
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 143201
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( 2011 c 9 � 30 FÂ�; 2011 c 12 � 9 FÂ�?Uv )

ÏLê�¦)��¹� Schrödinger �§, ïÄ
äk��ó°VÚ-1óÀ���f�p�^�)�pg�
ÅÚC¦ (as) óÀ. ùp�VÚ-1óÀd�åÄªv��ÌóÀ�,�åù	N\óÀ�¤. ïÄuy, �Ü¤
óÀ�ó°À� 12 fs �, À�Ü·�N\óÀÅ�, Ü¤>|��Ì3©"à�mãU��Ì³�, =¥mÜ©�
>|é�ÅÌ²�«Ú�� �åÌ��z. ÏL©ÛÜ¤óÀ>|©"à�mã³��Ån, ?�Ú*Ð
Ü¤
óÀó°� 60 as, ¿�� 160 as ��ááóÀ. ù´î8��3�áC¦óÀ�)ïÄ¥¤æ^���ó°. T�
Y¥�Ü¤óÀ��uü� 5 fs áóÀ��^, %�Ñ
 5 fs óÀ$ÑÑUþ���C¦óÀUþ$�(J.

'�c: pg�Å, �áC¦óÀ, �ó°|ÜóÀ

PACS: 32.80.Rm, 42.50.Hz, 42.65.Re

1 Ú ó

C¦óÀ�±=��lÚ&ÿ�f�©f¥
>f�$Ä, éù
>f$ÄL§���n)U�
�#1
�uÐ!&¢î­;¾��*å
. pg
�Å�)´�c¢�þU
¢yC¦ (as) óÀË
�
���Ãã [1−3]. pg�Å´�r-1óÀ�
�f!©f!ìq±9�N�0��p�^�)
��ZË�Å. ïÄuy, ¤kpg�ÅË�Ìþ
¥yXeA�1�: �Ð�Ag�Å, �X�Åg
êO\u��Ç¯�eü; �X, 3��,g�Å
�Ñy��rÝA�Ø��ÅgêCz�«� (¡
�²�«); ��, 3²�«"à�,��g�ÅN
C, �ÅrÝ¯�eü, Ñy��. du�ÅÌ¥y
²�«±9²�«�Å�ÕA`:, ¦§¤�¼�
4b	9^ X ��ÅãC¦óÀ�ZË�
�­
�Ãã [4].

æ^pg�ÅÃã, �c�áC¦óÀ��)
�ÏL±eEâ¢y.

�� �-1óÀáuü�±Ï�, Ün/�
�1Å�ä� , �ÅÌ��«�¢y� ���
°��ëYÌ, ¢�þ�� 80 as ��ááóÀ [5],

ù´î8��3¢�þU
����áóÀ. ,
,

T�Yæ^�A�±Ïþ?�1óÀUþ�$, �
��)�C¦óÀ�Ç$, éJ^u-u XUV ±
9^ X ��Åã�¯��5y�.

���O��Y´|^pg�ÅéÄ$1 
���A9Ù(¯�A5, ÏL¯�UC°Ä-1
|� ��¦pg�Å3�4á��mm�S�
)
¼�ü�C¦óÀ [6]. ,
, �
����4
á��mm�, k^�� �-1|rÝ'¢S-
1|rÝ$, T�{���C¦óÀ¢S´±��
-1Uþ��d, �æ^� �-1óÀ�', �
��C¦óÀ�Ç$.

2006 c, Pfeifer � [7] (Ü 12 fs �Äªv��
-1�§��g�ÅóÀ, ÏLN�üåóÀ�m
�� , 3¢�þ��
�Ç�p� 130 as ��á
áóÀ, ù3C¦ïÄ+�´��#�â». du
T�YØ�¦¦^äkA�1Æ±Ïþ?��á
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1óÀ, �Ñ
f[+óÀØ C�!}òº½ö
 ��Eâ�5�óÀUþ$, ±9üåóÀ�m
�é� ØN´���":, 3¢�þ'�N´¢
y. T�Y�ØUÏL?�ÚÐ°\�°ÄóÀ�
ó°¼��áC¦óÀ, �§Jø
��#�g´.

�±æ^õ±ÏVÚ|¼��áC¦óÀ, �3¢
�þ�´¢y. 2010 c, Lan � [8] |^ 15 fs v�
�-1óÀ��å 40 fs �N\óÀ|Ü, �N\
óÀÅ�� 1300 nm �, �� 220 as ��ááóÀ.

