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æ^õ±Ï� 800 nm v��-1|Ü 1600 nm ¥ù	óÀËì±lf�)pg�Åu�õÇÌ. �éuüÚ
|�/, �ÅÌÑy²w�V²�(�, �31�²�«Ñy
1w�ëYË�Ì, Ù=z�Ç�éu1�²�$

�ü�êþ?. ÏLN\ó°� 1 fs � 27 g�ÅóÀ�VÚ-1|�A½��, �±��>f>l3��1Æ
±ÏS×�J,, ¼�
dü�áþf´»�z�ëYË�Ì, ¦�1�²�«�Å�=z�Ç�éu|Ü|�/
Or 4 �êþ?, �ëYÌ�ªÌ��l1�²�«*Ð�1�²�«, U\TëYÌ 190 g� 285 g�Å)¤

ó°� 29 as �r!á�áóÀ.

'�c: |Ü-1, �ÅóÀ, C¦óÀ

PACS: 32.80.Rm, 42.50.Hz

1 Ú ó

C¦óÀU
Jl!���fÚ©f¥>f
$Ä��¯L§, ÏdC¦óÀ��)áÚ
<�
4��,� [1−3]. |^pg�ÅË�´8c¼�C
¦óÀ�Ì��{, �â Corkum �<JÑ� “n
Ú” �. [4], �ÅË��©�>f�>l!\�Ú
EÜn�fL§, �>l>fÚÄ�EÜ�, �Ñ
pU1f, 1f�ªÇ�u>fEÜ��ÄU\þ
�f�>lU. �
¼��á�C¦óÀ, <�Ä
upg�ÅJÑ
éõ�{, ~Xæ^1Å� ­
½��kA�1Æ±Ï�°ÄóÀ [5]!VÚ-1
óÀ [6−12]! ��Eâ [1] ÚV1Æ�Eâ [13] �
�. �C, <�|^VÚ-1óÀ��þf´»�
YØä��â», �áC¦óÀ�±Y�m®�C
���m�fü . �´, 3VÚ-1óÀ�Y¥,

duëYË��Å´>f3VÚ-1>|¥�f
�>|¸�?>l, ,�2ÚÄ�EÜ/¤, ��
ëY�Å�=z�ÇØp, �A/, |^T«��
Å)¤�C¦óÀrÝ�f.

|^b	C¦óÀ�á�óÀ°ÝÚ�p�
ü1fªÇA5´JpC¦óÀrÝ���1
�k��{. ÏLb	C¦óÀ½�ÅóÀ�±
��>l>f�ÄåÆL§, OrA½��>f
�>l, l
¦ëY�ÅÚC¦óÀ���²w
Or. Zhang �<ò 0.5 fs/29.6 nm C¦óÀ5\
� 5 fs/800 nm -1Ú 10 fs/1200 nm VÚ-1|¥,
��
 39 as �r�áóÀ [14]. Du �<3�±Ï
� 800 nm -1Ú$ª|�¤�|Ü|¥\\ 27
g�ÅóÀ, ¼�
 24 as ��áóÀ [15]. 3þã
VÚ|N\b	C¦óÀ½�ÅóÀ�Y¥, Ä
ª°Ä-1óÀÑ´æ^1Å� ­½��±Ï
� 800 nm v��-1, ù8c3�õê¢�¿¥
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¼�ké�JÝ.
�d, �©æ^õ±Ï� 800 nm v��-1

|Ü 1600 nm ¥ù	óÀËì±lf�)pg�
Åu�õÇÌ. (JL², �éuüÚ|�/, �Å
ÌÑy²w�V²�(�, �31�²�«Ñy

1wëY�Ë�Ì, Ù�Å=z�Ç�éu1�²
�$
ü�êþ?. �JpëY�Å=z�Ç, ò
ó°� 1 fs � 27 g�ÅóÀN\�VÚ-1|�
A½��, ¦�1�²�«�Å�=z�Ç�éu
VÚ|�/Or
 4 �êþ?, ëYÌªÌ��l
1�²�«*Ð�1�²�«, �dü��áþf
´»�z/¤, U\TëYÌ 190 g� 285 g�Å
)¤
ó°� 29 as �r!á�áóÀ.

