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1 Ú ó

�&Ä4à^�e�Ôny�, X Hawking-

UnruhË��, <���Ï¦�á�r�-1óÀ

^� [1]. �X}òóÀ��Eâ (chirped pulse am-

plification) �uÐ, <�®²�±3�¡ºÝ¼�

ó°�A���¦!rÝp� 1020—1022 W/cm2

��á�r-1óÀ [2]. ØL, I��Ñ�´, X

dprÝ�-1���LDÚ1Æá��9�ú

K� (Xv��, 3B¦-1Ëìe�»�K�=

� 10 J/cm2 þ? [3]), Ïd, 1Æ�����¯K®

¤�-1óÀk���ÚrÝ?�ÚJp�´¶

Ï�. �lfN��ÊÏá�>l��Ô�/�,

Ã9�úK�, �±«É�prÝ�-1^�. Ï

d, Cc5|^�lfN���«#.�1Æ0�

5��r1óÀ¤�IS	ïÄ���9:��.

Doumy�<æ^�lfNº5à�r-1óÀ, ¿

Jp-1óÀ�é'Ý [4]. Bulanov�<|^�é

Ø�lfNÅà��A5��-1rÝ, $��U

�� Schwinger1r4� 1029 W/cm2, XdrÝ�

-1v±3ý�¥-u�K>fé [5]. É¦S�<

JÑ�lfN1»du�°��YÚ�p��ú

K�, �¤��«#����ár-1óÀ�1f

ì� [6]. þ°1Å¤�!z��<ÏLé-1��

�q���5�p�^?1ïÄ, JÑ-u�K>

fé!γ 1fÚ�)Oü±Ï�éØ-1óÀ�ï

Ä�� [7−9]. Ó�, ¦��uy|^üåé�-1

éü���qmÐ¼�a1�f?1Ä$, �±¢

y-1|rÝ��, ��ÌÝ�C 100�. �'n

Ø©ÛÚ��âf�[(JL²qmÐ¼a�á

fÅUþ\È§ÝÚ�^��6qmåÚVå

-1�é�  [10].

�©¥, ·�JÑ�«|^�Nqc����

q5¢yüå-1óÀ���ïÄ�Y. ���

nØ©ÛL², Ð¼�>^U±7Å/ª733q

m«�, Ù©Ù/ªÚ��Ð¼Uþ�6üqmå
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�^�. ��ynØ©Û(J��(5, ·�æ^

���éØâf�[§S LPIC++[11] �[ïÄ-

1óÀ�����ÔnL§. �[(Juy3\�

-11Ø!Ð¼-11ØÚ��q�>Ö©l|

��Ó�^e, ��q>f�Ñy²w�Ø Ú)

ä, ¿��K�\�-1Uþ�qmÐ¼>^U�

m�=�. 3\�8�z-1rÝ� 0.5!�lf

N�Ý� 100��.�Ý, qmå� 0.016�-1

Å�^�e, �[���Ð¼���¸�-1rÝ

�±�� 135�, �nØ©Û(JÎÜûÐ.

2 nØ�.

�©�ïÄ�.Xã 1 ¤«. �Äüå�4z

-1l�>���Nq, �Nq�à ∆ ?���

�q, ^u¢y-1Uþ'ßÚÐ¼>^U. ã¥,

a1,a3 ��à\�ÅÚ��Å�Ì, qmÐ¼>^

Åæ^��ÅÚ��Å�U\L«, a4 Ú a5 ©O

´�g��Ì. \�Å a1 ���Å a5 �1ØòÐ

©þ ξad �>f�Ø � ξbc, /¤>fÑ¦� ξab

Ú ξcd. �XÚ����, 3p�Ý�lfN>f

� ξbc ¥/¤Î²Å, �Ì� a2(ξ).

ξa  ξb  ξc  ξd  ξe  ξf  ξ∆

∞离子 离子

电子

a

a

a

a
a

ã 1 -1��lfN�p�^�.

� â © z [7] � n Ø ¦ ) � {, 3 ξ =

ω0x/c ?, - 1 | 8 � z ¥ ³ � ± L « � a =

a0(ξ) exp[iω0t + iθ(ξ)], Ù¥ a0(ξ) ´�Ì, θ(ξ) ´

� , ω0 ´-1ªÇ. 3-1|¥>f$Ä�ü�

$Ä~ê� [12]

M = (∂θ/∂ξ) ×
(

γ2 − 1
)

, (1)

W =
(∂γ/∂ξ)2 + M 2

2(γ2 − 1)
+

γ2

2
− N0γ, (2)

Ù¥ γ = (1 + a2)1/2 ´�4z-1��éØÏf,

N0 ´±�.�Ý nc = meω
2
0/4πe2 �ü �lf

�Ý; M £ã>f�S-1|�À6þ.

