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Fig. 1. The IR laser field (a) and the XUV laser field
(b). The b; (¢ = 1,2,---,5) (red solid circles) and

ri(i =1,2,---,5) (blue squares) are the electron born

and rescattering time, associating with the cutoff in
the HHG spectrum.

3 EMER

B 2 Fr 7 IR & A RO 2610 R B i e, 4y
B RN (i), HiaRiMpfa
Ahi BRI ZE IR At = — 25T (40 4 92 £8) s

224206-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 224206

At =0 (BEEFHLR). HhBm & an Lk n] LR Bz 541
kv L B v I B (SR B 3G N T 5 B 6 SR
G, X5 SCER (17, 36) AH—E. A IR 2 54
HILL A1 (I TE) ZE SR N At = O, 5 TS I G 5
BT B EUESR, HABARE LSRR R 2N
Wy, WATHIX LR AR WA B AL A e, 2, e3.
XA AR (1 5R E  E BT — AN = AR
EA. ASCE T REZET IS SHIX — 2 EL g
R FRIATLEE.

10-5

10-10

Intensity /arb. units

" " " " " 14 1 Al i " ! "
0 20 40 60 80 100 120 140 160 180

High harmonic order

K2 (MTUR ) A EOE AT ™ AL m R G,
WL B A LLAN g, B R SN R AL AN 5 0 2
AR E] HIEIR R At = 0; ZLEMTEXT R4 5k
KoM IR IER A At = —2.5Ty,. mEIMNF LM
TRES N 101 W /em? Fil 5 x 1014 W/em?, K431
430 nm A 800 nm

Fig. 2. (color online) The spectrum of HHG when
only the IR laser pulse is used (blue dashed curve),
when both XUV and IR fields are used at the time de-
lay At = 0 (black thick solid curve), At = —2.5T1, (red
thin solid curve). The XUV and IR laser intensities
are 10'* W/cm? and 5 x 104 W/cm?2, respectively.
The XUV and IR pulses have the wavelengths 30 nm

and 800 nm, respectively.

HILLE I, + 3.17U, &b B c1 A 1R L I fif B¢
LI R — NI ST A 1s B ERIT 22 2p 4,
B 5 AELLAMNBOG I S B N AE b, B ZIRE 2, IF HAE
r; I 21 5 BERS 1 FAlL A (W& 1 (a) BTR), Bl 45
A RE I, DL HL 7 L AN 3R 1S AN 3.170,
FI3hEe. HT 25 37 02 H el 2w, il 2w,
Tk, I HoAk b BT ) 4 5048 R AR L, AR 3 281
TATNALLANEOCRAS [F]F- & B 520 2 A] [, IF
HEWKT L c2 A1 e3 73l & H T1E I, 4 317U, A2
WA FAPIAN I LA E T T AR 20 . Wi 2w 4
NG TLRBEN, 2 Al e3 s IR EE 1 /.
Wz L AR, R B R LA RO 20 5
HRGT. FRATHIMARTH B 25 e 2 58 A 5 B2 3 0

F5x 10" W /em?® I, 57 PUAS A LE 25 K 1 37 il ) AL
(WEBE A R R ).

b 55 J5E 5 30 5K A1 58 P AR A I E A 2 RT BB
AR ESDOE TS 5Ol AR i
R, B 3 FE X HO- X B Ak b T iR 1 Ak 1k 5 S B
ANk R o LRI B IC R AL, BROE SR 9
O thiz S /M 1013 W /em? I 75 21 ¥ HH R 11
R FAR R AR T IH— 4. XL AR RN
1,2,3, XV IR Y] 7 — A A =ANE R M
T2 5T &EEEIER A B RS, Bl
AR TR — b5 R LA B SR A 5 AR A
KA, W AR E M SEL R, RFLNREN
1, BRI R E NIRRT —Masiber2h.

103 ®
——cl 0'9
’
%= c2 e‘g
-©-c3 L
102 —6— Ionization ,o
’

—
(=)
=

Normalized HHG and ionization intensity

=
(=)
=3

1013 1014
XUV intensity/W-.cm—2

3 JA—EM cl, c2, c3 SRR AT ko BE AR 4K
PR E b i 2, DA B HLT J L6 S 4R SR SR BE R AR L 5K 2R

Fig. 3. (color online) Power scaling of the normalized
intensities of c1, c2, and c3 as a function of the XUV
intensity. For reference, the dependence of the ioniza-

tion probability on the XUV intensity is also shown.
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Fig. 4. (color online) The time-frequency analy-
ses for HHG when the time delays are At = 0 (a),
At = —1.15T1, (b), At = —2.27T7, (c). The four dot-
ted curves from top to bottom in each panel corre-
spond to the rescattering energy I, + K(tr) + 2we,
I, + K(tr) + wa, Ip + K(tr), and 0.5+ K(t,), respec-
tively.

