ��
²�³¼ê [13] 5£ã�$�m�f van der Waals

å.

REBO ³¼ê´d Tersoff ³¼ê [22] uÐ

5�, �±éÐ/�[�d���«5�, �)�
�!��Ú�U�. REBO ³¼ê�/ªXe:

U =
[ ∑

i,j>i

V R(rij) − b̄ij(rij)V A(rij)
]
, (1)

Ù¥ V R Ú V A ©OL«é³¥�ü½ÚáÚÜ
©, ¿�§�æ^
1w��ä¼ê¦³¼ê�^
�� �3 2.0 Å±S. b̄ij �L�õN�p�^�
�S¼ê, ÙäN�êÆL�ª�©z [20].

Ito �<JÑ��²�³¼ê [13] æ^AÏ�
�ä¼êU
gÄ/©E C �f´Ä5guÓ�
�©f, ±��gÄû½ü C �f�m´Äk�§
�p�^�8�. Ïdù�³¼êU
éÐ/L�
ØÓ�$�æÒ(�. ÙäN/ªXe:

UIL =
∑
i,j 6=i

CijVIL(rij), (2)

Ù¥ VIL ´L� C-C �f�m�p�^��N³
¼ê, §3 3.35 Å?k��4��, ùéAu�$
�m�²ïål. Cij ´AÏ��ä¼ê, L�nN
�p�^.

3 Sun �muÑ�©fÄåÆ§S [8] �Ä

:þ, ·�\\
 Ito �JÑ��²�³¦��
§S�±�\��/£ã�$¬N. �
ïÄ$
U 2H, 3H �f��$��UþD4L§, ·�æ
^�o�[�m�Ý� 100.0 fs. À½d�mºÝ
Q�±~�Ø7��O�þ, q�±éÐ/ïÄ
ù�UþD4L§. 3d�mºÝe, æ^��K
Xn£ã-EL§, =3�[L§¥�[�o�
fê!NÈ!oUþ�±ØC. �©ÀJ��$
¬Ndo��$L�¤, �¹k 640 � C �f. z
��$L��� 19.68 Å×21.30 Å, �$Lmål
� 3.35 Å, Uì ABAB (��Oü�. ã 1 �Ñ

�[«¿ã. �$L²1u X-Y ²¡, ¿3 X-Y

����±Ï5>.^�, 3 Z ��Ã±Ï5>.
^�. � 2H, 3H �f�m���^�� 1.8 Å. Ï
d, 2H, 3H \��f±pu1���$L 2.0 Å�
ål��$¬NñÂ, ù�3�[�Ð©��\�
�fØ¬��$�u)�^. \��f�Ð© X-Y

�I´�ÅÀ½�. \��f��Ý� (0, 0, v0),

Ù¥ v0 =
√

2Ek/m, Ek �\��f�Ð©ÄU,

m �\��f��þ. \��f�Ð©ÄU��
� 1.0 eV—50.0 eV. �[��mÚ�� 0.005 fs, �
$¬N�Ð©§Ý� 300 K, C �f�Ð©�Ý
d Maxwell-Boltzmann ©Ù�ÅÄ�. �
��Ú
O�(J, éuz�«\��f!z�«\�ÄU
��¹, �ó�­E�[
 800 g. zg\�L§
Ñ´Õá�, �Ñ\O�A.

ã 1 �[«¿ã

3 �[(J9?Ø

3.1 ØØØÓÓÓLLL§§§uuu)))VVVÇÇÇ���'''���

� 2H, 3H �f±ØÓ�Uþ\��$¬N�,
2H, 3H �f��$¬N�m�-E�±©�þL
¡áN!��!SÜáNÚBßo�L§, ù� H

�fÚ�$¬N�m�-EL§´�Ó�. ²LÚ
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O²þ, O�ÑØÓL§�u)AÇ�\�Uþ�
m�'X. ã 2 �ØÓ\��fþL¡áNÇ�\
�UþCz�'�­�. �±w�: �X\��f
��þ�O\, \��fku)þL¡áNL§�
AÇ�p, cÙ´\�Uþ$u 9.0 eV �; éu H