ùp, ·�=�Ä��¹, =k�Äå�>

Ö©l|��²ï, >fp��Ý� 0. d�, >f

�S-1óÀ�ÀUþ�Ý� 0, = M = 0. �â

î�>^|�ëY5^�, 3>. ξb Ú ξc ?�±

��

a1 = a3, a4 = a5, (3)

cos(φ5c − φ4c) = a2
c/2a2

4 − 1, (4)

γ4
b − 2N0γ

3
b − (2W + 1)γ2

b + 4a2
1 + 1 = 0, (5)

γ4
c − 2N0γ

3
c − (2W + 1)γ2

c + 4a2
4 + 1 = 0, (6)

Ù¥ φ4c Ú φ5c ©O´ ξc ?1Å a4 Ú a5 �� ,

ac ´>. ξc ?��Ì, γb Ú γc ©O´1Å a2(ξ)

3>. ξb Ú ξc ?��éØÏf.

d (3) ª��, ��/¤�p�Ý>f��

À����º, qm ξcf SY�� π �1å a4 � a5

�pZ�/¤7Å, =Ð¼Å. �Ä-1|���

¹, =÷v ac ≪ a4, K�¦��q�u7Å�Å

!NC. �â (4) ª, qmå ∆ A��u mλ0/2, Ù

¥ m ���ê. e=�Ä ∆ < λ0/2 �U\�>^

|, Küqm�Ð¼Å�Ì��¤

a(ξ) = 2a4 cos[ξ − (ξc + ξf )/2]. (7)

>f� £ ξcd Ú ξef ��uüqmå, 7Å(�

�ÅJCq u ξ = (ξd + ξe)/2 ?, K>.?�é

ØÏf�L«�

γc ≈ γd = [1 + 4a2
4 cos2(∆π/λ0)]

1/2. (8)

du��q>f�S8�z>|Ú>f� ξbc

S��Ý©Ù�L«� [7]

Ex = −
∂γ

∂ξ

=[(2W + 2N0γ − γ2)(γ2 − 1)]1/2, (9)

N e =γ(3N0γ − 2γ2 + 1 + 2W ). (10)

ù�, |^ (9) ªÈ©�±¦���qþÝ�

ξad =ξab + ξbc + ξcd

= |Exb| /N0 + |Exc| /N0

+

∣

∣

∣

∣

∫ γc

γb

(−1/Ex)dγ

∣

∣

∣

∣

. (11)

w,, |^ (5)—(11)ª, ·���â\�-1

�Ì!��qþÝ!q�ÝÚüqmå, gU¦�

�eÐ¼Å��Ì a(ξ) Ú>f�Ý©Ù N e �

Ônþ. �;���q���\�ÅÂB, Ð©\

�-1rÝI÷v a1 ≪ N0ξad/2[13].
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3 �[(J�?Ø

��yþãnØ�(5, ·�|^��âf

�[§S LPIC++ ?1
-1|��L§�ê�

�[. äN�[^�Xe, ��qÚ�NqCq

���>l�þ!�lfN, �Ý� n0 = 100nc.

��qþÝ� d = 0.016λ0, �� �� x = λ0

?, �Nqc÷ �� x = 1.476λ0, üqmå

� ∆ = 0.46λ0. �Ä�4z\�-1d�>.

R�\�, -18�z�Ì a1 3 3 �-1±Ï

Sl 0 O�� 0.5, ���±ØC. O���º�

� λ0/1000, z����� 500�>fÚlf, Ù¥

lf�½ØÄ.

ã 2 (a)qm>^Å�Å¸�Ì��müzã; (b) \�ÏþÚ

��Ïþ��müzã

ã 2(a) �qm>^Å�Å¸�Ì��mü

zã. Å¸�Ì ap l 0 m©O�, t = 56T0 ��

���� 5.8, �Ì�� 11.6�, rÝ��� 135

�, Ù¥ T0 ´-1±Ï. 56—240T0 S, Å¸�Ì

��m�EÅÄ, ��5�²�, � t = 240T0

����, /¤½�Ð¼Å, Å¸�Ì�±

�� 4.9 ØC. ã 2(b) �Ñ\�>.?\�-

1���-1Ïþ��müzã, Ù¥8�zÏ

þ S = (e/m eω0c)
2|E × B|. lã¥�wÑ, 0—

56T0 S, \�Ïþpu��Ïþ, õê-1Uþ²

d��q=�¤üqm�>^ÅUþ, �ã 2(a)é

A�Å¸�ÌÅìO�, t = 56T0 ��¤UþÈ\

L§. 56—96T0 S, \�Ïþ$u��Ïþ, qmÈ

\�>^Uò²d��q'¦, Å¸�ÌØäü$,

t = 96T0 ��¤Uþº�L§. ²L�E�È\�

º�, ÅìLÞ�\�Ïþ���Ïþ�±���

�, d�>f�S-1�ÀUþ�Ý� 0.

