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�
ïÄ-1}|¥�f��º�é�fåA5�K�, �©A^¥Ió§ÔnïÄ�-1àCïÄ¥%�
�� Particle-In-Cell (2D-PIC) ê��[§S Flips2D ?1
�'ê��[ïÄ. ïÄ
�fåoUþ��m�Cz,

�Ñ
\�±YL§�-1óÀ±Y�m�'X; ïÄ
�f��°Ýé\���fåuÑ�ÚUÌ�K�; ïÄ

�f��þ�\���fåuÑ�ÚUÌ�'X; �Ñ
�f��Ð©º�é\���fA5�K�5Æ.

'�c: }|\�, Particle-In-Cell, �f��º�, �få�A5

PACS: 52.65.–y, 52.27.Ny, 41.75.–i, 52.38.–r

1 Ú ó

3�éØ�lfNÔn¥, �r-1�È�Ô
�½ö�NÔ��p�^É�
2��­À, ¿�
?1
�þ�ïÄ [1−5], ù´du-1�Ô��
p�^�d3�A^. ÃX3±e+�: pUâf
å��) [6−8], pU�ÝÔn��ä [9−12], Jw
�£� [13], ±9.5�åàC¥�¯:» [14], �
r-1óÀì���Nqþ�, 3-1�Ô�.
¡?¬�)�9>f, ¤�)��9>f�qSÑ
$, ��9>fBLq��, 3q���lfN-ý
�.¡?¬/¤���~r��R�uq���
�>Ö©l|, ù�>Ö©l|¬¦� uÙ¥�
�fÉ�å��^, ò�f\���~p�Uþ,
ùÒ´Í¶�}|\�Ån (target normal sheath
acceleration, TNSA)[15]. }|\�Ån´�f\�
¥��~­��Ån��, ÏL}|\��±¼�
p�þ��få.

3 L � � � A c S, � þ � ê � � [ ï Ä

ó�Ñ8¥3�O#��.±¼�p�þ��
få [16−18] ±9ÏL�
�ªJp�få�U
þ [19], é�kÆöl}|\����Ñu, é}
|\�Ån?1��[��ïÄ, AO´Ä.q
ëê±9�f�g�ëêé\�±���fåA
5�K�, �8c�����
-1rÝ!-1ó
À�±Y�m±9Ä.q�º�é�fåA5�
K� [20]. �
�[��n)}|\�Ån, éÑ
�fåA5�K�5Æ, �©A^¥Ió§Ônï
Ä�-1àCïÄ¥%��� PIC (Flips2D) §S
ïÄ
�f��º�é\�±��få�K�, T
§S®²¤õ�A^u-1-�lfN�p�^�
ïÄ¥ [21,22].

2 �.±9ê��[^�

¦^��[I���´ XL × YL = 50λ0 ×
50λ0, � [ � m ´ 250 � - 1 ± Ï (� 830 fs),
������ ∆X = ∆Y = 0.03λ0, �mÚ�
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� 0.0125τ , Ù¥ τ Ú λ0 = 1.06 µm ©O´-1
±ÏÚ-1Å�. -1óÀæ^ y ��pd©Ù
� p-4z-1, ���� (�p�°) � 6λ0, 3 x

��óÀ�(�æ^þ,÷ (5τ )+ ²� (30τ )+ e
ü÷ (5τ ) �/G. -1óÀ3 0 ��lI���ý
\�, 8�zrÝ� a0 = 5.0. �lfN�>fÚ
lf�Ð©§Ýþ�½� 1 keV. ã 1 ¤«´�[
¥¦^�p Z ²¡q�lfN, ÙþÝ� 1.0λ0 ±
9°Ý� 10.0λ0, ��lfN�Êb3p Z ²¡q
��Ü. p Z ²¡q´�Ý� 50nc ��lfN, ù
p� nc ´�.�Ý, �.�Ý�-1óÀ�ªÇ
k' nc = meω

2
0/4πe2; ��lfN��Ý� nc. �

f��î�¥% u Y = 25λ0 ?, p��å© 
�´ X = 12λ0. �[¥|æ^�´±Ï5>.^
�, 
âf´áÂ>.^�.

