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Fig. 3. TOF mass spectra of direct ionization Art, Ar?T, Xet, Xe2t and field-ionization of Rydberg atoms (Ar*)* and (Xe*)*.
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Table 1. The yield ratio of RSE and double ionization with single ionization for different atom.

Atom  I,/eV  I/PW-em™2  M?*/M*/(%) (M*)t /M (%)> (M*)t /M (%)P
He 24.59 1 0.23° 0.18 9
Ar 15.76 0.206 1.51 0.28 14
Xe 12.13 0.0783 3.46 0.58 29

a, REFETH n M 20 < n < 30 WERFE; b, ACREMBRT=E; ¢, 51 HILHR [34].
a, Rydberg state yield between 20 < n < 30; b, total Rydberg state yield; c, Ref. [34].
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Table 2. The experimental and sem-classical theoret-
ical results of HWHM in ellipticity dependence of at-

moic RSE for all three atoms.
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Rydberg state excitations and double ionizations of
different atoms in strong femtosecond laser field”

Zhao Lei Zhang Qi Dong Jing-Wei Lii Hang' Xu Hai-Feng

(Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)

( Received 15 June 2016; revised manuscript received 12 August 2016 )

Abstract

We experimentally investigate the Rydberg state excitations (RSEs) of noble gas atoms, He, Ar and Xe, in an
800-nm 50-fs strong laser field, by using the mass resolved pulsed electric field ionization method combined with the
time-of-flight mass spectrometer. We measure the yields of the atomic RSE at different laser intensities and ellipticities,
and compare the results with those of the nonsequential double ionization (NSDI) in strong laser fields. Our study shows
that like that of NSDI, the yield of the atomic RSE increases as the atomic number increases, i.e., RSE yield trend is
He < Ar < Xe. On the other hand, for any of the atoms, the probability of NSDI is lower than that of total RSE
at the same laser intensity, which can be understood as that the yield of high energy electrons (for NSDI) is less than
that of low energy electrons that can be captured into the Rydberg states. Additionally, our results show that the RSE
yield strongly depends on the laser ellipticity, which is completely suppressed by a circularly polarized laser field. The
dependence of RSE on laser ellipticity turns weaker as the atomic number increases, and is weaker than that of NSDI
for any of the atoms. It is indicated that the atomic RSE in strong laser field can be attibuted to the capture of the low

energy electrons after tunneling ionization into Rydberg states by the Coulomb potential at the end of the laser pulse.

Keywords: Rydberg state excitation, tunneling ionization, strong laser field, double ionization
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Tl BRI R T o FIIE

IRER FRAXESFA LR RARIRE BN REMBEH NN T 2 F B WA RECER
K9 K e A BT AR ST 00 R TIEH G A2, IRT BT AL ARG T
ARV IR TR A A W HARF BAF 5. ARSI R T F it AL 69 F 7% R 3L
AR T A7 F AR T A2 60 KR, 3R HORIRSH R T AT 00 Bk 5 A8 A R A 2 A M
BINTA ARG E B8 1%, AR SRG B R B3R5 R T AT RIS T EM A 5 a9A8 R
1%, F2RF BT 5 2 1) RE b4 F A4 € R A T hE.

“ B MR K IR 8 BT T i ALY R L A AR B AR SR IR A B R T T B L Rk
A PHEREERTAARN)THRESFERADLIARGTR, MBIZAABR— R K0Tk 5
BER AR TR R, A B iEH T BT AB R R, B RBE LS R TS THE
A AR KA A9 B — RN

(BG4 b EAFERXIL S RFFA R WRE)

SRR FEREENE LSRG
YR TEED  2EY  KEED x|E4VY ZE L

1) (Abat K E e, N TS MR I3 B X T seig s, kst 100871)
2) (bR RS, BDOE U E s = AL R, I 430074)
3) (BT RFE A O, b5 100871)

(2016 4F 9 A 9 Hk#l; 2016 4 10 A 25 HUEMEHH )

