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¦^âf�[§Sé 30 fs �á�r-13þ!��Ô.ü«�Ý©Ù�lfN¥�DÑ, ±93½DÑG
�e�|�>f5\�\�/¤�>fUÌ?1
�[�©Û. �½\�-1å�º�, 3 (0.4—2)×1019/cm3 �
lfN�Ý��, é'©Û
8�z¸�rÝl 1—6 ���-1óÀ3þãü«�Ý©Ù�lfN¥DÑ�-1
å�º��üz, (JL²�Ô.©Ù��lfN�ÝÏ�U
é�á�róÀ¢yûÐ��Ú, k|upU>f
\�. éu�p�Ý�¹, =¦3þ!�lfN¥���éØgà��Å���±¢yûÐ�g�ÚDÑ, k|u
¢�{z±9�)��>þ�\�>f.

'�c: -1DÑ, >f\�, âf�[

PACS: 52.38.Hb, 52.38.Kd, 41.75.Jv, 52.65.Rr

1 Ú ó

�á�r-13�lfN¥DÑ��Ú, �
�´-1�Å|\�>f¢�¥�'�¯K. ù
´Ï�-1�Å|\�>fÉn�A��Ý�
K �, = - 1 � g , Ñ � � Ý ! - 1óÀ � Ä
$�Ñ�Ý±9\�>f����Ý. 3���
¹e, ��\��Ý� Ì�Ï �´g,Ñ ��
Ý Lvd = πZR = π2r2

s /λ0, ª¥ ZR �a|�Ý,
rs �pd©Ù-1å�å��», λ0 �-1Å�.
�,�±ÏLO� rs 5ò�g,Ñ��Ý, �´3
�±-1rÝ�cJe, ù�¿�XI����-
1õÇ, l�¦�p�ïE¤�. �d, I��Ä
Ù¦å»5O\prÝ-1�DÑ�Ý. ~^�å
»kü«, �«´|^-1��lfN�p�^�
��gà� [1,2],,�«´Jø��ý�lfNÏ
�5é-1óÀ¢1�Ú [3,4].

�-1rÝ���éØþ?�, �éØÏf
éò�Ç?�, �é-1�)²w�®à�^,
=�éØgà�. nØ©Û¢yTÅ��¦-

1óÀ k � � K � õÇ [2] Pc = 17.4(ω0/ωp)2.
�\�-1õÇ� P , 8�z¸�rÝ� a0, @
o P/Pc = k2

pa2
0r

2
s /32, Ù¥ kp ��lfNÅê.

éur-1óÀ, �
�)²w��éØgà�,
P/Pc L�u 1[5].

�-1�rÝv
��-1ó°v
á�,
Ùk�Äå�±r-1DÂ¶þ�>f��ü
�, 3-1óÀ�Ü/¤���klf�¤��
� (bubble)[6] (���Å|±�C1��cDÂ,
ù«-1�Å|�¡����ª. Lu � [7] |^n
�L�nØ(Üâf�[ (PIC) é���ª�Ñ

�X���^�9½IÇ. ù«���ª��Å|
(��©½, �SÜäkér�\�>|, Ø=
k|uüU>f��), �k|u-1óÀ��3
�lfN¥�½DÑ.

æ^�lfNÅ�5é�áóÀ?1�Ú�
´2�æ^��«�{, ~X�>f[+ [8−10],6
NåÆ)äÏ� [11,12] �. b½�lfN�ÝÏ�
�î�©Ù÷vXe/ª [10]:

ne (r) = ne (0) + ∆ne
r2

r2
s

, (1)
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Ù¥ ne(0) �¶�½Ï�¥%?��lfN�Ý,
∆ne ��lfNÏ��Ý. nØ�Ñ, �Ï��
Ý ∆ne = 1/(πrer

2
s ) �, re = e2/(4πε0mec

2) �>
f²;�», =�-1å����Ï��Ý���
��, �±k�³�-1óÀ�g,Ñ�L§ [5].

'�ùü«�Ú�ª, |^gà��Ú��6
u-1óÀg���lfN��p�^, ¢��é
{ü, ���-1óÀüz�gN�Ø½5��
�5L§ [13,14]. |^	\�lfNÅ���Ú�
^, U
�ÖáóÀ (cτ < λp) gà��^Øv, ±
93-1óÀDÂL§¥éØ½5å�éÐ�
³��J [3,15]. �´�c¦^��lfNÅ��é
J¢ynØþ�n���, �O\¢�E,5X
É�Egê�!��°Ý�¦p��� [8,10,11].