ã 1 �[I���´ XL×YL = 50λ0×50λ0, þÝ� 1.0λ0

±9°Ý� 10.0λ0 �²¡qålI��>. 11.0λ0, ²¡q
�¥% u-1¶þ, 3p Z ²¡q��ÜÊb����lf
N. þ,÷ (5τ )+ ²� (30τ )+ eü÷ (5τ ) �/G�-1óÀl
p Z ²¡q��>.\�

3 �f��°Ýé\���fåA5
�K�

�r-1��lfN�p�^�, 3-1 - �
lfN.¡¬du J × B[23] Ån�)�9>f,
¿�ù
�9>fduÉ�k�ÄåÅn [24] �
�^
�qSÑ$. ��qSÑ$��9>fB
L�lfN-ý�.¡�, 3²¡q�q�¬/¤
���~r��R�uq��>Ö©l|, ù�
>Ö©l|¬ò uÙ¥��f\��pUþ, 3
ù�Ü©, ïÄ
}|\�Ån¥�f��°Ý
é\���fåA5�K�. 3UC�f�°Ý�
ck�½�f��þÝ� 0.2λ0 ±9pÝ� 6.0λ0

(����), ±(½�©¦^�óÀ(�\��f
�±Y�m, ùp�[�o�m´ 250τ , Ù(JX
ã 2(a) ¤«. Tã�Ñ
�foUþ��m�C
z±9�fUþOþ��m�Cz, 3 14.0τ NC
���fm©\�, 
3 13.0τ �m-1DÑ�²
¡qq�? (¢Sþ-1ØUBL²¡q
DÑ
�q�), ùÒL²}|�ïá���¢�u-1
��q����. lã¥�±wÑ3 30τ ���
foU�Oþ�±�����, 3 52τ ���f
oUþ�Oþ´��Oþ�ÿ (30τ ) � 50%, �o
UþOþ��p°, �±���p°�±Y�m
´ ∆t ≈ 32τ , ù��m�-1óÀ�±Y�m 40τ

é�C; 3 120τ ���foUþ�Oþ´��O
þ�ÿ (30τ ) � 10%, 
3 250τ ���foUþ�
Oþ�k��Oþ� 1.11%, d��fA�Ø2�
\�, ÏdÀ� 250τ ����[(J���ª�
\�(J´Ü·�. ã 2(b) �Ñ
�f��þÝ
� 0.2λ0 ±9pÝ� 6.0λ0 (����) �¹e, �
f3 10τ , 50τ , 100τ , 150τ , 250τ �����m©Ù
ã, lã¥�±wÑ3 250τ ��, �f�vk��
�[>., �©�¡�(Jþ´ 250τ ����[
(J.

ã 2 �½�f��þÝ� 0.2λ0 ±9pÝ� 6.0λ0 (���
�) (a) �foUþÚoUþ�Oþ��mCz��¹, o��
[�m´ 250 �-1±Ï (0.83ps); (b) �f3 10τ , 50τ , 100τ ,
150τ , 250τ �����m©Ùã
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�
ïÄ�f��°Ýé\�±��få�
UÌ±9uÑ��K�, ©Ù�½²¡q�º�,
ò�f��þÝ�½� 0.2λ0, UC�f��°Ý,
Ù�[(JXã 3 Úã 4 ¤«, �f��°Ýé\
�±��fåA5�K�����'��. ã 3 �
Ñ
�f�°Ý©O� 0.1λ0, 0.5λ0, 1.2λ0, 4.0λ0