Äu±þ©Û, �©l|ÜóÀ>|�/GÑu,

�[/©Û
õ±ÏVÚ|�^e�áC¦óÀ
��)Ån, ?
æ^ 60 fs �VÚ|��
 160 as

��ááóÀ.

2 nØ�.ÚO��{

� © æ ^ Crank-Nicolson � � ê � È ©
{ [9], � � ¦ ) r - 1 Ú � f � p � ^ � ¹
� Schrödinger �§. 3�Ý5�Ú>ó4Cq
e, r-1Úü�f�^���¹� Schrödinger �
§� (eÃAÏ`², ±eþæ^�fü )

i
∂

∂t
ψ(x, t) =

[
−1

2
∂2

∂x2
+ Va(x) + xE(t)

]
ψ(x, t),

(1)

Va(x) ��f³¼ê, �©À^?��^Ø¥Õ
³ [10] 5£ã:

Va(x) = − q√
x2 + a

. (2)

� q = 1, a = 2, ¦�NX�Ä�Uþ� ε0 = −0.5,

éA��f�Ä�. ·�Àù����f3-1|
¥üzc�G�.

Emix(t) �� ��VÚ-1>|, §�/ª
�

Emix(t) = E1f1(t) cos(ωt)

+E2f2(t) cos
[(

ω − mω

n

)
t + φ

]
(m < n), (3)

Ei Ú fi(t) ©O´Å�� 800 nm �v��ÌóÀ
ÚN\óÀ�¸��ÌÚ�ä¼ê, ω ´ÌóÀ�
�ªÇ, φ ´üåóÀ�m��é� . l (3) ª¥
�w�, N\óÀ�ªÇ�ÏLN��ê m Ú n

5UC. 3äN¢�L§¥�ÏLN� 800 nm Ì
óÀ�1ÆëþL§5��.

ÏLê�¦)�§ (1) ��NX3?¿���
¹�Å¼ê ψ(x, t), ?
��\�Ýó4Ý:

dA(t) =
d2

dt2
〈ψ(x, t)|x|ψ(x, t)〉

= −〈ψ(x, t)|dVa(x)
dx

|ψ(x, t)〉 − E(t). (4)

NX�pg�Å1Ì�±ÏLó4\�Ý�
Fp�C���:

Pa(ω) =

∣∣∣∣∣∣ 1
(ti − tf)ω2

tf∫
ti

dA(t)e−iωtdt

∣∣∣∣∣∣
2

, (5)

Ù¥, ti, tf �Fp�C��Ð��Ú"��. 2é
\�Ýó4Ý��A� Morlet �ÅC� [11], K�
�,�g�Å��mA5. =ªÇ� ω ��Å3�
� t �u�õÇÌ��

dω(t) =
∫

dA(t′)ωt,ω(t′)dt′,

Ù¥�ÅØ� ωt,ω(t′) =
√

ωW (ω(t′ − t)). é�©
¤^� Morlet �Å, Ù/ª�

W (x) =
1√
τ
eixe−

x2

2τ2 ,

T�ÅC��I�¼ê�XªÇ�Cz
Cz, �
I�¥���êð½. �©ÀJ τ = 15.

3¦) Schrödinger �§�L§¥, ·�<�
/���m>. x = ±2000, ÚÌ dx = 0.02, �
m��: 0.01. �
;�Å�3�m>.��
�, \\
 cos1/8 /ª�¡ä¼ê [12], ù�¼ê
3 |x| = 1700 � 2000 ��måll 1 �úCz
� 0.

3 õ±ÏVÚ|�^e�áC¦óÀ
��)

3õ±ÏVÚ|Ëìe, NX¥UÄ�)�á
C¦óÀ, IïÄõ±ÏVÚ|���f�p�^
�pg�Å�)L§. O�¥À�N\óÀÅ�
� 960 nm, = (3) ª¥ m = 1 Ú n = 6. üåóÀ�
�é�  φ = 0, ó°þ� 12 fs (N\óÀó°3ê
��[¥éO�(JK�é�). ÌóÀ�N\ó
À>|�¸��Ì©O� E1 = 0.07 Ú E2 = 0.04.