3¢y
-1óÀ�k��Ú�, I��Ä�
´\�>f�5\�UÌ�). 3�Å|���½
rÝ�, �±¢y>f�g5\. UÌØ=�\
�L§k', �A^��'. A^8IÌ�3ü�
�¡: �´\�¼��pUþ�OüU>få; ,
��´�éM X ��½ γ ����) [16,17], 3
�é�$Uþe, Jp\�>få�>þ.

�©|^ Vorpal PIC §S [18] éþ!©Ù±9
»��Ô.ü«�Ý©Ù�lfN3ØÓ��Ý
Ú-1rÝ^�e?1
 2D(xy)3V � PIC �[Ú
©Û. ïÄ
ü«�Ý©Ù�lfN¥-1å�º
��üz, ±9�Å|¥>f�5\ÚUÌ. ¤�
(JòkÏu�á-1óÀ�DÑÚ-1�Å|
\�>f¢��ëê`z, ±9�Ú�ª�ÀJ.

2 �[^�Ú-1�lfNëê

�©¦^�� z �� ��pdóÀ,óÀ�
rÝL�ª�

I = I0 exp

[
−2r2

r2
s

− (t − t0)
2

τ2
L

]
, (2)

Ù ¥ rs � - 1 å � � », t0 � - 1óÀ ¥ %,
τFWHM = 2

√
ln 2τL.

�
��v
p�-1rÝ, Ï~ò-1åà
���~��å�. �©æ^\�-1å��å�
�» rs = 9 µm, -1�óÀ°Ý τFWHM = 30 fs
�;.-1ëê [19]. Xã 1 ¤«, �Ä�¢�¥3
-1\�à��lfNäk�½�ÝFÝ, 3�l
fN¥��
 L = 288 µm ��Ýþ,÷, -1ó
À�å� ���3þ,÷ºà �.

8c�õê-1�Å|\�>f¢�æ^
��lfN�Ý3 1018—1019/cm3 �� [3,19−21].
�©3�[¥æ^
n��lfN�Ý, 4.35 ×
1018/cm3, 7.73 × 1018/cm3, 1.74 × 1019/cm3, §�©
OéA��lfNÅ� λp � 16, 12 Ú 8 µm. �
lfNÅ�æ^ (1) ª�Ñ��Ô.��(�,
� ne(0) = ne. éþãn«�Ý��lfN3þ!
Ú�Ô.�Úü«�¹e, ÅÚJp-1rÝ, æ
^8�zrÝ a0 = 1, 2, 4, 6 �-1óÀ©O?1
�[. �[¦^I��� Lx = 96 µm, Ly = 80 µm,
�mÚ� dx = 0.04 µm, dy = 0.12 µm.

x
288 mm

ã 1 �lfN«�¶��Ý©Ù9-1\�«¿ã

3 �[(J�©Û

3.1 ---111óóóÀÀÀ333üüü«««���ÝÝÝ©©©ÙÙÙ���lllfffNNN¥¥¥
���DDDÑÑÑ

d-1õÇÚ¸�rÝ'X I0 = 2P/πr2
s �

�, k��-1õÇ^�e, æ^���å�U

�����¸�-1õÇ�Ý. �´��å�éA
�á�a|�Ý, ~Xéu-1å��» 9 µm, d
�a|�Ý (ZR = πr2

s /λ0) �k 318 µm, ùéu�
Å|\�>f�\��Ý´��Ø
�. �ÏL�
©�[w«, du�éØgà�!��Å�, ½ö
	\��Ô.�Ý, ÑU�Ú-1óÀ, ¦§3�
lfN¥�±prÝDÑê�ua|�Ý.

ã 2 �Ñ
þ!��Ôü«�lfN�Ý©
Ùe, �lfNÅ� λp �u 16, 12 Ú 8 µm n«�
Ý�¹�-1óÀDÑ�å����üzã�.

ã 2(a), (c), (e) w«Ñ, éuÓ��lfN�Ý
�¹e, �X a0 �O�, -1å��uÑC��5
�²�. �éÓ� a0 �, -1å��Cz�X�l
fN�Ý�O�C�²�. �X-1rÝÚ�l
fN�Ý�Jp, -1��lfN��p�^C�
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�\ì�, Ù���gà��^C��r. �â'
� P/Pc ��, �éØgà��^��J´�X a0

�O�4O, �X λp �O�4~. æ^�r�
-1rÝÚ�p��lfN�Ýk|u-1óÀ
�g�Ú.