2 nØ�{

3>ó4CqÚ�Ý5�e, r-1Ú�f�
p�^���¹�Å½��§� (eÃAÏ`²,
�©þæ^�fü )

i
∂

∂t
ψ(x, t) =

[
− 1

2
∂2

∂x2
+ V (x)

+ xF (t)
]
ψ(x, t). (1)

éþã�§æ^ Crank-Nicholson ê�È©�{ [16]

?1¦), 3¢SO�¥, �m>.� ±1600, Ó�
�;�>l>fÅ�3>.þ��Ôn��, \\

 cos1/8 /ª��ä¼ê [17]. �§ (1) ¥ V (x) æ
^�§�^z¥Õ³ [18]

V (x) = − q√
x2 + a

. (2)

ùp q = 2.0 Ú a = 0.5 éA±lfÄ�>l
U 54.4 eV. � ��nÚ-1óÀ>|�

F (t) =f(t)[E0 cos(ω0t) + E1 cos(ω1t + φ)]

+ Exuvf(t − τdelay)

× cos[ωxuv(t − τdelay)], (3)

Ù¥ ω0, ω1 ©O� 800 nm Ú 1600 nm -1�¥
%ªÇ, φ ��é� , �©-Ù� π, E0, E1 ©O
�üå-1óÀ�>|¸�. f(t) �-1óÀ�
�ä, æ^ sin2 �/ª, óÀ��p�°� 10 fs.
ωxuv, Exuv ©O� 27 g�ÅóÀ�ªÇÚ>|¸
�, τdelay ��ÅóÀ�éuÄª°Ä-1óÀ�
�mò´.

Ï L ê � ¦ ) � § (1) � � N X 3 ? ¿ �
� � ¹ � Å ¼ ê ψ(x, t), , � é N X \ � Ý �
ó4Ý [19]

dA(t) = −
〈

ψ(x, t)
∣∣∣∣ dV (x)

dx

∣∣∣∣ψ(x, t)
〉
− F (t). (4)

? 1 Fourier C � � � \ � Ý / ª � � Å u �
õÇÌ [20]

Pa(ω) =
∣∣∣∣ 1
(tf − ti)ω2

∫ tf

ti

dA(t) e−iωtdt

∣∣∣∣2. (5)

Ù¥, ti , tf � Fourier C��Ð!"��. é\�Ý
ó4Ý?1�A��ÅC�, K���,�g�Å
���A�, =ªÇ� ω ��Å3 t ���u�õ
ÇÌ��

dω(t) =
∫

dA(t′)ωt,ω(t′)dt′. (6)

Ù¥�ÅØ� ωt,ω(t′) =
√

ωW (ω(t′ − t)). �©æ
^ Morlet �Å [21]

W (x) =
1√
τ

e ix e−
x2

2τ2 . (7)

T�ÅC��I�¼ê´�XªÇCz
C
z�¼ê, ¿�I�¥���ê´ð½�.

3 (J�©Û

ã 1 ¥�ç!�¢�©O�Ñ
üÚ9V
Ú-1óÀËì He+ )¤�pg�Åu�õÇ
Ì. ü Ú - 1 ó À � 10 fs � v � � - 1, r Ý
� 1.4×1015 Wcm−2; VÚ-1óÀd 10 fs/800 nm
Ú 10 fs/1600 nm �-1|Ü
¤, ¸�rÝ©O
� 1.4× 1015 Wcm−2, 3.16× 1013 Wcm−2. ùp, æ
^� 10 fs/1600 nm �-1óÀ, �±|^1ëþ�
�Eâ¼� [22]. lã 1 ¥*	�, üÚ|�ÅÌ�
�� ��� 207 g, ù� IP + 3.2UP (IP � He+

>lU, Up = E2/(4ω2
0) � 800 nm -1óÀ�k�

ÄåU) ���5K�ÎÜ. lã 1 ��?�Ú5
¿�, �C�� �NC�üÚ�ÅÌ¥y²w�
©á¸�(�, ù«©á5
uØÓ>l���>
l>féÓ�g�Å�pZ�/¤. Ïd, U\²
��Ü��Å�±¼�C¦óÀG. ,
, éuV
Ú-1óÀ�/, du�f� 1600 nm ù	-1\
\, �ÅÌ���ªÇÐ°�� 291 g. 
�, VÚ
�ÅÌäk²w�V²�(�, 31�²�«¥y
Ñ1wk5K�ëYË�Ì. �)ºþãVÚ-1
óÀ�ÅÌ�A5, �©|^�²;� “nÚ” �
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.ïÄ
>l>f�ÄåÆL§.