BE B WOLRS BRI A e, D280 5 rhn] $RAG (06 37 9 B AN W O, mT DA 21 2% sy FE = 26 M 1 S 4R 3
G, PO 73 A i R DA MBI 3 R b v A R S e T I T O 2 O AR LS, AR
] bR XSGR A MR R ) B ) S R R SR T PR, ORGSR N e e 1 T AR I U7 R R
e TR B Bl 7, IR B R R FERXFME TR T, BT TR i e 4 e T A B I AR I T
THE W R A RLE T A, EE SR A Z R, ASCAE T2 FHREMZAFERE R, MHT
L MIR KR, FEUIRES T B 15 AN BT 2 B R DR T IARALE R, RESIR
IR AE SR e 7 X A RS UG I 5. SCFR B SN EE R DA R BB R AR 4 o, B ETFHE
FHFRY 1% (quantum trajectory Monte Carlo) FlESAEIE T 587 AL 7% (Coulomb-corrected strong
field approximation). X PR 7 VA AR 55 7E T RIS 25 8 T o T 30008 10 B 54 F DL R T3 2 TR IR 38 0
L, e I8 I 18 B LT PR B BZE T L B E B R v P A BT R VLT AT PR R

KRR SRBOEY, FTOLHRE, L TTA
PACS: 02.70.-c, 31.15.xg DOI: 10.7498/aps.65.220203
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1 58 =

Ot H UL A i L B AR O 5 ) A LA
Mgtz —. ZRIERE— A2 i S iR 1
Ot FLRRRE T 3145 v DUR P B 23 52 DR 3,
JGRER M AZAE — M — i, R E AR
—ANeT. RAAE IR TR R T A R R — A
HF R R R AT, Bt TRIRR K TR
THIBEER, BRI — AN 7 kAR i, B
RAEJCHE. FHer b ZER IR SR FIR
ZAG TR RN, A RSB ARG /T AT S
TR AT & A v s (021 Rl 24 B (1 5
B2 &, JGUR 65 8 IS, XA OG5 T 1
YRR R A A, DR 5% R 338 B A 0 f T —
DR — A6 7 TP T — B AR & B H 20
4t 60 FEAREE — G 4R Aot B A B Dok, B
TR R KA. Ot s AR e OGO U R A
Z—, FFHE G ARMEAR, BOGEHRIE LA Wi
o LRI R M R AR, 5 5 A BLAE
=4 7 V2 AR I &, Voronov % 1261
N Agostini 2 1 e JE 7E SR80 MW SRR T 26T
EIL A (multi-photon ionization, MPT), & JL# H
BRI T R SRR HOR R X I R
FIBOE LA, RS TR R/ T IR TR RS
RE, SR SEI h AW S B T 14 F B, X AP I
A DAY DGR T B MER AR, E SRS, b T
Hoem FEROR, 45 BT AN AU R BE Il — >
+, A IR KPR Re b8 R IR 2 AN 6T I RE
B AERE. EELREHOCEHED R
#1979 48, Agostini 2 8] ¥ ¥R 7E Xe JR T
B3 e L) 1 B0 1-H 855 % (above threshold
inoization, ATT), BRI HLFIRYS 1 EE o ik L 525 R 75 22
FOGTHCE Z 16, AL R T REE 1 EIP R
DAY RE B O (B B RO UEAR 45 1, 3 B IR 25 1)t 48
PR 98] b H B U, 5 S AN AT SIBe Wi L1 1Y) s
R, BEE SEE S R B, SE R I
ARG, F I T S e L R U R K
TARH U A, AR MR O R T EIR AN, [H
I IR 22 0 1 R B2 2/ T IR IS 71
MEZR, DRI AR COAN P I FH T RR X L S B I R