2 ) REIR At = —1.15Ty, i (B 4 (b)), fiffi
I % vy Hlg A7 T3 50 AP KPR FHYE L 2 4. 2
TR A I 5 BE RS TAE rg By I ZIRERE N, 28 5 40
WEAW R, MENRIL— B AN AT EA
FIATRE. PR, 75 s vy Kb, 2 Fi1 e3 A1k 25 XX
TR, (BT 26T I Akt 48 He fhig 2
2p A& H 2045 R =D B AR A7 TE, ol #
LG5I 1o . 5 4 (a) 2 H UL SS I TE
1 ALV RN, by 5y DUAEROR ERAOC T E 5,
T by I 21 B RS L 2R R MR 6 53, AE oy I Z RS
W 7~ ARG AT RE, AT F) IR 7= A 1 22 AN Bk 45
P b At = 0F1 At = —1.15Ty, (TN, by 5
1o I ZIZ AN ZLANEO G A R AL, BRI AE
1o AEHII ST A JL-F-AH .

2 (A GE IR N At = —2.27T i (B4 (¢)), &
AL AN T E B4y, JedT 1 5 A ik X
I3 Het Bk, Bl 5 2R AL AMBOR A UK 10
Het HLEBS. £ AT AT Alf 48 IR 220 3 050 AT 38 46 A1 Ol 1 4
At PRI ARG 3] cl X — Bk X (7 Bl 4 (c) =
F 32 1L L R ORI I 2, T AE 2 k).

224206-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65,

No. 22 (2016) 224206

lf 4 b R S A I R A T X — IR
7] 7E B HOH B AR IS R4S B EDE. FA B
Smirnova 25 1421 38 b 76 B A0 s [ )R8 el Al 2 o 2 B
BRI 2] 7 iX — %, AR szt R A —
MEEIINTZE T RN, RIERATRE, G
EH A5 RE A% 72 Al 4 J5 HL 7 AR 1 HhOUL I 381 22 A a4
ARG IR L.

MR EINE T EE RS 1s B8 np A [H 3L
PRERIT AR 22 Bk, 7E HL B 0 IR i Wiz 25 40t
FIER B LGOI k. SR, FLT A AT B AE Al
LRI AN B AN I RSO W T AR T
FEAR [FRBOE ST BIBIIESS T n EEIE S n A4S
B AT IR —— % B

4 % @

gk LR, BATRIL A T A8 5 B B 1 A fill 4
AR BN Z NI ERANET . X AT RS
Je T RER S T LA RS B RE kS
BET,  EE I DKM S A v (O IR F) B T 1 22 AL
ARG A P e i P PR SR A7, TIURE WL 5%
B 2 S5 . T8 ORI K AR ZL A ki ]
I TEIRE IR, FRATTREBE 42 il v 7 5 B8 T AlE 4 1 A
ORIz R AT IR

RPN

[1] Babrec T, Krausz F 2000 Rev. Mod. Phys. 72 545

[2] Krausz F, Ivanov M 2009 Rev. Mod. Phys. 81 163

[3] Kohler M C, Pfeifer T, Hatsagortsyan K Z, Keitel C H
2012 Adv. At. Mol. Opt. Phys. 61 159

[4] Ttatani J, Levesque J, Zeidler D, Niikura H, Pepin H,
Kieffer J C, Corkum P B, Villeneuve D M 2004 Nature
432 867

[5] Haessler S, Caillat J, Boutu W, Giovanetti-Teixeira C,
Ruchon T, Auguste T, Diveki Z, Breger P, Maquet A,
Carre B, Taieb R, Salieres P 2010 Nature Physics 6 200

[6] Smirnova O, Mairesse Y, Patchkovskii S, Dudovich N,
Villeneuve D, Corkum P, Ivanov M Y 2009 Nature 460
972

[7] Woner H J, Bertrand J B, Kartashov D V, Corkum P
B, Villeneuve D M 2010 Nature 466 604

[8] Sansone G, Benedetti E, Calegari F, Vozzi C, Avaldi L,
Flammini R, Poletto L, Villoresi P, Altucci C, Velotta
R, Stagira S, Silvestri S D, Nisoli M 2006 Science 314
443

[9] Pfeifer T, Jullien A, Abel M J, Nagel P M, Gallmann L,
Neumark D M, Leone S R 2007 Optics Fxpress 15 17120