ã 1 üÚ-1óÀ (ç¢�) ÚVÚ|Ü-1óÀ (�¢
�) Ëì±lf�)�pg�Åu�õÇÌ. üÚ-1óÀ
� 10 fs/800 nm �v��-1, rÝ� 1.4 × 1015 Wcm−2,
VÚ-1óÀd 10 fs/800 nm Ú 10 fs/1600 nm �-1Ü¤,
¸�rÝ©O� 1.4 × 1015 Wcm−2, 3.16 × 1013 Wcm−2

ã 2(a) �Ñ
�Å�>l�� (�%n�­
�) 9EÜ�� (¢%�­�) �Cz'X. lã 2(a)
*	�, >f3 4.512 � 800 nm 1Æ±Ï>l�,
�±�)���Å 291 g (^i1 A IÑ), ùÚ
ã 1 VÚ|�ÅÌ�1�²���ªÇ���. �
>f3 3.0 �1Æ±Ï>l�, >l>f�Ä�E
Ü�äk�� 275.8 eV �1�pEÜÄU, éA�
�Ågê� 213 g (^i1 B IÑ). >f3 4.014
�1Æ±Ï>l�, )¤ 203 g�Å (^i1 C I
Ñ), ù�VÚ�ÅÌ�1�²��� �Ä�Î
Ü. lã 2(a) ¥�±w�, éu 213 g� 293 g�
m��Å, �kü�þf´»éÙk�z, ��´
k>l�EÜ��´», ,��´�>lkEÜ�
á´», Xã 2(a) ¥¤«, ù��
ëYË�Ì�
�). d	, kü��þf´»Ú��áþf´»
é 203 g� 213 g�m��Åk�z. 
éu$
u 203 g��Å, K��kÊ�þf´»éÙk�
z. ù´VÚ|�ÅÌV²�(���)�Ï��.
ã 2(b) �Ñ
d ADK �. [23] O����8�z
>lÇÚ|Ü-1óÀ>|. lã¥�±*	�,
1�²�«�Å (ã 2(a) ¥pu B ¸±þ��Å)
éA�>lÇ�$u D ¸éA�>lÇ, 
 D ¸
� C ¸��ÅpÝ��, ù´��V²�(��,
��­�Ï�. ,	, lã 2(b) ¥��*	�, éu
1�²�«�Å, �´»�>lÇ'á´»��é
p�::. ù`², 3VÚ-1óÀ�/, �!áü
�þf´»éëY�Å��z��. ã 3 �Ñ
V

Ú-1óÀ�/ëYË�Ì��ªA5. lã¥�
±�ß/w�, �k��¸éÙk�z, �d¸�
m©| (éAuã 2 ¥��´») rÝ'�©| (é
Auã 2 ¥�á´») ��r�
, ùÚ “nÚ” �
.O�©Û���(J���.

ã 2 VÚ|ÜóÀ�/ (a) �Å�>l�� (�%n�
­�) ÚEÜ�� (¢%�­�) �Cz'X; (b) ^ ADK �
. [23] O����8�z>lÇ (�Ú«�) ÚVÚ|Ü-
1óÀ>| (J�)

l ã 2! ã 3 � © Û ¥ � ± w Ñ, N \ f
� 1600 nm ¥ù	-1óÀ, �±¼�ëYË�
Ì, �dukü�þf´»éz�g�Åk�z,
Ïd, U\ù
ëY�Å��U¼�C¦óÀG.
d	, ëY�Å�=��ÇØp, ��)¤�C¦
óÀrÝØr. �¼�r!á�áC¦óÀ, ·�
��3VÚ|Ü-1óÀ�Ä:þ, N\b	C¦
óÀ��>f�>lÄåÆL§, ¦��k��þ
f´»éëYË�Ì�Åk�z, Ó��)ëY�
Å�>l��²wOr. lã 2(a) �±*	�, V
Ú-1óÀ�ëY�ÅÌ�3 4.5 �Äª1Æ±Ï
NC���1Æ±ÏS>l�). �d, ·�3Ä
ª|� 4.6 �1Æ±Ï?U\ 1 fs � 27 g�Åó
À, ¦��k��áþf´»éëY�Åk�z.

ã 3 VÚ|ÜóÀ�ÅÌ��ª©Ûã
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ã 4 �Ñ
VÚ-1|N\�ÅóÀ��¼
��pg�Åu�õÇÌ (Xãç¢�¤«), �Å
óÀ�rÝ� 8.8 × 1013 Wcm−2. �
'�, ã 4
��Ñ
VÚ-1óÀ��ÅÌ, Xã¥�¢�¤
«. lã 4 �±w�, �ÅóÀ�\\, ¦���
�ÅÌ�p, ���3���Å²�. �A�ëY
Ì�Åu��ÇOr
òC 4 �êþ?, 
�ëY
Ì���*�, Ð°�VÚ-1óÀ�ÅÌ1�²
�«��Ü. ã 5 �Ñ
nÚ-1óÀ 150 g�Å
� 290 g�Å��ª©ÛÌ. lã¥�±�ß�w
�, �k��¸é 190 g� 290 g�Åk�z, �
T¸��©|rÝ²wrum©|, `²Ì�´�
�áþf´»éù
�Åk�z. lã 5 ¥��*
	�, ù
�ÅA�´Ó�u�, L²ù
�Å�
 £½, �±^5)¤�á�C¦óÀ.