Ú 8.0λ0 3 250τ ����fåUÌ, �
�B'
�, ã¥éØÓ°Ý��f��
8�z?n, ¦
�ã¥w«�ØÓ�f�°Ý��foê�Ó. l
ã¥�±wÑ, ��f�°Ý�°� (�u��-
1��º�), �þ��fÑØUk��\�, �d
��få�UÑ%é�, °Ý� 8.0λ0 �UÑÝ�
k 8%�m. 
�X�f�°Ý�~�, �få��
$Uþ���,p, Ó��pUþ��ü$, 
©
Ù�¸� (êþ�õ?�Uþ�) ����pUà
£Ä, ÙCzª³Xã 3 ¤«. du©¥æ^�-
1óÀ3 y ��æ^�pd©Ù, du�9>f�
UþÚ�Ý�óÀ©Ùk', Ïd�pd©ÙóÀ
�²¡q�p�^�, �9>f�UþÚ�Ý�´
¥mp>�$. }|��÷v E ∝ neTe, �²¡q
é��, �±�,�9>f3q¥Ñ$�uÑ�A,
Ïd}|3 y ���rÝ�Cqpd©Ù. �f�
°Ý�O�, �	���f�aÉ��}|���,
Ïd�X�f�°Ý�O�, �õ��fØU�k
�\�, ùÒ´�°Ý�� 8.0λ0 �UÌ�¸��
k 3.17 MeV, 
�X°Ý�~�¸�ÅìO�.

�e5ïÄ�f�ØÓ°Ý�¹e�få
�,	��­�A5 —— uÑ�, ùp¦)u
Ñ� ∆θFWHM ��{´k¦Ñ¤k�f�Ñ�
� θ = (tan(vy/vx)−1 × 180)/π(◦), ,�ÚO¤k

ã 3 (çã) ò�f��þÝ�½� 0.2λ0, �f�°Ý©O
� 0.1λ0, 0.5λ0, 1.2λ0, 4.0λ0 Ú 8.0λ0 ��fåUÌ

ã 4 ò�f��þÝ�½� 0.2λ0, (a) �få�uÑ���
f��°Ý�m�'X; (b) �f�°Ý©O� 0.1λ0, 0.5λ0,
1.0λ0, 2.0λ0 Ú 8.0λ0 ��fåÑ��©Ù

�f�Ñ���ÑÚO©Ù. ã 4(a) �Ñ
ØÓ°
Ý��f��\�±�uÑ��Cz�¹, lã¥
�±wÑ�f�°Ý3 1.2—8.0λ0 �mCz� (-
1����� 6.0λ0), �fåuÑ��X°Ý�~
�
O�; 
�f�°Ý3 0.1—1.2λ0 �mCz�,
�fåuÑ��X°Ý�~�
~�. e¡�ÄØ
Ó°Ý��fåÑ��©Ù, Ù(JXã 4(b) ¤«,
Úþ¡���
�B'�, ã¥éØÓ°Ý��f
��
8�z?n. lã¥�±wÑ, �X�f°
Ý�~�, Ñ�����fêþ¬~�, 
Ñ��
� 0 ÝNC��fêþK²{l~��Oõ�L
§, Ù(JÒ¦�þÝ��Ú���, 0 ÝNC��
fêþÑ�~õ. lþ¡�±wÑ, �f�Ñ��
Ì�d vx Ú vy û½, 
 vx Ú vy ��Ì�´d�
f3$ÄL§¥¤aÉ�>| ∆Ex Ú ∆Ey ��
�û½, }>|�©ÙÚ�f�m�m>Ö�AÑ
¬K�>| ∆Ex Ú ∆Ey ���, ù��uÑ��
©Û�5Ãõ(J, ��f��Ð©°Ý� 8.0λ0

�, y ��l-1¶���fél-1¶C��f
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kü½�^, ù�å¦��þ��f3 u-1¶
NC� �$Ä; �X°Ý�~� 8.0λ0—1.2λ0, �
m>Öåé�f y ��$Ä�K�Åì~�, ?

uÑ�ÅìO�; 
�°Ý?�Ú~�� 1.2λ0—
0.1λ0, �f3$ÄL§¥aÉ>| Ey �þ!5Å
ìJp, ?
 ∆Ey ��Åì~�, Ïdu����
A�~�, ÏLïÄ�få���uy, 3 100τ �
�, Ð©°Ý� 1.2λ0 ��få���� 6.6λ0; 