ATAAT A 55 f] B B 7 AR, AT SR
BREf R, e T ENS MR, JFE T AW

B, AR TR R R BN R ELL . AAZ
J&, 20 th 28 B K FE G 2 ——— =T /) L it
A WNIIEG K, BT SR B4k 2 5UR 1
ST RIEZRIOR I G, T B L G
o BT IR A P U R AR, R
SHAE R 1 PG E TR E b A T T e S 0 R AR
ES b BAMINERBS, REw RS B a1
55l A AR R, Bl B TR (Vs Ak, F T R
HOW A 3 5 T ARIER, A RS MIELS K
G, T AT 8 5 1 FL T U AT s P B 1 ER
T OXFE, BT FRET ERRN AL, B
SR IR B 5 1 07 RS 3 T R BT AL, AT
AT T IO RER D E B R Nk 4N EUh
3 ISR e 5 ah & 1) PR, BT T RE RS al
Bl SRR MRS I i e 7 R IR e — T SR AT
5, TR GG R AT, R RSB T
PUEE R . S5 g4 ik, B RS Bh it 5L
LT, WA R RERE B R A AR 8 D I B 7 (BN A2
)RR T T ARG S B i 5 /2, X2
TR RS0, WAMEZ S/ AU A RERS AT B T
BRI AATTAS I ST ] A R Y R R S R
AT A 5l B T vk AR B A2 WD
TEBA T EALIIEAR, A &7 2E 8
W HEAT VT I 55 R A Al IR I LA A5 2
E—EFM TEHMER. X T B E
%, 1964 4, Keldysh V42 H 7 — AN B R89%. 76
TS BIR A BRIE A BE O, 0K kg
H AL, RS RS A IR, X
AL I 2 P R o P ) TR B I A DA L
A e 37 ] DL 220N TR T Bk 90 e N FRVE 5373k
. Keldysh Bt AL AELE H5kIn N T S
R, B RETN H AR S L R, thdn ATI
U, (H T M EEOERR NI S, BOBkRA B LA
FIER, VARSI WS EIE 2 PR, Keldysh
HERH N EE R T, BRI 19794 ATI AR
A IRAESE S B3 DAIESE. 7E 1973 4 A1 1980 4F,
Faisal 10 Fl Reiss [ 2 5146 48 AH [F ) H K s, 7658
FERINE B EARS BIAR S MBS, 1538 7 H
DUZE IR R BURTT IR SE R e T Ria 0. 2 51
BAWARORCRH AR 1)) O 58RIk 3 7 Keldysh il &
111% % [X, Keldysh, Faisal 1 Reiss f#i& (KFR
L) JFUEH 2 T AR R IR RO 26 1R TR sk
IR Bl R OGRS NS IE S £ Fh
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BIEE S, KFR #it Hi#a5 3, bk ek
I J7E AT 4t — PR oA R i AU 7. 55— J7 18, 1966
E, Perelomov 25 2L FIF A ANA 7, tHE T HT
RS TMEERASHHREZE (PPT ). X4
FFEARE] 75 Keldysh AH[F 8 £, I H 45 H
THRERTHE g RiA L PPT HRibfG 3| [
JRFECHRGAEARLAZM TR HEBEZR. 1986
£, Ammosov %5 U] R FHUER 61, ¥ PPT R %
AT, 15 BELeRGT UM 7R 2 (ADK
). XL R TAE NG R M PERFT R T
R S LAt 9 9 3 AN T R AR AR AR
ANEBERNBEFRREBTHRER AR
J7ik. AL 22 B 4R F 4 S 1) B R A T
23, FFEa i IR TR ARG R, $id
BB EE A BATEPE RS R, 1E
P2 1AM 7 R R I8 sl A L 2 L AR T R,
I JE AR A BB AR [R] (9 HL - 2 TR) 2 72 AR T VBT ] i
T Eh il SRR Corkum [1419) 78 4b
HRKBEKBOC MBS R, EEKEK
R EOE ) T A B E NG, T R £t
AR R OtY, BFEINIIER T KA E % K
N HE BT, TG4k 8 2 B A5 IS T & #is
By, A AL E I M R R T R i 2
YIERIL R, Z Ja WA IR ) B B BT ke o
BEMEFER RS, KB FHIES R RP T
¥ (quantum trajectory Monte Carlo, QTMC) ['%]
A A& 1 1) 5837 3 8L 77 7% (Coulumb corrected
strong field approximation, CCSFA) ['7] |5 3= S 4th
fir. 85, S E S QTMC I CCSFA 7
P78, N7 5 B e Ik 48 U 25 1% 7 1 1R O
TE, FEOF BRI T AR AR ST TR B 2R
VU534 B TR 2 BTV 28 B, b o e
53 W B TG 5 AL PR AU DA B Xt s A RN B AT
FHEy DG PG — AR T, B4

h=e=m,=1.

