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édÅ�� 1600 nm Ú 800 nm üÚ-1/¤|Ü|°Ä±�f�)�pg�Å?1
ïÄ, ÏLUC|Ü|
¥Ì�u�pg�ÅÏm>|�þ,÷Úeü÷��mØÓ�CzÇ, ¦>f�´²Úá´»u��Å�A5u
)Cz, òdd�)�pg�Å?1U\��±���á�C¦óÀ, 2N!üå-1|�ò´�m, U
k�/
¢y³�>fá´»��z, l��ó°� 33.7 as �ü�C¦óÀ.

'�c: |Ü|, pg�Å, C¦óÀ

PACS: 32.80.Rm, 42.65.Ky, 42.65.Re

1 Ú ó

C¦ (as) óÀ�Ñy�<�ïÄ�f©fS
��«�¯L§Jø
rkå�Ãã [1]. duC¦
óÀ��m°Ý4á, �Eù���áóÀI�ª
Ì��é°�1Ë�âU
¢y. �f3r-1
|¥�)�pg�ÅªÇ°Ý�±lý�b	�
�^ X �����, �3�ä �NCk�ëY©
Ù�A:, ¤±¦^�f3-1|¥u��pg�
Å¤��)C¦óÀ�ÄÀ1 [2]. ��ó, �
f3r-1|¥�)���5y�Ì�´pg�
Åu�ÚKþ>l (�)�g>l), �-1rÝ�
$�, Kþ>láuõ1f>l, �fu���
ÅÌ�´�f¥�>f3$-u��m�[�),

�Å��ê�$, ù
y��±^�6{?n. �
X-1rÝ�O\, Kþ>lÚpg�Åu�Ñ¬
ÅìOr, �u)�Ån�k¤ØÓ, Corkum[3] J
Ñ��²; “nÚ�.” �±éÐ/)ºù
y�:

�-1��f�p�^�, �f¥�d>f¬�B
>l¤�gd>f, �	\�-1|���, @

vk���>f¬���>l (ù
1>f�U

þ�$), @
���>f²-1|\��
#.£�1lfNC; ù�>fe�1lfu)�
5-E, Ò¬�)Uþ�p�1>f, e�1lf
¥�Ù¦>fu)-E, Ò¬�)�S�V>l;

e>f�1lfEÜ, ù�>fl-1|¥¼��
Uþ±1�/ªº�Ñ5, =pg�Å (HHG), ¤
Ë�Ñ�pg�Å��Uþ� Nω = IP + 3.17UP ,

Ù¥ IP ´�f�>lU, Up = E2/4ω2 ´>f3
-1|¥�k�ÄåU, E ´\�-1>|��Ì,

ω ´\�-1|��ªÇ. dþ¡� “nÚ�.” �
�, �f3r-1|¥�Kþ>l (�)�S�>
l) �pg�Åu�´k¿��, �-1rÝ3�
f��B>l«��, Ì�´pg�Å�u�, �
Ð«Ñpg�Å�²�«�, ù�²�«��´Ü
¤C¦óÀ�n�1. �°Ä�-1|´�óÀ
�, dpg�Å�E�C¦óÀ´��óÀó [4,5],

òC¦óÀó��^u�¯L§�ÿþ´(J�,

<��F"��ü��C¦óÀ, ÏdïÄü�C
¦óÀ��)äk��¿Â.

dpg�Å¼�ü�C¦óÀ�Ì��{k:

 ��EâÚ|Ü|°Ä�f�)ü�C¦óÀ.

 ��Eâ [6] Ì�´�â� �-1°Ä�f
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Uk��)pg�Å, ý� �-1�)�p
g�Å�Ç4$��n5¢yü�C¦óÀ�u
�; ^|Ü|°Ä�f�)ü�C¦óÀÌ�
´ÏLé|Ü|�ëê?1`z, ¢yé>l>
f�´»ÀJ5�)ü�C¦óÀ, ~X^üÚ-
1 [7−10]!nÚ-1 [11]!-1\�±Ï| [12]!}
ò-1��Å| [13]!}ò-1�·>| [14] ±9
Äª-1|N\�ÅóÀ [15] ��¤�|Ü|.

�C·�¦^üåÓÚ-1|�¥ù	|�
E�|Ü|°Ä��±�f�)ü�C¦óÀ, �
�
ü�C¦óÀÙ�áó°� 42 as[16], Ó�·
���#ïÄ�L², 3|Ü|±Ï�½��¹e,

|Ü|>|©þ�þ,÷Úeü÷��mCz�
¯ú�¬K�C¦óÀ�°Ý [17]. Äuù��g
´, �©ò3©z [16] �Ä:þ|^üå�ÓÚ�
-1| (Å�©O� 1600 nm Ú 800 nm) U
¢y
|Ü|¥3Ì�u�pg�ÅÏm>|�þ,÷
Úeü÷��mØÓ�Cz5Æ�U¦pg�Å
�²���ÿ°, 3üå-1äk�½�ò´�m
e, U
¢y�á�ü�C¦óÀu�.