3 150τ ��, Ð©°Ý� 1.2λ0 ��få���
� 12.2λ0. �XÐ©°Ý�O\, 3Ó�����
få����ÅìO�, ù�ÒkÜ©�flî�
lm}|
ØUk��\�, ¿�ØUk�\��
�fêþ�X°Ý�O�
O\, ù�Cz�±l
ã 3 �UÌ¥wÑ, ù�´��ã 4(a) ¥­�/G
�,	��­��Ï.

4 �f��þÝé\���fåA5
�K�

3þ�Ü©ïÄ
�f��°Ýé\�±�
�fåA5�K�, �e5òïÄ�f��þÝ
é�fåUþ©Ù�K�, ùpò�f��°Ý�
½� 6.0λ0 (-1����), ÙþÝ©O� 0.03λ0,
0.06λ0, 0.08λ0, 0.15λ0, 0.3λ0 Ú 0.6λ0. ã 5 �Ñ

ØÓ�f�þÝ��¹e3 250τ ���fåUÌ
�©Ù, Óþ¡���
�B'�, ã¥éØÓ°
Ý��f��
8�z?n. lã¥�±wÑ, U
þ����XþÝ�~�
O�, 
Uþ���K
�XþÝ�~�
~�, Ó�©Ù­��¸��p
Uþà��£Ä, þÝ� 0.15λ0 �m�, �fåU
ÑÝ�±�u 10%. þÝ� 0.6λ0 ���fåUÌ
� Schwoerer �< [16] ��[(JCz5Æ��,
�´�©æ^�²¡qþÝ��u Schwoerer �
<�[¥´¦^²¡q�þÝ. �X²¡qþÝ�
~�, �9>f3²¡q¥Ñ$
����9>f
uÑ�AÅì~�, Ïd�éu Schwoerer �<�
�[^��©æ^�²¡qþÝA��±�Ñu
Ñ�A, @o²¡qq�}|rÝ©Ù�±Cq@
�´pd©Ù, ¿�rÝ�¬�X²¡qþÝ�O
\
Åìü$. Ïd3�©æ^�þÝ�¹e, �
f�±�k��\�, Ïd�©¥UÌ�¸���
u Schwoerer �<�(J. ��UÌ¥¸�ØÓ�
,	���Ï´�f��þÝ, lã 5 ¥�±wÑ

�fUÌ¸��X�f�þÝÅì~�
~�, ù
´Ï��fm�p�^É�fêþ�K�, êþ�
õ (�f��þ½ö�f��Ý��) �fm��
p�^�r�, �p�^�(JÒ¦�Ñyã 5 ¥
�(J. �UC�f��ØÓþÝ�, Hegelich �
< [17] �Ñ
ØÓþÝ�%lf�\�±�UÌ�
���[(J, du Hegelich �<�(J¥�fê
þvk�8�z?n!�©\��´�f�
©
z¥\��´%lf!\���þÝØ´���
���Ï���©�(JÚëw©z¥�(JØ
����, �´�XþÝ�CzÙUÌ�Czª³
´aq�.

ã 5 � f � þ Ý © O � 0.03λ0, 0.06λ0, 0.08λ0, 0.15λ0,
0.3λ0 Ú 0.6λ0 ��fåUÌ

�e5òïÄ�f��þÝé�fåuÑ�
�K�, ã 6(a) �Ñ
ØÓþÝ��f��\�±
�uÑ��Cz�¹, lã¥�±wÑ�f��þ
Ý3 0.03—0.6λ0 �mCz�, �få�uÑ��
Cz��´ 16◦—26◦ �m, 
��X�f�þÝ�
~�, uÑ��Åì~�. �âéã 5 (J�©Û,
�f��þ�õ�$U�fØU�k�\�, 
ù
Ü©ØU�k�\���fû½
�fåuÑ�
��ª©Ù. 
ã 6(b) �Ñ
�f�þÝ� 0.5λ0