2 QTMC 7 %

QTMC J7 72 UL J& F et 2 22 5 i) LR
e 2 g = B R R D01 =SB A 7 T 61 T
2R R R R RE N BT sh it 5
AR 19974, Hue US4 vk bl in g, %
FE LT o BB R B & 4 A A OB SR N4

BLZ B %2 A s, Db AR T R R T
B oA i, 2 EUE SRR P 077 (classical-
trajectory Monte Carlo, CTMC) H b4, fEI
Ffb b L%k U6191 78 2014 4R 32 H 1B T 308 524
RE 7, FIH o2 AR i AR, 25 R iE A
[F) 5 A7 18 B AR [F) R 25 30 & 1 HL - Z 8] B T30 R0,
XT 2 BRI T A ALAE S, RS IR B b fd R — 4t
HL Bl B 3 E T A .

2.1 ZE=HiRA

FE19 L R B 5 AR A — BOf [ B, A
AT A H R AR AR 2 B AN R A
RURE T, W R b N A 22 s B AR, R R
Wb ) IE S AT BL5E A T, 1 3Pk w]
R D o WSS VF 2 v A RN B AN A AT
T2 IS AT BT, W N s
R A PR As . T B T AL VM (ve-
locity map imaging). ¥ #8 B 55 3h 2 i
% COLTRIMS (cold target recoil ion momentum
spectroscopy) . IX LR )BT ER 2 Ak TR L
TR AL TR — YA HIA ], B TR R T 2
B HLAE T3, Az sl mT LU AR W05 — 5 e 4
R T EA S IS S HE. B R S
N BT T HRIR, B B SO Bon: — G k48
th T kLT B B M, T T T BN AT
Fsh A B oS3, B 5 B L5 5 SE IS
DA FL 1 X 40 SRS IE SE T IX — ML HARVE R
2, BT HE AT NAE AT N IFATE, HE
TAT N AHEARH D ROWRUE T A4 e R 42, Tk
M B FIZ3I 2 M. A FTEAE 2 /D
AR RUBE T 22 i R BRUTE R R AN FRE T, T F T R
YA 2R DRI ? X — S LH &7 1% A
B E 1k S FREL S A . R T RAL T ApAx ~ 1,
FWT BT PGEsE E B RN ¢/1000, J7 55
AL ¢ = 137, WERFHFEH T4 0.1% HHE &
WRZE, A AT LU SR H o7 B R R 2 S B
10* a.u. ~ 200 nm. XANRZEE T 2000 & L
Pt MR, MU R T BLA DY BT
HA RS B2 18 3, (R e Hlie KT 7R 1
FREEECE s RIEE (10 an. B47), X2 HT NG
me iR RAERTSS IR L, AT TTERAE 2 1 )R 5 RUE
M B IALE. JE E, R 2 AR A R,
AVH BB E T 2 RKid R 770 7 R4, BT
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ANFEHE R, TR DR R A, &1
J1EE A Re W i RE LT B B D5 RUBE () ) B B
R, BFEASCH AR PR FRERE. 915
HHER, B 1R BRI PR BB, H
SEBRE A A TR B2 TR U MO
Mo FE S R 3 R A e BE AR S At P B AR N, eV
HET 5 IR AT I R, FF 2R R AT
LSRR 1S TR, B ST — M LR A T G
R AR