lã 2(a) ¥�±wÑ, 3 λp = 8 µm, a0 = 4,
6 �, - 1óÀ Ï L g � � � l f N � � p �
^, A O ´ � éØg à � � � � - u (ë � e

! ?Ø), � ± 3 � � å l S ¢ y  ½ � D Ñ.
3 λp = 8 µm, a0 = 4 �, éA�-1õÇ� 43 TW,
' � P/Pc = 25, � � L � éØg à � õÇK
�, -1óÀ�å���3 3 mm S�±½, 
3 λp = 8 µm, a0 = 6 �, éA�-1õÇ� 97 TW,
-1óÀ�å����±½�L 6 mm, å��
½5$�Ðuã 2(b) �Ô�Ý©Ù�(J.
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ã 2 -1å����DÑål�üz (a),(c),(e) ©OéA λp = 8, 12, 16 µm þ!�lfN; (b), (d), (f) ©Oé
A λp = 8, 12, 16 µm »��Ô.�Ý�lfN
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'�ã 2(b), (d), (f) �Ô�Ý©Ù�ã 2(a),
(c), (e) þ!�Ý©Ù�(Juy, Ø+3Û«�l
fN�ÝÚ-1rÝ^�e, 3÷v��^���
Ô.�ÝÏ��lfN¥, -1óÀÑU¢yûÐ
��Ú, -1å���½3����S. AO´
éu$�Ý�lfN�¹, -1óÀ3þ!�lf
N¥¬Ñy²w�Ñ�; �Ô.�ÝÏ��lf
N/¤��lfNÅ�, ¦�-1óÀ�,¢y
½�DÑ. Ïd, �lfNÅ�é-1óÀ3$�
Ý�lfN¥�DÑäk��^. Ibbotson � [22]

3$�Ý�lfNÏ��ïÄ¥, |^ 3D PIC �
[�*	�¦^�Ô.�ÝÏ�U
k�/�Ö
�éØgà��^�Øv, �y-1óÀ3$�Ý
�lfN¥�½DÑ.

Ø
-1å�, -1óÀ¸�rÝ�DÂål
�Cz´,��£ã-1óÀDÑ�A�ëþ. é
Aã 2(a), (b), (d), (f), ã 3 �Ñ
\�-1 a0 = 4
^�e�lfN¥8�z¸�rÝ a0 �Cz.
3 λp = 8 µm �, duLp�Ä$�Ñ, -1óÀ
�¸�rÝu)
¯��P~, �
 4 mm �, -1
óÀ� a0 ®²~��
 2 ±e. éu λp = 12,
16 µm �, -1óÀ��lfN�UþÍÜ�é
�f, -1óÀ� a0 U
�±�u 3.5, DÂ�
L 6 mm $����ål. dd��, 3 λp = 8 µm
�, T-1�DÑålÌ�É�Ä$�Ñ�K�.

0 1 2 3 4 5 6 7
0

1

2

3

4

5

6

激
光
归
一
化
强
度
 a

0

X/mm

均匀 λp=8 mm
抛物 λp=8 mm
抛物 λp=12 mm
抛物 λp=16 mm

ã 3 -1óÀ�8�zrÝ a0 �DÑål�üz

3.2 ---111���ÅÅÅ|||¥¥¥\\\���>>>fff������)))

�éc¡�-1DÑïÄ, �!éÙ¥¢y
½DÑ��L5�~�>f5\Ú\���)
�UÌ?1
©Û, =�éã 2(a), (b), (d), (f) ¥
� a0 = 4 ��¹, ïÄ
>f5\ÚUÌ.

�éùo«�¹, �[uy-1óÀ3�lf

N¥Ñ-uÑ
½��(���Å|, ¿�X�
��DÂ, 3·�� �, Ñu)
>f�5\. �
g5\ �o(3L 1 ¥. (JL², u)5\�
 ��X�lfN�Ý�ü$ò�. ù�(J
L², éu$�Ý�lfN¥>f\�, -1óÀ
��Ú�©�. �©(JÚ©z [22] �(JÑL
², ¦^�Ô.�Ý©Ù��lfNÅ��(��
$õÇ�-1óÀ3�lfN¥½DÑ�½å
l�¢y>fg5\.