��f�Ñ����fUþ�m�'X, lã¥�
±wÑ�få�uÑ��X�fUþü$
O�,

ã¥$UÜ©��fÓ
ý�õê, Ïdù�Ü
©��fû½
�få�uÑ�, ùÒ´�X�f
�þÝ�~�uÑ��Åì~���Ï. ã 6(c) ¤
«´ØÓþÝ��fåÑ��©Ù, Óþ¡���

�B'�, ã¥éØÓþÝ��f��
\�?
n. lã¥�±wÑ, �éu�f�°Ý�Cz, þ
Ý�Czé�fåÑ���K�¿Ø²w, �Ý�
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ã 6 (a) �få�uÑ���f�þÝ�m�'X; (b) Ð©þ
Ý� 0.5λ0 ��fÑ����fUþ�'X; (c) �f�þÝ©
O� 0.03λ0, 0.09λ0, 0.12λ0, 0.3λ0 Ú 0.6λ0 ��fåuÑ�

Cz���Ø�. ��X�f�þÝ�O\, �Ñ
����fêþ�ÅìO\, �Ñ���ùÜ©�
fÌ�´$UÜ©��f (Xã 6(b) ¤«); Ó��
Ñ����fêþ��Åì~�, �Ñ���ùÜ
©�fÌ�´pUã�f (Xã 6(b) Úã 5).

5 ( Ø

�©A^�� PIC ê��[§S Flips2D é}
|\�Ån?1
[��ïÄ, ©¥ò²¡q�þ
Ý�½� 1.0 µm, ©OïÄ
�f\����±Y
�mÚ�f��º�é\���fåA5�K�,
ïÄuy�-1óÀ�m´æ ps þ?�, �f\�
�±Y�m¬��uóÀ±Y�m, ¿�3 1 ps �
m��mS�fUþ�Oþ�±ü$���Oþ
�� 1%�m, �Ò´`�f�\��m�k 1 ps
�m; �X�f�°Ý�O�, �få�uÑ�k
O��~�, °Ý� 1.0λ0 �m�uÑ��C 42◦;

�°Ý� 8.0λ0 �, uÑ��k 12.5◦ �m; °Ý
é�fåUÌ�K���~²w, �X°Ý�~
�, UÌ�pUãÚ$Uã��fêþ�A~�.
3�Ä�f��þÝ�é\�±��fåA5�
K��, uyUÌ�pUãÚ$Uã��fêþ�
XþÝ�~�
�A~�, ù�Czª³�ë�©
z�(Jaq. �þÝ3 0.03λ0—0.6λ0 �mCz
�, �fåuÑ��Cz��3 16◦ � 26◦ �m, ù
�Cz����u°ÝéuÑ��K���. �,
Æâ.é}|�f\��ª?1
�þ�ïÄ, �
E,�3Ãõ¯K, ù��}|\���
¢�Ú
�[(J�©Û�5ØB. ©ÙïÄ
}|\�Å
n¥�fåA5�ÙÐ©º��'X, �Ñ
�

5Æ5(J, ù
5Æ5Cz�SÏ�k�?�Ú
�ïÄ.
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Abstract

The proton beam accelerated by the interaction of laser with plasma has practical applications in radiography of dense plasma, fast

ignition in inertial confinement fusion, and cancer treatment. The application domain is determined by the characteristic of the proton

beams, which is affected by a lot parameters. In order to investigate the effect of the initial size of the proton layer, the two-dimensional

Particle-In-Cell (2D-PIC) code Flips2D is used. The total energy of proton beam vs. time is studied, and the relation between the

duration of acceleration and the period of laser pulse is obtained. The effects of the proton layer initial width and thickness on the

divergence angle and the energy spectrum of the proton beam are investigated. The relation between the proton beam characteristics

and proton layer initial size is obtained.

Keywords: target normal sheath acceleration, Particle-In-Cell, the size of proton layer, the characteristic of proton
layer
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