2 nØ�.

æ^ó4Cq, 3�Ý5�e��±�f3r
-1|¥�¹�Å½��§� (æ^�fü )

i
∂ψ(x, t)

∂t
= H(x, t)ψ(x, t), (1)

Ù ¥ H � N X � M � î þ: H(x, t) =

−(1/2)(∂2/∂x2) + V (x) − xE(t), V (x) ´��±
� f � � . ³, æ ^ ^ ¥Õ³ � / ª: V (x) =

−1/
√

a2 + x2, � a = 0.485 �ÒU��ý¢±
�fÄ�Uþ –24.58 eV, E(t) �-1|�>|©
þ.

(1) ª�)�^©��Î��{��

ψ(x, t + ∆t) = e
(
i∆t
4

∂2

∂x2

)

× e(−i∆t(V (x)−xE(t)))e

(
i∆t
4

∂2

∂x2

)

× ψ (x, t) + o(∆t3), (2)

äN�¦)L§3©z [18] ¥®k£ã. 3��¹
�Å¼ê�, $^ Ehrenfest ½n [19], ��>f�²
þ\�Ý

a (t) =
〈

ψ (x, t)
∣∣∣∣−∂V (x)

∂x
+ E(t)

∣∣∣∣ ψ (x, t)
〉

. (3)

pg�ÅÌ�rÝ

Pq (ω) = |aq (ω)|2 , (4)

Ù ¥, aq(ω) =
∫ t

0
a (t) e−iqωtdt � a (t) � F p

�C�.

é�½ª°���pg�Å?1U\���
C¦óÀ

I (t) =

∣∣∣∣∣∑
q

aqeiqωt

∣∣∣∣∣
2

. (5)

�
©Ûpg�ÅÌu���m-ªÇA5,

·�|^�ÅC���ªÇ� ω ��Å�u��
m t0 �Cz

Aω (t0, ω) =
∫

a (t) wt0,ω (t) dt

= Aω (t0) , (6)

ª¥

wt0,ω (t) =
√

ωW [ω (t − t0)] , (7)

Ù¥

W (x) =
1√
τ
eixe

−x2

2τ2 (8)

� Morlet �ÅCz�I¼ê [20]. l (6)—(8) ª�
±wÑ Aω (t0, ω) ���6uëê τ ���. 3
�ÅªÇ���½��¹e, ÏLÀ�ØÓ� τ

�O�uy, ¦+ Aω (t0, ω) ����¬k�É,

� Aω (t0, ω) ��müz�5ÆA�ØC, 3O�
¥� τ = 15.

3¦) (1) ª�¹�Å½��§�, Äk�(
½NX�Ð©Å¼ê. �Ä t = 0 ��-1|m©
�^��fþ�, �f?uÃ	|��¹, ÏdÐ
©Å¼ê�NX�Ä�Å¼ê. 3�©O�Ð©Å
¼ê�^ 7 � 220 � B �^¼êÐm, 2ÏLé�
z��{(½ÙÐmXê.

3 (J�?Ø

UìüåÓÚ-1|�¤�|Ü|¤��>
|/ª [21]

ES(t, τdelay) = ε(t + τi/2) − ε(t − τi/2),

i = 1, 2,
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Ù¥

ε(t) =


Ei cos2

(
ωiti
2Ni

)
sin(ωiti), � |t| <

NiTi

2
�,

0, Ù¦,

i = 1, 2.

éuÓÚ|Ü|ó, N1 = N2 ©O�ùüå-
1�±Ïê, E1 = E2 �üå-1�>|¸�r
Ý, T1 = T2 �üå-1�±Ï, ω1 = ω2 �-1
|��ªÇ, τ1 = τ2 �üå-1��mò´. d
ù��|Ü|°Ä�f, 3u�pg�Å�Ì±Ï
S>|�þ,÷Úeü÷��m�CzÇ´é¡
� (�´ÎÒ��), �
¢y>|©þ3��u�
pg�ÅÌ±ÏS�þ,÷Úeü÷��mkØ
Ó�CzÇ, �3þ,÷��m�²þCzÇ'e
ü÷�m�²þCzÇú, ù��k|u¢y�á
C¦óÀ�/¤ [17]. Ïd·�JÑdüåÅ�Ø
Ó�-1|�E�|Ü|5°Ä±�f�)pg
�Å, üå-1�rÝØÓ, ��Å��-1Ì�
|Ü|�þ,÷, ù�ÒU�y|Ü|¥>|�þ
,÷��mCz�ú. ·�3O�¥¦^�-1¥
%Å�©O� 1600 nm Ú 800 nm, -1|rÝ©O
� E1 = 1 × 1015 W/cm2 Ú E2 = 6 × 1014 W/cm2,

óÀ±Ïoê N1 = N2 = 4, üå-1��mò´
©O� τ1 = 1.0T Ú τ2 = 0.0T .