ã 4 VÚ|Ü-1óÀ (�¢�) 9N\ 27 g�Åó
À (ç¢�) �)�pg�ÅõÇÌ. �ÅóÀó°� 1 fs, r
Ý� 8.8 × 1013 Wcm−2, VÚ-1óÀëêÓã 1

ã 5 nÚ|Ü-1óÀ�ÅÌ��ª©Ûã

ã 6 �Ñ
U\nÚ-1óÀ�Å 190 g
� 285 g¼��C¦óÀ, C¦óÀ����ä´
é�ÅÌ�����Fp�C���. �
'�,

ã 6 ¥me��µã�Ñ
düÚ| 207 g� 219
gm�Ûg�ÅU\)¤�C¦óÀ��A�. �
±�Ù/w�, üÚ|�/�)
��C¦óÀó,
z��Äª1Æ±Ïkü����1óÀ. ,
,
3nÚ-1óÀ�/, ���áC¦óÀ�±¼�,
óÀ±Y�m�� 29 as, ÙrÝ'üÚ|�/Jp

òC 8 �êþ?.

ã 6 nÚ-1óÀ�/U\ 190 g� 285 g�Å)¤�
�áC¦óÀ. me�µã�üÚ-1óÀ�/U\ 207 g
� 219 g�Å)¤�C¦óÀ���ä

d	, �©�ïÄ
 H27 g�ÅóÀrÝéC
¦óÀrÝ�K�. �X H27 g�ÅóÀrÝ�O
r, >l��ÅìO�, �Å=z�ÇJp, �A�
C¦óÀrÝOr. �´, H27 g�ÅóÀrÝL
r�, ¬�� He+ Ä��Ü>l, du�Å�)L
§´�É-EÜL§, Ä��Ñ¦¦��Å�Çü
$, �A�C¦óÀrÝ�¬eü.

4 ( Ø

nþ¤ã, �©ê�ïÄ
õ±Ï� 800 nm
v��-1|Ü 1600 nm ¥ù	óÀËì±lf
�)�pg�Åu�õÇÌ. �éuüÚ°Ä-1
óÀ�/, �Å��ªÇ��²wÐ°, �ÅÌÑ
y
V²�(�, �1�²���Å=z�Ç'1
�²�$
ü�êþ?. �d, |^b	C¦óÀ
�áó°�äkpü1fªÇA5, 3VÚ|Ü-
1óÀ�A½��U\ 27 g�ÅóÀ, ¦�>l
Ì�3 4.5 �Äª1Æ±ÏNC���1Æ±ÏS
�), ��k��áþf´»éëYË�Ìk�z,
l
¼�r!á�áC¦óÀ. (JL², 27 g�
ÅóÀ�\\, ¦�1�²�«�Å�Ç�éuV

123201-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 123201

Ú|�/Jp
o�êþ?, �ëYÌ�ªÌ��
l1�²�*Ð�1�²�, U\TëYÌ 190 g

�Å� 285 g�Å)¤
ó°� 29 as ��áóÀ.
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Isolated intense sub-30-as pulse generation by
quantum path control in the three-color laser pulse∗
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Abstract

We theoretically investigate the high-order harmonic generation from He+in the two-color laser pulse, which is composed of

a multi-cycle 800 nm laser and 1600 nm laser. Compared with the case of the fundamental laser, the harmonic spectrum presents a

two-plateau structure, and a broadband supercontinuum appears in the second plateau, of which the efficiency is approximately 2 orders

of magnitude lower than that of the first plateau. Adding the 27th harmonic pulse to the two-color laser at a proper time, we can control

the ionization mostly occurring at half the optical cycle, and the short quantum path can be picked out, the second plateau is heightened

four orders of magnitude compared with the case of the two-color case. Furthermore, the supercontinuum spectrum is extended from

the second plateau to the first one. An intense isolated pulse with a duration of 29 as is obtained by superposing the 190th—285th

harmonics in the continuous region.

Keywords: combined laser pulse, harmonic pulse, attosecond pulse

PACS: 32.80.Rm, 42.50.Hz
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