éu�lfN��q, ß²Ý α = λs/l—

l−1/2, §´ïþ-1��Úß�§Ý�Ônþ,

Ù¥ λs = c/ωpe ´-1ªÇ�Ý, l ´Ø ��

>f�þÝ, c ´1�, ωpe ´�lfNªÇ [9].

�[¥, � t 6 1T0 �, -1ªÇ�Ý�>f�

Ð©þÝ��. d�, e>f�þÝü$, -1

Uþ±ß��Ì; e>f�þÝ,p, Uþ��

�q���Ü©O\. ã 3(a) �Ñ 0—200T0 S

� � q ¥ > f � Ý � � m � C z. 3 0—56T0

S, �NÑ>f��Ø L§. 1—4T0 S, 3\

� - 1 k � Ä å � ^ e, > f m © æ È. ÷ x

��Ø >f�, ±�ÙþÝ��u-1ªÇ

�Ý λs, ß²Ý,p, \¯-1Uþ�'ßÈ\.

ã 3 (a)��qS>f�Ý�m©Ù��müzã; (b) ��q

S>Ö©l|�m©Ù��müzã

�üqmÈ\�UþÅìO\, qm>^Åm©Ï

Lk�Äåò��q�L¡>f÷ −x ��°Å,

/¤>fÑ¦�, >f��r�/��Ø , /¤

UþÈ\���". �� t = 56T0 ��, >f��

�, üq>f��m�ål��, >^Å�Å¸�
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Ì,��p, �¤ “¿>”. �X>fÑ¦«�C�,

>Ö©l|m©ÅìOr, Xã 3(b)¤«, t = 56T0

�O�����. 3 56—96T0 S, �NÑ>f��

)äL§. ù�, >Ö©l|òåÌ��^, ò��

q�L¡>f÷ x ��.£, >f�m©)ä, ß

²ÝÅìü$. Ï�qm>^|�Uþ�Ý��p

u\�-1, ¤±>f�þÝO\�k|uqm;

��>^U²d��q'¦, t = 96T0 �qm>^

Å�¸��Ìü�4��. ��, ��q�L¡�

>f3k�ÄåÚ>Ö©l|�^e, ��m3�

m�r���E��$Ä, >f�Ø Ú)äK�

-1Uþ�qm�>^U�m�=�.

ã 4 �Ñ��-1|�Ì!>fÚlf�

Ý©Ù. lã¥�wÑ, ü�p�Ý>f�S/¤

Ð¼Å, Å¸�Ì� 4.9,rÝE��C 100�. �

&ÄüqmÐ¼Å�Ä�5�, ò�[���¸�

�Ì�\ (7) ª¥, PIC�[�qmÐ¼Å(��n

Øýÿ�7Å(� a(ξ) = 4.9 cos(x−1.246) ��Î

Ü. Ó�, �[¥�uyÐ¼Å>|¸�?�^|

rÝ� 0, ù
Ñ´7Å�²wA�. 3 x < 1.0λ0

S, Å¸�Ì� 1.0, `²\�-1�Ü���, p

�Ý>f�®¤����º, \�1���1Z�

/¤7Å.

























a
↼x

↽

n
⊳
n

c

模拟
理论Ne

N0

a1

a3

a

0.5                1.0                 1.5
X⊳λ

ã 4 ��-1|�ÌÚâf�Ý©Ù (Ù¥¢�éA�[�

>|�Ì©Ù, ��ÎÒéAnØ�7Å|(�)

±þy���, �	\-1±Y/\���l

fN��q, -1Uþ�±²d��q'ßÈ\,

qm>^Å�ÌO\, >^UÈ\��½§Ý�¿

vk��?\�. >f3k�Äå�>Ö©l|

�^e5£$Ä, >f�?1�E�Ø Ú)ä,

N�qm>^ÅUþ�È\Úº�, ���ÅìL

Þ��, qm/¤7Å/ª�Ð¼Å. ��¹

e, -1k�1Ø�Ñ¦«·>Ø²ï, >fp�

�Ý��, Ð¼Å�Ì�±ØC. ù«y��>N

�¿>Ú�>L§é�q, ��lfNØÓuÊÏ

>N0�, é	.6Ä½Þá�3�A��ªÇ,

ÏL�éØ�AÚk�Äå�A, �òÑy�þ�

Å - ÅÍÜ!Å - âfÍÜ�, -1�Uþ=��

âf�UþÚÙ¦ÅU [14]. ��lfN���

�50�?1;UÚ��r1óÀ, �3ù«Uþ

óé���A5. lUþ�Ýþw, -1|���

¢�´±�ÑëY�$rÝÄ$-1��d, ��

qm>^|rÝ�O\.