ã 1 �ç¢�Ð«
��f�VÚ|�^�
��pg�ÅÌ. �
'�, ã 1 ¥J��Ñ

T�f�ØÓrÝ�v��ÌóÀ�p�^�
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���ÅÌ. dã��, n«ØÓËì^�e�Å
Ì�� �²wØÓ. ��prÝÌóÀ�æ^
� (E1 = 0.11), �ÅÌ��� �� 61 g; ��$
rÝ�ÌóÀ�æ^� (E1 = 0.07), �ÅÌ���
 �=� 29 g. ü«�/e�ÅÌ�� ���
� �úª Ecutoff = Ip + 3.17Up

[13] ýó�(J
��, ùp Ip ´>l³, Up ´k�ÄåU. 
�|
ÜóÀ�æ^�, �ÅÌ��� �� 67 g, ��
� �NCÑy�ëYÌ. �ânÚ�.úª, ·
�ê�O�
|ÜóÀËìe>fEÜ��äk
�ÄU�>f>l���Cz'X, Xã 2 ¤«.

�±w�, �>f3 t = 608 a.u. >l (5.52 �1Æ
±Ï), ��fØEÜ�äk���ÄU� 8.86Up,

�A��Ågê� 67 g, T(J�ê�¦)¹
� Schrödinger �§��[(J��.

� � � � � � �� ��� �	
�� 
 � � � �� � � �� � � �� � � � �� � � � �� � � � �
ã 1 ç¢��|ÜóÀ���f�p�^����ÅË�õ
ÇÌ; :�´|Ì� E1 = 0.07 �ü�v��-1óÀ���
f�p�^�)��ÅË�Ì; á�´|Ì� E1 = 0.11 �ü
�v��-1óÀ���f�p�^�)��ÅË�Ì

� � � � ������� � � � � 	 
 � � � � 
 	� � � � � 
� � � � 	
 � � 
 � �� � � � 
 	 	 � 	 
 � 	 
 � ��� � � � � � � �
ã 2 |ÜóÀËìe>f3EÜ��äk�ÄU�>f>l
���Cz

ã 3 Ð«
n«ØÓËì^�e��ª©Û
(J. 3ã 3(a) Ú (b) ¥, duÌóÀ3����1

Æ±Ï�é¡5, äk��Uþ�1fz�1Æ±
ÏË�üg, Ïd�)
±Ï5�C¦óÀó. N
\óÀ�5\ÚåÌóÀ>|�m�äu)wÍ
Cz, ?�ÚN�
>fÅ����;,. ã 3(c)

Ð«
|ÜóÀ�ÅÌþ 62 � 72 g�Å��ª
©Û(J, �±w��)
 140 as ��ááóÀ.� � � � ��� � � � � �� � � � � �� � � � � �� 	
� �
��� �

� 	
� �
��� �
� 	
� �
��� �

� � � � � �
� � � � � �
� � � � � �

� � �
� � � � �� � � � � ��� � � � �� � � � �� � � � � � � �

� � � � � � � � � � � � � � ��� � � �� � � �� � � � � � �� � � � �
ã 3 C¦óÀ�)��m�ä­� (a) |Ì� E1 = 0.07

�ü�v��-1óÀËìe�)�1 29 g�Å�ÅC�(
J; (b) |Ì� E1 = 0.11 �ü�v��-1óÀËìe�)�
1 61 g�Å�ÅC�(J; (c) |ÜóÀËìe�)� 62—72

g�Å�ÅC�(J

4 õ±ÏVÚ|�^e�áC¦óÀ
��)Ån

�
©Ûõ±ÏVÚ|��f�^�)�á
C¦óÀ�Ån, ã 4(c) �Ñ
Ü¤óÀ>|��
mCz�­�. dã��, N\óÀ�5\òÌó
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À>|²þ©¤n��mã, Ù¥üà�mã>|
��Ì��Ì³�, =¥m�mã�>|é�ÅÌ
²�«Ú��«åÌ��z. eæ^TVÚ|��
\�°ÄóÀ, 3pg�Å�)L§¥ò��uü
� 5 fs áóÀ��^, =�^u¼��á�C¦á
óÀ, %�Ñ
 5 fs óÀ$ÑÑUþ���C¦ó
ÀUþ$�(J. Ïd3ã 3(c) ¥Ñy
rÝ�p
� 140 as �ááóÀ.

e¡æ^êÆÃã©ÛA½Å��N\óÀ
5\�, Ü¤óÀ>|©"à�mã�³���Ï,

k|u·�?�ÚÐ°¼��áC¦óÀ�\�
°ÄóÀ°Ý. 3 (3) ª¥, ·�Äk� E1 = E2,

VÚ-1>|�/ªz�

Emix(t) = E1f1(t) {cos(ωt)

+ cos
[(

ω − mω

n

)
t
]}

. (6)

²L{ü�n�¼êC�, (6) ª���

Emix(t) = 2E1f1(t) cos
[(

ω − mω

2n

)
t
]