L 1 �lfN�Ý©Ù�u)�5\ �

�lfN�Ý/cm−3 u)5\ �/mm

1.74 × 1019 (þ!) 1.81

1.74 × 1019 (�Ô) 1.66

7.73 × 1018 (�Ô) 3.62

4.35 × 1018 (�Ô) 6.19

ã 4 �Ñùo«�¹3>fUÌ��½G
�����(� (�lfN�Ý©Ù) ÚéA�>
fUÌ. é'ã 4(b), (c), (d) ¥�UÌ�±w�, Ï
L	\�Ô.�Ý©Ù��lfNÅ��y
-
1óÀ½DÑ��ål, ¦�>f�±�\�
��p�Uþ. ù�y��X�lfN�Ýü$
C��\²w, ~X\�>f�Uþl λp = 8 µm
�¹e� 200 MeV ��Jp�3 λp = 16 µm �
� 900 MeV.

À��$�Ý��lfN��\�0�, �
±ò�Ä$�Ñ�Ý�\�>f����Ý, ´
¼��pUþ>f�k�å». �´, �X�Ý�
ü$, �\�>f�êþ���~�. '�uy,
λp = 16 µm ��\�>f (> 100 MeV) �êþ�
k3 λp = 8 µm �� 18%. dd��, �$��Ý
k|u¼��p�\�Uþ, �p��Ýk|u
�@u)5\Ú¼��õ�\�>f.

lþ!��, 3 λp = 8 µm ��Ý^�eÃØ
´3þ!�´�Ô.�Ý©Ù��lfNÅ�¥,
-1óÀÑ¤õ�Ú
 3 mm ±þ. lã 4(a), (b)
¥�Uw�ùü«�¹Ñ/¤
½���(�,
¿3Ä$�Ñ�cu)
g5\. �[��'�u
y, 3�ÓDÑ�Ý^�e, �Ô�ÝÏ�¥\�
>f�üU5�`uþ!�lfN¥�(J. ØL,
¢y�Ô�ÝÏ�O\
¢��E,5, �n��
���Ô.�Ý©Ù3¢�¥´�J���. ,	,
þ!�lfN¥�\�>f�êþ'�Ô.Ï�
¥�êþO\
 21%, 3�>þ>få�)�¡ä
k�½`³.
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ã 4 �lfN�Ý©Ù�>fUÌ (a), (b) ©OéA λp = 8 µm �þ!��Ô.�Ý©Ù¥3 2.26 mm ?�>
f�Ý�UÌ; (c) éA λp = 12 µm ��Ô.�Ý©Ù¥3 4.98 mm ?�>f�Ý�UÌ; (d) éA λp = 16 µm �
�Ô.�Ý©Ù¥3 11.62 mm ?�>f�Ý�UÌ
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4 ( Ø

�©�é�á�r-1óÀ��ÚÚ>f5
\\�, éþ!�»��Ô.ü«�Ý©Ù�l
fN�¹?1
XÚ��[Ú©Û, �Ñ3�$
�ÝX 4.35 × 1018 cm−3 ^�e, ��»��Ô
.�ÝÏ�, U
¢yûÐ�-1�Ú, �U
¼
� 900 MeV �OüU>f, k|upU>f\�.

3�p�ÝX 1.74 × 1019 cm−3 �þ!�lf
N¥, -1óÀ=��gà�Ú����^ÒU

¢yûÐ��Ú. ¦+�ö�Uò>f\�� 200
MeV �üU5�É��½K�, �3T�Ýe, U

�@/u)5\, ¿¼��õ�\�>f, �k
|u�>þ>få�), éuóÀ X, γ ��uÐ
9A^k�½¿Â.

a�Bright-Tech_÷#Æ¬é¦^VorpalJø�|±.

[1] Monot P, Auguste T, Gibbon P, Jakober F, Mainfray G 1995 Phys.
Rev. Lett. 74 2953

[2] Esarey E, Sprangle P, Krall J, Ting A 1997 IEEE J. Quant. Elec-
tron. 33 1879

[3] Geddes C G R, Toth C, van Tilborg J, Esarey E, Schroeder C B,
Bruhwiler D, Nieter C, Cary J, Leemans W P 2004 Nature 431 538

[4] Tang H, Guo H, Liu M W, Chou Y L, Deng D M 2003 Acta Phys.
Sin. 52 2170(in Chinese) [/u, Hø, 4²�, Ë�|, "Ár
2003 ÔnÆ� 52 2170]

[5] Esarey E, Sprangle P 1996 IEEE Trans.Plasma Sci. 24 252
[6] Pukhov A, Meyer-ter-Vehn J 2002 Appl. Phys. B 74 355
[7] Lu W, Tzoufras M, Joshi C, Tsung F S, Mori W B, Vieira J, Fon-

seca R A, Silva L O 2007 Phys. Rev. S.T. Accel. Beams. 10
061301

[8] Ehrlich Y, Cohen C, Zigler A, Krall J, Sprangle P, Esarey E 1996
Phys. Rev. Lett. 77 4186

[9] Hosokai T, Kando M, Dewa H, Kotaki H, Kondo S, Hasegawa N,
Nakajima K, Horioka K 2000 Opt. Lett. 25 10

[10] Spence D J, Hooker S M 2000 Phys. Rev. E 63 015401
[11] Milchberg H M, Durfee C G, Mcllrath T J 1995 Phys. Rev. Lett.