Corkum 2 U411 G s 2 1 T — AN ik, |
HHHEREECRI R BT, A A EEEOE
UERT, B RAE T LA TR 2
—3, REEIRIBOCI S B2 KK, 5 H
FREFHERANEBERF, BFEMEE Ammosov-
Delone-Krainov (ADK) F 45 3 55 =25 MF
BN E B G B ERIIEALE N 0. FERUE
Hz g & kL1, 2SI JWER, BT
1B n] DLR A 4= 02 3 77 FE SR AR, n R0
Yy Bw ARG, W22 R I LT I I8 S BUZEAS P =]
JR s, RIACABEOGE RS B2 i T i i 3k45
Re B, fo o ELHE KR PRI 28 B R 21 Ty A 5
FRRAMEH. SEHRNEB BT HE RS
— BRI RE IR, B DA B iR ok
HF 90 P T L 25 R B 2 E 5 1 ) A 120210 2 ff i
GGG T W2 ML & I AR, thansE =
A, BELGI ZI 56 ) FE TR 63 IR B AE R — I )
IR R A, BP AR B R A% XA ISR R B
B SZMHEEAER, vl I =My g 2 28
— MR S A% R AR SRR, R RN
ST A A EL A ), 2 5 B AR RS RO
KB iR e R R A G S I Re i, XN IS R AR 1
TR T G XA e B MR TIREZS
PR A AR, ot sfkids 5 — i
F I R A2 R B I R B = b R R R A% 1 T
WeAZ 3R, T Re B AR LR, BRSO
B MM )77 R THE TR A 0 5K g
HE 3.17U,, RIEIR RSO T Re R SR Z N
3.17U, + Iy, P HRB IR U, = F?/4w?, R
H RO T U 3 2 3 — AN JE AT BL3R
REIFBBNRE, FONBOG IR R/, T, AHE
e IR TIN5 S A UL B 1) S RS I A A
FHAF.

AR ARG 58 3 v () ) BRI RE R MR R = AN 32

FULIR MR N =R T b
B SORL T, ZOT R R E S . =
SRR IR RS B VE T R IH b E JR 1 RN i 1 B AE
Wi F, FRATAE SCF — FF 46w 11X Bl b 3 7 5K
(1 Je B P, SR T Utk Ak 0 B8 68 5 P L 2 R I Hh e B
FF A S, T2 FRATA BE i AR S 1X il b B2 AE
B XN REHN. IAEMMAST, BT
N8 2 KRR M B AR T O — A L )
T SCHR B0 T 2 Wb A e () H -, AR T
B SR A v 1R O T AL B SR R B 200 nm,
AL AT AL 7 R 2 T 10 o] #8AS Re 4 1 R
T BRI SR R IS LR B4 RS, MOk
£ 82000 nm, Je5EN 2 x 10 W/em? B, 752
B3 UK B R 1k B 1 f R T8 R T DL S % Al
HMA=F/w=~ 33 au, BT RE3HEEKHEN
F/w?® ~ 145 au.. ARG T8 B 1A E 2
5%, WA Ap = 0.165 a.u., HEHEASTH & 2 57 I AL
AL E AN E TSN Az ~ 6 a.u.. T EUR H
X ) FEL T U A AN i Y LA T E T2 B B O
B iE e Bl s R AN N, BRI AR I A 214 Tk
LR R TR AT AT . X 537 R e 1 20 gt
bi 1 BUR A T2 s R A, AR AR SR R AE T 2 %
SR IO B K FE T I 22 05 K R, AT
BN O B RN, 5 — 5 TH TR 5 SR E)
T RS BNE FEEOK, PRIk AR % 3 AL U0 4 3
TWZ3). Rz, #HEEE KN, AL E A E
FKTHTHsshiil, Sl G M. |
PRI I ORI A e, 2 B R R R
g R A IR B Y AT A

2.2 [EEFHER

=AM PR T B 2N E
HLF 2 BN ORI — 20, BE o M DL K W6 3 & 43
A B B e A B i s . PR A AR AE
B 71 B WS, Landau A Lifshits 22 25
TEAEFRG L FIER I ISR, &7
VA SR MR A R R B MR IK BE Al PPT LA
S ADK Z I AT R, TR SORE R 5 AR BAE HE 5
bE MR M E IR, WAMEIGREA F, Wik T
s 2 I8, S AN AR T RGN E S E TS
FEE 1R