× cos
(mω

2n

)
t

= 2E1f(t) cos
[(

11
12

ω

)
t

]
× cos

(
1
12

ω

)
. (7)

ùpÜ¤>|dü�{u¼ê¦È�¤, 1
��{u¼ê���ªÇ´ 11ω/12, K1Æ±Ï
´ T1 = 12T/11 (T ´v��-1óÀ���ª
Ç). 3þ¡�O�L§¥, À��óÀ�ä¼ê�
¹ 12 �v��1Æ��±Ï, ÏL{ü�O�, �
��ä¥AT�¹ 11 � T1. ã 4(a) �Ñ
�K (7)

ª¥����{u¼ê�>|��m�ä­�. é
w,�ä¥�¹X 11 �1Æ��±Ï. Ó�/, é
u (7) ª¥����{u¼ê, �Ü¤|�ó°E
��¹ 12 �1Æ±Ï�v��óÀ�, ���ä
¥=k��1Æ��±Ï, = T2 = 12T , Xã 4(b)

¤«. 3ã 4(b) ¥, ·��w�±eü��mã>
|��Ì�é$, =l1��1Æ±Ï�1o�
1Æ±Ï91l�1Æ±Ï�1��1Æ±Ï. 

3ã 4(a) ¥, duóÀ�ä���, >|�$�Ì
Ñy3cü�1Æ±ÏÚ��ü�1Æ±Ï. ü�
{u¼ê¦È�(J7,´>|��Ì¥yn�
�mã, 3©à (lm©�1o�1Æ±Ï) Ú"
à (l1l�±Ï���) ü��mã, >|��Ì

��Ì³�, =¥m�mã�>|é�ÅÌ²�«
Ú�� �åÌ��z.� � � � �� � � � �� � � � �� � � � ��� � � �� � � �� � � � � 	 
� � � � � � 
 � � � � � �

� � � � ��� � �� � �� � � �� � � � � � 

� � � � �� � � � �� � � � �� � � � ��� � � �� � � �� � � �� ��� ����� �

� ��� ����� �
� ��� ����� �

� � � � � �
� � � � � �
� � � � � �

� � 

ã 4 >|��Ì��mCz­� (a) ªÇ� (1 − m/2n)ω

�>|; (b) ªÇ� mω/2n �>|; (c) Ü¤óÀ>|

� � � � �� � � � �� � � � �� � � � ��� � � �� � � �� � � �� 	
� �
��� � � � � � � �
ã 5 Ü¤óÀ>|��Ì��mCz­� :�: E1 = 0.07

Ú E2 = 0.04; ¢�: E1 = 0.07 Ú E2 = 0.07

±þ©Û´3 E1 = E2 ��¹e�Ñ�, �§
Ó�·^u E1 6= E2 ��/. ã 5 ¥�¢�ÚJ�
Ð«
ü«�/e>|�Ì��mCz�­�. �
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�, N\óÀ>|�Ì�CzÌ�N�Ü¤óÀ�
¸��Ì, ¿ØK�Ü¤óÀ©"à�mã�Ì�
�Ì³�.

5 60 fs �ó°VÚ|�^e�áC¦
óÀ��)

lþãÜ¤óÀ>|/G�©Û¥w�, é
uóÀ�ä¥�¹ 12 �v��1Æ±Ï�VÚ
|, =�ä¸�NC� 4 �1Æ±Ïé�ÅÌ²
�«Ú�� �åÌ��z. e�?�ÚÐ°\
��VÚ|ó°, �â±þ©Û, é�ÅÌk�z
�¥m�mãò�¹�õ±Ï. ã 6 Ð«
óÀ
�ä¥�¹ 18 �v��1Æ±Ï��|ÜóÀ
>|. ã¥w«
¥mã� 6 �1Æ±Ïòé�
ÅÌ²�«Ú�� �åÌ��z. XJ2?�
ÚòÐ|ÜóÀ�ó°, �d�Y, �áC¦óÀ
òØ2U
¢y. ,
, 3©Û (7) ª¥ü�{u
¼ê¦È�L§¥uy, ��óÀ�ä¥�¹{
u¼ê cos (mω/2n) ���±Ï, Ü¤>|��ä
¥yn��mã. eN�N\óÀ�ªÇ, ¦��
�óÀ�ä¥�¹{u¼ê cos (mω/2n) �n�
±Ï, Ü¤>|��äò¥yÊ��mã, ��ä
¸�NC�¥mãk�>|�Ýò¬?�Ú á,