ã 1 �Ñ
æ^þãüå�ÓÚ-1ëê±
9dd/¤|Ü|�>|©þ��m�Cz. l
ã 1(b) �±wÑ|Ü|¥
4��m�>|þ,
÷Úeü÷��mCz�¯ú (²þ`5) ´ØÓ
�, 3¥
4�NC�´Ì�u�pg�Å�L
§. |^ù«|Ü|°Ä��±�f¤�)�pg

�ÅÌdã 2 �Ñ, dã�±wÑÙpg�ÅÌÐ
«
õ�²�, ¿��� �� 1500 õ�, �A1
f�Uþ�±�� 1196 eV, �·�3©z [16] ¥
¦^üåÓÚ-1/¤|Ü|�)�pg�Å�
'O\
 577 eV (�� �ÿ°��Ïò3e¡�
Ñ)º), ¿�3�°�ªã��S, pg�ÅÐ«
Ñ
éÐ�ëY5, k|u�)�á�C¦óÀ.

¢�þ�±ÏLÈÅ�/ªÀJ�½ªÇ���
pg�Å5Ü¤C¦óÀ, ÀJØÓªÇ���p
g�ÅÜ¤�C¦óÀ¬éC¦óÀ�/GÚ°
Ýké�K�, ��ÀJpg�Å�ªÇ��¦U

Ü¤�C¦óÀ/G'�5K�°Ý�Ä. ln
Øþ¼�C¦óÀ�´ÏLé�ÅÌ�²�«�
SØÓ�ê�pg�Å?1U\, U\ØÓªÇ�
��pg�Å�±�	ØÓ�¹eC¦óÀ�A
5. ã 3 ´©OU\ 970—1150 �Ú 1040—1215 �
�Å���C¦óÀ, dã�±wÑ���C¦ó
Àkü�, ÙÌóÀ°Ý©O� 32.3 as Ú 32.7 as,

��u©z [16] ����áóÀ 42 as, óÀ°Ý
C�
, `²¦^ù« (²þ`5) þ,÷�úe
ü÷�¯�|Ü|k|u�)�á�C¦óÀ. U
C|Ü|þ,÷Úeü÷��mCz�¯úU

¢y�á�C¦óÀ�±ÏL�²; “nÚ�.”

¥�EÜL§��½5)º. ·���, pg�Å
�u���Ò´>f�1lf�EÜ��. ��`
5, u�,�ªÇ�pg�Å (3²�«�) L§¥
>f��´»Úá´»Ñk�z, á´»�EÜ
��3>|��¸��c�þ,÷, ù�þ,÷�
>|rÝ��mCz�ú, >|þ,±Y��m�
�, ¦�EÜL§±Y��m���, =u�L§
±Y��m��, u�L§��Aò�. ù�Ø=

ã 1 (a) τ1 = 1.0T (¢�) Ú τ2 = 0.0T (J�) �üÚ-1|��mCz; (b) |Ü|��m�Cz
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ã 2 He �f3|Ü|¥�)�pg�ÅÌ

¦u�C¦óÀ�rÝü$, ¿�°Ý�k¤O\,

ã 3(a) Ú 3(b) ¥�f�C¦óÀ�´Xd, Ó�,

éu>f�´»ó, þ,÷�|Ü|E,é�´
»>f?1\�, �>|¸��½��¹e, \�

��m��, >fl|Ü|¼��Uþ��, �A
u�pg�Å��êÒ�p, l¦pg�Å��
� �ò���°, ùÒ´�éu©z [16] pg�
Å�� �ò���Ï; éu|Ü|�>|��
¸��, ÙrÝm©eü, ù�>f�1lfEÜ
L§Ì�´>f�´»��z, >|�eü÷e�
�mCz�¯, @o>|eü±Y��mÒá, >
f�´»�EÜL§ÒU3éá�mS�¤, l
���C¦óÀØ=rÝp (�éuá´»�z
 ó),  �óÀ � ° Ý � Ä, ù � ´ ã 3(a) Ú
3(b) ¥éA�r�óÀ. duØÓ�ê�C¦ó
Àu���´ØÓ�, ÏdXJU\ªÇ���
°�pg�Å¤Ü¤�C¦óÀÒ¬¦���
C¦óÀ°Ý��O\, �C¦óÀ�/G�é
Ø5K.