1 1
(Jﬁ+E+r—Fw>W:Q (1)
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Fig. 1. The 2D photoelectron momentum distributions of hydrogen atom, ionized by a single-cycle linearly polarized

laser pulse at wavelength of 800 nm and peak intensity of 2 x 104 W/cm?. The results are shown from: (a) TDSE

method, (b) QTMC method, (c) SCTS method.
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Fig. 2. The 2D photoelectron momentum distribu-
tions of hydrogen atom, ionized by a 4-cycle sin? en-
velope linearly polarized laser pulse at wavelength of
1600 nm and peak intensity of 1 x 1014 W/ch. The
results are shown from: (a) TDSE method, (b) QTMC
method.
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Fig. 3. (a) The laser electrical field and vector poten-
tial, photoelectrons are restricted in the area of black
box, T1 and T2 mark two kind of electrons reaching
the same same final momentum; (b) the trajectories of
T1 and T2 kinds electrons; (c) the interference struc-
ture of the photoelectrons momentum distribution by
T1 and T2 electrons. The Coulomb effect is absent in

this case.
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Fig. 4. The same as Fig. 3. In this case, the pho-
toelectrons are restricted in a half of each cycle. The

interference of inter-cycle electrons is shown.
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Fig. 5. The same as Fig. 3. In this case, the Coulomb
effect is considered. Photoelectrons are restricted in
the quarter of cycle after the peak of the electrical
field. Two kinds of forward scattering electrons get

interference.
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Fig. 6. The 2D photoelectron momentum distributions of hydrogen atom, ionized by a 3-cycle circularly polarized

laser pulse at wavelength of 800 nm. The peak intensity of 1 x 10'%, 6 x 1013, 2 x 1013 V\]/r:rn2 are used in three
line respectively. The results are calculated by QTMC (the left column), the CCSFA (the middle column), and the

TDSE method (the right column) respectively. The negative value of laser vector potential is shown as the black

dash line in the top line (adapted from Ref. [19]).
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields
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Abstract

As the advances of laser technology, more and more nonlinear phenomena are observed in the atoms and molecules
driven by strong laser pulses. Systematic investigations on these findings, such as above threshold ionization and high-
order harmonic generation, will lead us to understanding the mechanisms in the microscopic world. The most exact way
to simulate the experimental measurements is to solve the time-dependent Schrédinger equation (TDSE) numerically,
in which the system is described by the wave function and thus one cannot have an intuitive insight into the underling
process. Therefore, several semiclassical methods have been developed to understand the strong field ionization. In the
classical point of view, the electrons tunnel out when the strong laser field suppresses the Coulomb potential. Then the
electrons are driven by the laser electric field according to the Newtonian equations. Semiclassical methods take into
account the tunnelling of the electron, the classical orbit of the electron, and the action as the phase of trajectory, which
have successfully explained main structures in the ionization spectrum. Two of the most popular semiclassical methods
are the quantum trajectory Monte Carlo method and the Coulomb-corrected strong field approximation method. In the
present review, we will introduce these basic methods and show how they have been developed step by step, covering
the most relevant and important works in the strong field physics. Finally we give two example of applications to show
how these methods work. With the advantage of the classical picture, we can identify different kind of structures in the
2D photoelectron momentum distributions and tell how the structures are formed. Nonadiabatic effects can be studied
by comparing the results of the two methods, together with accurate simulation from the numerical solution of TDSE.
The current semiclassical methods can be further developed into advanced ones, which can be used in more complex
molecular systems or multi-electron systems, and be widely used in the study of dynamics of molecule and atoms in

strong laser fields.

Keywords: strong laser field, ionization of atoms, semiclassical
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

The influences of multiphoton excitation on
near-threshold Harmonic emission in atoms®

Zhang Di-YuY?  Li Qing-YiY?  Guo Fu-Ming"?  Yang Yu-JunY??