\��f²wÑy�õ?4�¸��y�, 2H, 3H

�f¿�Ñy, ùL²�$��m��§�p�^
é 2H, 3H �f�þL¡áNL§�K�ØwÍ; é
u H, 2H, 3H �f, þL¡áNAÇ�4�� �
©O� 3.0 eV, 4.0 eV, 4.0 eV, =�X\��f��
þO\, þL¡áNAÇ�¸��pU«£Ä.

ã 2 3ØÓ\�Uþe, H, 2H, 3H �f�þL¡áNAÇ

ã 3 3ØÓ\�Uþe, H, 2H, 3H �f���AÇ

ã 3 �ØÓ\��f��AÇ�\�UþC
z�'�­�. lã¥�±w�: � 2H, 3H �f�
', H �f��$¬N���AÇ�p. ~X, H �
f���Ç�p�� 81.0%, 3H �f� 43.0%, 3H

�f=� 34.0%; 2H, 3H \��f���AÇþ�
Ñy1�4�¸�y�. ù`², � H �f�', �
$��m��§�p�^é 2H Ú 3H �f���

L§K�'��, éu H, 2H, 3H \��f, ��A
Ç�¸� �©O u 6.0 eV, 8.0 eV, 9.0 eV, =�
X\��f��þ�O\, \��f���AÇ�
¸� ��pU«£Ä, ù�þL¡áNAÇ�a
q. ��AÇ�4�� �éAuþL¡áNA
Ç�¸� �, �ë�ã 2. �\��f�Uþp
u 25.0 eV �, H �f���AÇªu²�, �´é
u 2H, 3H �f, ��AÇ%Cq�5/eü, Ù¥
�\�Uþ� 50 eV �, 3H �f���AÇ�ü$
� 6.4%.

ã 4 3ØÓ\�Uþe, H, 2H, 3H �f�SÜáNAÇ

ã 5 3ØÓ\�Uþe, H, 2H, 3H �f�BßAÇ (éz
�Uþ�, éz«\�âf�[ 800 g�Å\���ÚO²
þ(J)

ã 4 �ØÓ\��fSÜáNAÇ�\�U
þCz�'�­�. �±w�: �Uþ�u 5.0 eV

�, H, 2H, 3H �fÑØ¬áNu�$�SÜ, §�
½ö��$¬N��, ½öáNu�$¬N�þL
¡; �Uþ3 5.0 eV—20.0 eV ���, \��f�
SÜáNAÇ×�O\, �\�Uþ3 20.0 eV—

35.0 eV ���, SÜáNAÇCzªu²­; �
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\�Uþpu 35.0 eV �, H �f�SÜáNAÇ
m©eü, ù´du H �f���AÇªu²�

BßAÇO\, �ë�ã 3 Úã 5; �\�Uþ
3 20.0 eV—35.0 eV ���, éu 2H, 3H \��f,

SÜáNAÇCzØwÍ; 3��UþCz��S,

� H, 2H �f�', 3H �fäk�p�SÜáNA
Ç. ã 5 �ØÓ\��f�BßAÇ�\�Uþ�
Cz­�. ¦+BßL§�K�Uþ��$¬N¥

�¹��$L��êk', �´�±w�: éu�
¹ko��$L��$¬N
ó, �Ó ��fB
ßL§�K�Uþ´ØÓ�. éu H �f, BßL
§�K�Uþ� 25.0 eV, 
éu 2H, 3H �f©O
� 35.0 eV Ú 40.0 eV. � H �f�', 2H, 3H �f
Bß�$��AÇ�$. nÜã 2—5, 2H, 3H �f
áNu�$�AÇ�p, ½öáNu�$�þL¡,

½öáNu�$�SÜ.