ã 3 ò´�m 1.0T �|Ü|¤�)�C¦óÀ (a) U\�Å 970—1150 �; (b) U\�Å 1040—1215 �

ã 4 ò´�m 1.0T �|Ü|epg�Åu���ª©
Û (900—1230 �)

�
©ÛC¦óÀu�L§��ÅUþ��
m�Cz'X, ·�|^ (6) ª��ÅC�é�Å
�u�L§?1
�ª©Û, ã 4 �Ñ
�ÅC�
�(J. lã 4 �±wÑ, éu,���½�Uþ,

�3Xü�ØÓ>f´»��z (>f>l@E

Ü´�¡��´», >l´EÜ@�¡�á´
»), ¿�uy>f�´»��z'á´»��z
� (AO´3 1050 �NCLy�AO²w), ù�
ã 3 ¥�(J��, =���u��C¦óÀrÝ

ã 5 ò´�m 0.9T �|Ü|epg�Åu���ª©
Û (900—1230 �)
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p. ·��8�´��ü��C¦óÀ, �dI�
òÙ¥���óÀ?1³�. |^·�3©z [22]

¥¦^��±ÏLN!üå-1��mò´, 5
��é,��>f´»�z?1³��8�, 3Ù
¦^�ØC��¹e, ·�òüå-1�ò´�m
l τ1 = 1.0T ~�� τ1 = 0.9T , ¿é���pg�
ÅÌ?1�ª©Û (Xã 5 ¤«), l�ª©Ûã 4

�ã 5 �é'5w, ·�uy>f��´»�z�
ÀÑ5, >f�á´»épg�Å��zA��
��³�. E,U\�c¡�Ó��Å�êU
�
��A�C¦óÀ (Xã 6 ¤«), �ª�±��ü
�C¦óÀ, Ù�A�°Ý� 33.7 as. �,�éu
�5�óÀ°Ýk�N�O\, �´ü�C¦óÀ
�/G�~5K.

ã 6 ò´�m 0.9T �|Ü|e¤�)�C¦óÀ (a) U\�Å 970—1150 �; (b) U\�Å 1040—1215 �

4 ( Ø

�©æ^Å�©O� 1600 nm Ú 800 nm �ü
å�ÓÚ-1�¤|Ü|, ¿|^ù«|Ü|°Ä
��±�f, ÏL©��Î{ê�¦)±�f3ù
«|Ü|�¹�Å½��§, lnØþïÄ
±�
fu�pg�Å9dd�E�C¦óÀ5Æ. ïÄ
(JL²: 3�¤ù«|Ü|�, ÏLUC>f3
EÜ���|Ü|/G, U
UCC¦óÀ�u�
A5. ù
u�A5U
ÏL�²; “nÚ�.”

¥�EÜL§��)º: 3>fEÜ���±ÏS
|Ü|kþ,÷Úeü÷, ù«þ,÷Úeü÷é
A�©O´>fá´»Ú>f�´»�EÜL§,

ÏL¦|Ü|þ,÷Cz�ú, ±Y��m��,

¦á´»>f�EÜ��C�, l¦á´»EÜ
�>f¤u��C¦óÀrÝC�, Ó�, �U

¦�´»�>f¼����\��m, l|Ü|¥
¼��õ�Uþ, ¦pg�Å��� ���?�
Ú�ò�; ,��¡, ¦|Ü|eü÷��mCz
�¯, ù��± á�´»>f�EÜ�m, l
¦pg�Å3�é8¥��mSu�, ù���u
á´»>fu�C¦óÀ, d�´»>fEÜL§
U
u�Ñ�r!°Ý�á�C¦óÀ. ��·�
ÏLUC�¤|Ü|�üå�ÓÚ-1óÀ�ò
´�m, k�/³�>fá´»éC¦óÀ��z,

��ó°� 33.7 as �ü�C¦óÀ.
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Isolated attosecond pulse generated by a model
helium atom exposed to the combined field∗
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Abstract

We theoretically study the high-order harmonic generation (HHG) of a model He atom exposed to a combined field of 1600 nm

and 800 nm laser pulses. The changing of rising rate and falling rate with time for the combined filed during main HHG, can present

the different characteristics of high-order harmonic generation from the short electron trajectories and the long electron trajectories. By

superimposing several harmonics generated from He atom driven by the combined field, we could obtain shorter attosecond pulses. Fi-

nally, by adjusting the time delay between two laser pulses, we can effectively suppress the contribution of the short electron trajectories

to HHG, and obtain an isolated attosecond pulse with duration 33.7 as.

Keywords: combined field, high-order harmonic generation, attosecond pulse

PACS: 32.80.Rm, 42.65.Ky, 42.65.Re

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11044007, 11047016, 11264036), the Specialized Research

Fund for the Doctoral Program of Higher Education of China (Grant No. 20096203110001), and the Innovative Foundation of Northwest Normal

University (Grant No. NWNU-KJCXGC-03-62).

† E-mail: zhouxx@nwnu.edu.cn

233203-6