75 2494
[12] Gaul E W, Le Blanc S P, Rundquist A R, Zgadzaj R, Langhoff H,

Downer M C 2000 Appl. Phys. Lett. 77 4112
[13] Thomas A G R, Najmudin Z, Mangles S P D, Murphy C D, Dan-

gor A E, Kamperidis C, Lancaster K L, Mori W B, Norreys P A,
Rozmus W, Krushelnick K 2007 Phys. Rev. Lett. 98 095004

[14] Lin H, Zha X J, Li R X, Chen L M, Xu Z Z 2006 Phys. Plasmas

13 103105
[15] Esarey E, Schroeder C B, Leemans W P 2009 Rev. Mod. Phys. 81

1229
[16] Schlenvoigt H P, Haupt K, Debus A, Budde F, Jackel O, Pfoten-

hauer S, Schwoerer H, Rohwer E, Gallacher J G, Brunetti E,
Shanks R P, Wiggins S M, Jaroszynski D A 2008 Nat. Phys. 4
130

[17] Glinec Y, Faure J, Dain L L, Darbon S, Hosokai T, Santos J J,
Lefebvre E, Rousseau J P, Burgy F, Mercier B, Malka V 2005 Phys.
Rev. Lett. 94 025003

[18] Nieter C, Cary J R 2004 J. Comput. Phys. 196 448
[19] Dong K G, Gu Y Q, Zhu B, Wu Y C, Cao L F, He Y L, Liu H J,

Hong W, Zhou W M, Zhao Z Q, Jiao C Y, Wen X L, Zhang B H,
Wang X F 2010 Acta Phys. Sin. 59 8733 (in Chinese) [Â�ô, �
�¢, ÁR, Ç�´, ù[¸, ÛL ,4ù#, ö�, ±�¬, ë
m�, �Sw, §pÔ, Ü�Ç, �¡� 2010 ÔnÆ� 59 8733]

[20] Faure J, Glinec Y, Pukhov A, Kiselev S, Gordienko S, Lefebvre E,
Rousseau J-P, Burgy F, Malka V 2004 Nature 431 541

[21] Leemans W P, Nagler B, Gonsalves A J, Toth Cs, Nakamura K,
Geddes C G R, Esarey E, Schroeder C B, Hooker S M 2006 Nat.
Phys. 2 696

[22] Ibbotson T P A, Bourgeois N, Rowlands-Rees T P, Caballero L S,
Bajlekov S I, Walker P A, Kneip S, Mangles S P D, Nagel S R,
Palmer C A J, Delerue N, Doucas G, Urner D, Chekhlov O, Clarke
R J, Divall E, Ertel K, Foster P S, Hawkes S J, Hooker C J, Parry
B, Rajeev P P, Streeter M J V, Hooker S M 2010 Phys. Rev. S.T.
Accel. Beams. 13 031301

165201-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 165201

Ultra-short ultra-intense laser guiding and its
influence on electron acceleration∗

Wang Guang-Hui1) Wang Xiao-Fang1)† Dong Ke-Gong1)2)

1) ( Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China )

2) ( Research Center of Laser Fusion, China Academy of Engineering Physics, Mianyang 621900, China )

( Received 5 December 2011; revised manuscript received 11 February 2012 )

Abstract

Simulations and analyses of ultra-short ultra-intense laser propagting in plasmas with uniform and parabolic density profiles,

as well as the electron injection into the wake field and the electron spectra in the stable transmission state are performed by using

a particle-in-cell code. Fixing the incident laser focal spot size but changing the plasma density in a range of (0.4–2)×1019/cm3,

comparative analyses are carried out of the evolutions of the laser beam spot during the propagation of the laser pulse in the plasmas

with aforementioned two density profiles, with the normalized laser intensity ranging from 1 to 6. The results show that a plasma

channel with a parabolic density profile can realize a good guiding of an ultra-short ultra-intense pulse, which is beneficial for high

energy electron acceleration. However, at higher densities, self-guiding can be realized by relativistic self-focusing in uniform plasma,

which is conducive to simplifying the experiment and to producing more accelerated electrons.
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