ã 6 �$L�UþCz�\��f�\�Uþ�'��X\�Uþ�Cz­� (a) \��f� H; (b) \��f� 2H; (c) \
��f� 3H. Ù¥ C1, C2, C3, C4 ©OL«1�!�!n!o��$L�UþCz�\��fUþ�'�

3.2 \\\������fff������$$$���mmm���UUUþþþDDD444111���

�£ã�B, Ú\ëê C1, C2, C3, C4 £ã
\��f�Uþ3ØÓ�$�S�D4L§. Ù
¥ C1, C2, C3, C4 ©OL«1�!�!n!o��
$L�UþCz�\��f�Ð©Uþ�'�. é
uØÓ�\��f, ã 6 �Ñ
 C1, C2, C3, C4 �
X\��fÐ©Uþ�Cz­�. éuØÓ��Ó
 ��f, C1, C2, C3, C4 �Czª³´�Ó�: �
\��f�Ð©Uþé$�, \��f��1��
�$Lu)�^, Uþ�Ü©D4�1���$L,

�XUþ�O\, \��f¬�U�1�!n!o
��$Lu)�^, � C2, C3, C4 ��¬�UO\.

éu 2H, 3H \��f, C1, C2 ��Ñpu H \�
�f, 
 C3, C4 ��¬Ñ$u H \��f. ù2
g [8] L²\��f��$�m�UþD4L§Ø
´{ü��ND4L§. éu H \��f, �\�
Uþpu 28.0 eV �, C2 �u C1, ùL² H �f
D4�1���$L�Uþ'D4�1���õ,


éu 2H, 3H \��f, dUþ�©O� 30.0 eV

Ú 35.0 eV.

ã 7 �Ñ
3ØÓ�\�UþeØÓ\��
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f��Ý©Ùã. du�$Lmål� 3.35 Å, ã
¥\��Ý�¸� �©OéAu��$�mY
�¥m �. lã¥�±w�, 3ØÓ�\�Uþ
e, 3H �f31���$L�1���$L�m
�¢3þÑpu H, 2H �f. �X\��f�Uþ

O\, H, 2H, 3H �f�\��ÝAÇ©Ù�ÉC
�. �Ä� ITER �Ü©�lfN±øq�ª$1,

\�� Èìqþ�âfUþ3 1 eV �m, �í
ä 3H �f3�$q¥�Ý©Ù�é H, 2H �f¬
�f.

ã 7 ØÓ�Ó ��f�\��ÝAÇ©Ù (a) \�Uþ� 10.0 eV; (b) \�Uþ� 20.0 eV; (c) \�Uþ� 30.0 eV. \��
Ý�K�L«\��f���½öáNu�$��þL¡

3.3 (((JJJ???ØØØ

�©æ^�O��.�¹ko��$L, �¬
ÑyBß�$Ly�. 3¢S½¢�¥, §éAu
\��fáNu�$�SÜ. �\��fáNu�
$�, �áN� C �f¬l sp2 �C� sp3 �, ¿ 
l��$L²¡ [8]. 
�$LI��½��m�
�Aù�L§. �\��f�u 7.0 eV �, 3\�
�flm\��f�q�f�^���c, 1��
�$Lkv
��m�A/C, �ª\��fáN
u1���$L; �\��f�Uþv
p��ÿ,

1���$LÃ{¯��A/C, �ª\��f¬
�Ù¦���$Lu)�^½ö���. ·�b�
éu H, 2H, 3H \��f, §�É��5g�$L
�²þ�^å F̄ ´�Ó�. ù�b�V¹: �ØÓ

�þ�\��f±�Ó�Uþ!�Ó�\�:ñ
Â�$L��ÿ, §��Ü©;,´�Ó�. �Ø
Ó�þ�\��f���ÄUþé�
��Ó�,
2H, 3H \��f�ÄþCzþ�Ò¬��
. K�
âÄþ½núª

∆P = F̄ · ∆t, (3)

�$L� 2H, 3H \��f��^�m�Ò�A�
��
, �$LK¬k����m�A/C. 2H, 3H

\��fK��$LáN�AÇ�p. ù�±½5
/)ºã 2.