1) (Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China)
2) (Jilin Provincial Key Laboratory of Applied Atomic and Molecular Spectroscopy (Jilin University), Changchun 130012, China)

( Received 1 September 2016; revised manuscript received 2 November 2016 )

Abstract

When an atom or a molecule interacts with an intense laser field, a coherent high-order harmonic emission is
observed at a frequency that is an integer multiple magnitude of the initial frequency of the incident laser field. The
harmonic emission has the characteristic of high emission efficiency at relatively high orders, and it also has a wide
expansion in the frequency domain. Thus, the high-order harmonic generation can be utilized to generate coherent EUV
or soft X-ray light sources as well as ultrashort at to second laser pulses. It is promising that the attosecond laser pulse
will be an important tool for detecting and controlling the electron dynamics in atom and molecule systems.

The mechanisms of high-order harmonics especially the high energy part of the harmonic spectrum can be explained
by the well-known three-step model. The three-step model assumes that the electron in the bound state firstly are ionized
by the potential barrier formed by the laser electric field and the atomic potential, then the ionized electrons oscillate
in the laser field, and finally the electron with high kinetic energy gained in the laser field has the possibility to return
back to the parent ion and recombines with the ground state of the system with a high energy photon emitted . As
for harmonics with low orders, especially those with single photon energy near the ionization threshold, the Coulomb
potential of the atom has significant influences on them. However,the effect of the Coulomb potential of the atom are not
included in the three-step model, so the mechanism of near-threshold harmonics (NTH) cannot be clearly interpreted
with the three-step model alone. In this circumstance, the study of the mechanism of near-threshold harmonic emission
attracted people’s attention in general. One important application of NTH is that it can be utilized to generate optical
comb with EUV frequencies.

Theoretically, Xiong et al. studied the mechanism of below-threshold harmonic (BTH) emission and found that the
mechanism of this part of harmonics include the effect of the quantum-path interference and the Coulomb potential. He
et al. analyzed the emission of BTH in various laser intensity regions and found that the harmonic spectrum exhibits
a periodic structure as a function of the harmonic frequency when the incident laser intensity is about 10*® W/cm2.
Utilizing the quantum-path and time-frequency analyses of the harmonic emission, He et al. indicated that this periodic
structure can be attributed to the interference effect between two specific quantum paths. Li et al. adopted the
synchrosqueezing scheme to study the near- and below-threshold harmonic emission of Cs atoms in an intense mid-
infrared laser field and they showed that the multiphoton and the multiple rescattering trajectories have an effect on the

NTH and BTH generation processes. Shafir et al. found that the ionic potential plays an critical role in NTH emission.

* Project supported by the National Basic Research Program of China (Grant No. 2013CB922200), the National Natural
Science Foundation of China (Grants Nos. 11274141, 11264001, 11304116, 11534004, 11627807), and the Jilin Provincial
Research Foundation for Basic Research, China (Grant No. 20140101168JC).
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Under the interaction between the atom and the intense laser field, electron in the ground state not only can be ionized
but also be pumped into excited state, and these excitation processes also affect the harmonic emission.

We studied the harmonic emission process near the ionization threshold by solving the time-dependent Schrédinger
equation of an atom interacting with a strong laser field. Utilizing the obtained wavefunction, we systematically studied
the high-order harmonic emission with the variation of the incident laser intensity. Meanwhile, through solving the
TDSE with the momentum-space method, the excited-state population is precisely calculated and achieved. We show
that the ninth harmonic exhibits a periodic oscillation structure with the intensity of the incident laser field increasing,
and we reveals that there is a synchronous variation between the harmonic intensity and the relatively high bound
state population.Within a certain range of laser intensity, the increase of the total population of the excited states
corresponds to the low efficiency of harmonic emission, and this competition relationship is quite clear. Therefore, when
the wavelength of the driving laser pulse is fixed, we can optimize the driving laser intensity to achieve the near-threshold

harmonic emission with high efficiency.