(10]

23]

24]

[25]
[26]

224206-5

Goulielmakis E, Schultze M, Hofstetter M, Yakovlev V
S, Gagnon J, Uiberacker M, Aquila A L, Gullikson E M,
Attwood D T, Kienberger R, Krausz F, Kleineberg U
2008 Science 320 1614

Mashiko H, Gilbertson S, Li S, Khan S D, Shakya M M,
Moon E, Chang Z 2008 Phys. Rev. Lett. 100 103906
Ferrari F, Calegari F, Lucchini M, Vozzi C, Stagira S,
Sansone G, Nisoli M 2010 Nature Photonics 4 875
Krause J L, Schafer K J, Kulander K C 1992 Phys. Rev.
Lett. 68 3535

Corkum P B 1993 Phys. Rev. Lett. 71 1994

Liu J C, Kohler M C, Keitel C H, Hatsagortsyan K Z
2011 Phys. Rev. A 84 063817

Zeng Z, Li R, Cheng Y, Yu W, Xu Z 2002 Physica
Scripta 66 321

Ishikawa K 2003 Phys. Rev. Lett. 91 043002

Heinrich A, Kornelis W, Anscombe M P, Hauri C P,
Schlup P, Biegert J, Keller U 2006 J. Phys. B 39 S275
Takahashi E J, Kanai T, Ishikawa K L, Nabekawa Y,
Midorikawa K 2007 Phys. Rev. Lett. 99 053904
KimIJ, Kim C M, Kim HT, Lee G H, Lee Y S, Park J
Y, Cho D J, Nam C H 2005 Phys. Rev. Lett. 94 243901
Lan P, Lu P, Cao W, Li Y, Wang X 2007 Phys. Rev. A
76 051801

Zeng Z, Cheng Y, Song X, Li R, Xu Z 2007 Phys. Rev.
Lett. 98 203901

Chipperfield L E, Robinson J S, Tisch J W G, Marangos
J P 2009 Phys. Rev. Lett. 102 063003

Wu J, Zhang G T, Xia C L, Liu X S 2010 Phys. Rev. A
82 013411

Kohler M, Hatsagortsyan K Z 2013 JOSA B 30 57
Dudovich N, Smirnova O, Levesque J, Mairesse Y,
Ivanov M Y, Villeneuve D M, Corkum P B 2006 Na-
ture Physics 2 781

Klaiber M, Kohler M C, Hatsagortsyan K Z, Keitel C H
2012 Phys. Rev. A 85 063829

Adams B W, Buth C, Cavaletto S M, Evers J, Harman
Z, Keitel C H, Palffy A, Picon A, Rohlsberger R, Ros-
tovtsev Y, Kenji Y 2013 J. Mod. Opt. 60 2

Kohler M C, Keitel C H, Hatsagortsyan K Z 2011 Optics
FExpress 19 4411

Fleischer A 2008 Phys. Rev. A 78 053413

Buth C, Kohler M, Ullrich J, Keitel C H 2011 Opt. Lett.
36 3530

Buth C 2015 Fur. Phys. J. D 69 234

Buth C, He F, Ullrich J, Keitel C H, Hatsagortsyan K
Z 2013 Phys. Rev. A 88 033848

He F 2012 Phys. Rev. A 86 063415

Kohler M C, Ott C, Raith P, Heck R, Schlegel I, Keitel
C H, Pfeifer T 2010 Phys. Rev. Lett. 105 203902
Popruzhenko S V, Zaretsky D F, Becker W 2010 Phys.
Rev. A 81 063417

Bertrand J B, Worner H J, Bandulet H C, Bisson E,
Spanner M, Kieffer J C, Villeneuve D M, Corkum P B
2011 Phys. Rev. Lett. 106 023001