n

⊳
n

c
0.99        1.0         1.01         1.02        1.03

X⊳λ

模拟  Ne

理论 Ne

固定 Ni

ã 5 ��nØÚ�[�âf�Ý©Ù (�:éA�[�>

f�Ý©Ù, J�éAnØ¥>f�Ý©Ù, ¢�éAlf�

Ý©Ù)

L 1 ã 6(b) éA�âf�[ëê

a1 0.5 1 1.5 2 2.5 3

N0 100 80 67 61.5 60 57

d/λ0 0.016 0.020 0.024 0.026 0.027 0.028

ã 5 �Ñ
��nØÚ�[�âf�Ý©

Ù, �±w�\�-1Úüqm>^Åk�1Ø�

^e, ÷ x ��ü��íÄ��q¥�>f, /¤

>fÑ¦«Ú�p�Ý�>f�. Ó�, nØýÿ

�>f�Ý©Ù�âf�[(J'�ÎÜ.

ã 4 ¥�eÐ¼Å�Å¸�Ì� 4.9, n

Ø(J 5.2 ��[(J'���. UCqmå,

Å¸�Ì����¹Xã 6(a) ¤«, `²üq

m å � � u � � - 1 Å � �, - 1 | � Ì �

� ² w � �, ¿ � n Ø � � [ ( J ' � Î Ü.

A O /, q m å ∆ = 0.455λ0 �, � Ì � � 13

�, r Ý � � C 200 �. � � U C \ � 1 r !

q þ Ý Ú � Ý � � X � ë ê (X L 1), ã 6(b)

� w �  � � Ð ¼ Å � ¸ � � Ì � � � ¹,

nØ�.�ê��[(J��.
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a1

a
p
⊳
a

1

(a)

(b)

ã 6 (a)UCqmå, ��Ð¼Å�Å¸�Ì��' (Ù¥¢�éAnØ(J, �/ÎÒéA�[(J); (b) ��, Ð¼Å�

Å¸�Ì��' (Ù¥�/ÎÒéAnØ(J, n�/ÎÒéA�[(J)

4 ( Ø

�©æ^nØ©ÛÚâf�[�(Ü��{

ïÄ
üår-1óÀ�Ð¼9��Ån. æ^

�Nqc����q�A½(�¢yk�Ð¼-

1óÀUþ¿¢y-1|þ?��. ��nØ�.

��£ã�eÐ¼Å��ÌÚ>f�Ý©Ù�

Ônþ��½\�-1�Ì!��qþÝ!q�

ÝÚüqmå'X�L�ª. ��âf�[(J

L²µ3\�-11Ø!Ð¼-11ØÚ>Ö©

l|��Ó�^e, ��q>f�Ø Ú)ä´U

þÈ\�3�E��L§����Ï, ²L���

-1óÀ��½Ð¼, ÙÐ¼Å±7Å�/ª�

3. �X�âf�[(J�nØ©Û�)��,
�ynØ�.�(5. Ù¥, 3\�8�z-1r

Ý� 0.5!�lfN�Ý� 100��.�Ý, qm

å� 0.016�-1Å�^�e, �[���Ð¼�

��¸�-1rÝ�±�� 135�.

�©a�¥��þ°1Æ°�Å�ïÄ¤!z�ïÄ
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Theory and simulation of laser pulse trapping and
amplifying in the interaction with a thin foil and a

solid target∗
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Abstract

In this paper we suggest a simple structure consisting of a thin foil and a solid target with specified gap width to achieve the

laser-field amplification, and study the trapping process ofa single pulse. Both the theoretical and simulation resultsshow that the

EM fields are trapped as standing waves between two layers of enhanced electron density. The laser energy can be accumulated like

the accumulation of charges in capacitor, a stably trap is reached after several oscillations. The compressing and the expanding of the

electron layer, generated by the incident light pressure, the trapped light pressure and the charge electrostatic fields, are the direct reason

for the energy oscillations.

Keywords: laser-field amplification, foil. trapped wave, particle-in-cell simulation
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