����ó°�Ê©��. �?�Ú/, 4��
ó À � ä ¥ � ¹ { u ¼ ê cos (mω/2n) � Ê �
±Ï, Ü¤>|��äò¥yÊ��mã. Äu
d, ·�3ã 7(a) ¥Ð«
d 60 �v��1Æ
± Ï � ¤ � � ä ¥ � ¹ { u ¼ ê cos (mω/2n)

�Ê�±Ï��Ü¤>|«¿ã, �±w�Ìó
À � � � ä y 3 d Ê � � � ä � ¤, � = ¥ m
1 5 ���äé�ÅÌ�� ���ëYÌk�
z. æ^TVÚ|���f�p�^���pg
�ÅË�ÌXã 7(b) ¤«, �±w��� �N
C 48 � 64 g�Å�)
�ëYÌ, �ª©Û�
��
 170 as ��ááóÀ. ù´î8��3�
áC¦óÀ�)ïÄ¥æ^���\�°Äó
Àó°.

ã 7 �Ñ�(J´3üåóÀ�m�é�
  φ � 0 ����. �N�üåóÀ�m�é
� �, Ü¤óÀ>|�Å/òu)UC, ?�
ÚN�>f�$Ä;,. ã 8 Ð«�´�üåó

À�é� 3l 0 � π �± π/8 �lÝUC�,

� � � C ¦ ó À � � ­ � ã. d ã � �, = �
φ � 2π/8 Ú 4π/8 �, � � � ´ C ¦ ó À ó,

Ù { �   ? � � ¼ � � á � C ¦ á ó À, � 3
0 Ú 6π/8 �, �©O¼� 170 Ú 160 as ��áá
óÀ. � � � � � � �� � � � �� � � � ��� � � �� � � �	 
�� 
���� � � � � � � �

ã 6 VÚ|ó°� 18 fs ��>|�Ì��mCz­�� � � � � � �� � � � �� � � � ��� � � �� � � �� �	
 ��
�� � � � � �
 � �� � � � � � � � � � � �

� � � � � � � � � �
� � � � � � � � � � � � � � � � � � � ��� � � � �� � � � �� � � � �� � � � � � � � � � � � � �� � � � �

� �	
 ��
�� �
� �	
 ��
�� �

� � �  � � � !� � � " "� � � " #� � � " $
ã 7 (a) VÚ|ó°� 60 fs ��>|�Ì��mCz­�;

(b) 3 (a) ¥VÚóÀËìe�pg�ÅõÇÌ; (c) 48—64 g�
Å��ª©Û(J
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 � � � � � � � � � � � � � ��� � � � � �� � � � � 
 � � � � 	 
 � �
� � � � � � � � � � � ��� � � � 
� � � � � 
 � � � � � � � � � � � � � ��� � � � �� � � � � � � � � 	 
 � �
� � � � � � � � � � � � � � � ��� � � � �� � � � �� ��� ����� �� ��� ����� �

� ��� ����� �� ��� ����� �
� ��� ����� �� ��� ����� �
� ��� ����� �� ��� ����� �


 � � � � � � � � � � � � � ��� � � � 
� � � � � � � � � 	 
 � �
� � � � � � � � � � � ��� � � �� � � � � � � � 	 
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Generation of isolated attosecond pulse from
two-color pulse with duration of 60 fs∗

Liu Sheng-Nan Chen Gao† Meng Jian

( College of Science, Changchun University of Science and Technology, Changchun 130022, China )
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Abstract

We theoretically investigate the high-order harmonic and attosecond pulse generation by numerically solving the one-dimensional

time-dependent Schrödinger equation from a hydrogen atom in a two-color laser field, which is synthesized by adding a suitable

multicycle infrared pulse to a multicycle 800 nm fundamental pulse. Our results clearly show that when there are 12 Ti: sapphire

optical cycles in the pulse envelope, by adding a suitable second optical field, the electric field of the synthesized pulse presents three-

segments, and only amplitude of the electric field in middle segment makes a major contribution to the plateau and cutoff region of

the harmonic spectrum. By analyzing the compression mechanism of two-color electric field, we further enlarge the duration of the

synthesized pulse to 60 fs, and obtain a single 160 as short pulse. This has been the longest pulse duration used for obtaining single

attosecond pulse so far. Here the effect of synthesized pulses is similar to the effect of single 5 fs ultrashort pulse. This scheme greatly

reduces the requirements for the pump laser system used traditionally for generating an isolated attosecond pulse, and it allows us to

use a well-established conventional high-power pumping laser.

Keywords: high harmonic generation, single attosecond pulse, multicycle synthesized pulse

PACS: 32.80.Rm, 42.50.Hz, 42.65.Re
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