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/RevModPhys.72.545
http://dx.doi.org/10.1103/RevModPhys.81.163
http://dx.doi.org/10.1016/B978-0-12-396482-3.00004-1
http://dx.doi.org/10.1038/nature03183
http://dx.doi.org/10.1038/nature03183
http://dx.doi.org/10.1038/nphys1511
http://dx.doi.org/10.1038/nature08253
http://dx.doi.org/10.1038/nature08253
http://dx.doi.org/10.1038/nature09185
http://dx.doi.org/10.1126/science.1132838
http://dx.doi.org/10.1126/science.1132838
http://dx.doi.org/10.1364/OE.15.017120
http://dx.doi.org/10.1126/science.1157846
http://dx.doi.org/10.1103/PhysRevLett.100.103906
http://dx.doi.org/10.1038/nphoton.2010.250
http://dx.doi.org/10.1103/PhysRevLett.68.3535
http://dx.doi.org/10.1103/PhysRevLett.68.3535
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1103/PhysRevA.84.063817
http://dx.doi.org/10.1238/Physica.Regular.066a00321
http://dx.doi.org/10.1238/Physica.Regular.066a00321
http://dx.doi.org/10.1103/PhysRevLett.91.043002
http://dx.doi.org/10.1088/0953-4075/39/13/S03
http://dx.doi.org/10.1103/PhysRevLett.99.053904
http://dx.doi.org/10.1103/PhysRevLett.94.243901
http://dx.doi.org/10.1103/PhysRevA.76.051801
http://dx.doi.org/10.1103/PhysRevA.76.051801
http://dx.doi.org/10.1103/PhysRevLett.98.203901
http://dx.doi.org/10.1103/PhysRevLett.98.203901
http://dx.doi.org/10.1103/PhysRevLett.102.063003
http://dx.doi.org/10.1103/PhysRevA.82.013411
http://dx.doi.org/10.1103/PhysRevA.82.013411
http://dx.doi.org/10.1364/JOSAB.30.000057
http://dx.doi.org/10.1038/nphys434
http://dx.doi.org/10.1038/nphys434
http://dx.doi.org/10.1103/PhysRevA.85.063829
http://dx.doi.org/10.1080/09500340.2012.752113
http://dx.doi.org/10.1364/OE.19.004411
http://dx.doi.org/10.1364/OE.19.004411
http://dx.doi.org/10.1103/PhysRevA.78.053413
http://dx.doi.org/10.1364/OL.36.003530
http://dx.doi.org/10.1364/OL.36.003530
http://dx.doi.org/10.1140/epjd/e2015-60357-3
http://dx.doi.org/10.1103/PhysRevA.88.033848
http://dx.doi.org/10.1103/PhysRevA.86.063415
http://dx.doi.org/10.1103/PhysRevLett.105.203902
http://dx.doi.org/10.1103/PhysRevA.81.063417
http://dx.doi.org/10.1103/PhysRevA.81.063417
http://dx.doi.org/10.1103/PhysRevLett.106.023001

) I8 % 4 Acta Phys. Sin. Vol. 65, No. 22 (2016) 224206

[38] Hickstein D D, Ranitovic P, Witte S, Tong X M, Huis- Kapteyn H C, Toshima N 2013 Phys. Rev. A 88 013410
mans Y, Arpin P, Zhou X, Keister K E, Hogle C W, [40] Sarachik E S, Schappert G T 1970 Phys. Rev. D 1 2738
Zhang B, Ding C, Johnsson P, Toshima N, Vrakking M [41] He F, Yu W, Lu P, Xu H, Qian L, Shen B, Yuan X, Li
J J, Murnane M M, Kapteyn H C 2012 Phys. Rev. Lett. R, Xu Z 2003 Phys. Rev. E 68 046407
109 073004 [42] Smirnova O, Patchkovskii S, Spanner M 2007 Phys. Rev.

[39] Tong X M, Ranitovic P, Hickstein D D, Murnane M M, Lett. 98 123001

SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields
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Abstract

High harmonic generation (HHG) is one of the most fundamental processes in the interaction of strong laser fields
with atoms and molecules. Because of wide applications of HHG, for example, imaging atomic or molecular orbitals,
visualizing chemical reactions, synthesizing a single attosecond pulse, the HHG attracts huge attentions in both theories
and experiments. The HHG can be explained by the famous three-step model: first, the laser field bends the Coulomb
potential and the electron tunnels out; second, the electron is accelerated in the laser field and gains kinetic energy;
Third, the energetic electron recombines with the parent ion and release its energy as high energetic photons. The HHG
can be tailored by controlling the each step. In this paper, we conceive a strategy to control the third step. We simulate
the HHG when He" is exposed to the combined few-cycle Ti-Sapphire (800 nm) IR femtosecond laser pulse and XUV
laser pulse by numerically solving the time dependent Schrédinger equation. The simulation shows that after the electron
tunnels out and gains energies from the infrared laser field, extra XUV photons may be absorbed during the electron
and parent ion recombination, contributing multiple cutoffs separated by XUV photon energies in the high harmonic
spectrum. This scenario is confirmed by time-delay-dependent HHG in the time-frequency representation, and by the

power scaling of the cutoffs’ intensities as a function of the XUV intensity.

Keywords: high harmonic generation, multiple cutoffs, multi-XUV-photon absorption
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