3\��fñÂ�$L�1�g�é$Ä¥,

\��f�ÄU½ö¬Ñy"�½öØ¬Ñy"
�. e�Ñy, K\��f¬�»ù��$L�å
P
BLù��$L, ù�y�éAu��[�S
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ÜáNL§ÚBßL§. eÑy"�, \��fÒ
¬k��$L���AÇ. d�\��fÒ¬��
�\�. �â (3) ª, 3�Ó��$L�A/C�m
S, 2H, 3H \��f¼��ÄU�¬� H \��f
���
, �åP�AÇ�Ò��
, = 2H, 3H \
��f���AÇ¬' H \��f��, �Xã 3

¤«.

�\��føl
���$L�åP�, \�
�f�Uþ¬��. 3üN-ECq¥, \�âf
�Uþ��©¤üÜ©, �Ü©��5-EUþ�
�, ,�Ü©���5-EUþ��. 3�5-E
¥, q�fáÂ�Uþ�±deª�Ñ:

T =
4mmc

(m + mc)2
E sin2(θ/2). (4)

Ù¥ m �\��f��þ, mc �q�f��þ, E

�\��f�Uþ, θ �Ñ��. ��5-EÜ©Ï
~�â Lindhard nØ [23] O�. duÙ�é�, d
?�Ñ. b�ØÓ�þ�\��f�Ñ���Ó,

K H �f�Uþ��' 2H, 3H �Uþ���. H

�fKk�õ�Uþ�Ù¦���$Lu)�^,

= H �f�\��Ý¬��. 3k����$L�
.¥, H �fBß�$�AÇ�p, éAuã 5.

du�$L�A/C��mØ=�\��f

�ñÂ: �', ��\��f�\�ÄUk',

ÏdéJl�[(J¥�Ñ½þ�?Ø. du\�
�f��$L��p�^Ly�õN�p�^, þ
¡©Û�þ/?1
�N�p�^b�, ¤±±þ
©Û�U´½5�.

4 ( Ø

�©æ^©fÄåÆ�{, ïÄ
$U H �f
9ÙÓ ��o�Ã"��$L�-EL§. ïÄ
��
ØÓ\��f�o«ØÓL§�u)AÇ
±9Uþ3\��f�ØÓ�$��m�D41
�. ïÄ(JL²: � H �f�', �$��m��
§�p�^é 2H, 3H �f�þL¡áNL§Ú�
�L§K�é�; �X\��f�þ�O\, \�
�f�þL¡áNAÇÚ��AÇ�¸�Ñ¬�
pU«£Ä, �cö¸�C�, �ö¸�C�; �f
�þÚ�f\�UþÑ¬K�\�âf�ØÓ�
$��m�UþD4L§; � H \��f�', 2H,
3H \��fI��p�Uþâ�±Bß�$¬N;

éuØÓ�\�Uþ, 3H �f31���$L�
1���$L�m�¢3þÑpu H, 2H �f.
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Abstract

Molecular dynamics simulation is applied to the investigation of the isotopic effects during a hydrogen isotope atom bombarding

the crystalline graphite containing four graphene sheets. Both Brenner’s reactive empirical bond order potential and Ito’s interlayer

intermolecular potential are adopted to represent “ABAB” stacking of graphite. The simulation results reveal that the mass of the

incident species has a big influence on the absorption on and the reflection from the upside graphite surface, the peaks of which shift

toward higher end side of incident energy as the mass increases. The absorption coefficient of the incident tritium is large, compared

with that of the incident either hydrogen or deuterium. To penetrate the four- sheet graphite at some striking locations, deuterium and

tritium need more kinetic energy. It is found that both the mass and the incident energy of the incident species affect the energy transfer

to background substrate. These results would be important for understanding the tritium retention occurring in fusion devices.
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