Keywords: high-order harmonic generation, ionization threshold, multi-photon excitation

PACS: 32.80.Rm, 42.50.Hz DOI: 10.7498/aps.65.223202
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Fig. 1. Calculated P(t) of photoelectrons ejected in two oppositive directions in four-cycle laser pulses with
different laser frequencies. Peak intensity / = 1 x 10'* W/cm?. The CEP ¢ = 0 [(a), (c), (e), and (g)] and
e =1/2[(b), (d), (f), and (h)]. Dashed dotted red line: electron emitted in the positive direction; blue solid

line: electron emitted in the negative direction.
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Fig. 2. Time-energy distribution and energy spectrum (solid line) of an electron emitted in four-cycle laser
pulses with the ¢ = 0. The laser parameters are the same as those used in Fig.1. (a), (c), (e), and (g) an
electron ejected in the positive direction; (b), (d), (f), and (h) an electron ejected in the negative direction.

Dotted lines show the semiclassical relationship between the drift kinetic energy and the ionization moment

p?/2 = A%(t)/2].
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cycle pulse with the initial phase ¢ = 0.
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Fig. 5. Time-emission angle distributions in six-cycle laser pulses with the CEP ¢ = m/2 for different laser
frequencies w = 0.5 a.u. ((a) and (b)), 0.182 a.u. ((c) and (d)), 0.05691 a.u. ((e) and (f)) and 0.03502 a.u.
((g) and (h)). Peak intensity I = 1 x 104 W/cm? and the ellipticity ¢ = 0.882. Quantum results: (a), (c),
(e) and (g); calculations of the semiclassical theory: (b), (d), (f) and (g).
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Study of above-threshold ionization by
“Wigner-distribution-like function” method”

Guo Li" Han Shen-Sheng" Chen Jing??

1) (Key Laboratory of Quantum Optics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Shanghai 201800, China)
2) (Institute of Applied Physics and Computational Mathematics, Beijing 100088, China)

( Received 15 September 2016; revised manuscript received 24 October 2016 )

Abstract

A Wigner-distribution -like function is proposed to obtain various distributions of photoelectron emitted from H
atoms in few-cycle laser pulses with different frequencies: time-energy distribution, time ionization distribution for
linearly polarized laser field and time-emission angle distribution, angular distribution, and time ionization distribution
for elliptically polarized laser field. With decreasing frequency, all the distributions clearly show a transition of ionization
process from the multi-photon regime to the tunneling regime. For the case of linearly polarized laser pulse, accompanying
this transition, the semiclassical relationship between the ionization moment and the final drift energy is becoming more
and more close to the time-energy distribution. Meanwhile, the time-energy distribution clearly shows the interference
structures in the tunneling regime, which can be attributed to the interference between the electrons with the same
energy ejected at different times. For the case of elliptically polarized laser pulse, both the angular offset in the angular
distribution and the time offset in the time ionization distribution are obtained by comparing the quantum calculation
with the semi-classical result. The results show that the time offset is much smaller than the angular offset. This indicates
that the “attoclock” technique which is based on the correspondence between two offsets is in principle inaccurate.
Furthermore, the time offset can be both positive and negative. So this time offset cannot be interpreted as the tunneling

time.

Keywords: above-threshold ionization, Wigner-distribution-like function, time-energy distribution,

tunneling ionization
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KOS o B T I 9 K o G LS.

P9 DX A3 A A B 2 R A T X LT RE R
R R, i R R RN, A X R
VIR R AN L, KX iRt 7 — A
R E LRI 2 i e e KRS N 2h
BEANPIX, AHERAR, HLTAE A DX AR BRI [ B 24
IRHE, 5 56 B LA R AT 5 e 7 i
A7 AR PR o BRI I R T v e F U

Hif (quantitative rescattering theory, QRS) [2%:30]

HH 2 AC 37 HACE 8RR 1 R e Al R 4 W im 22 TR
AT SR 138 P [ il T R, X RIS I ) AR KL PR 155
DU A, H QRS kMR B0 B T
[ RRE, s O R & BY SO B O R
£ 20 26 T R R T 72 U AT G b R X LR A
RN EFT S A s e 2T TIREERE. 5
4, ARM JR U 1 th BEAR 7 th 4 3 550 47 K 50 T (1 i
] 43 % 4 S BAR 12520 SO i S 99 HOH
SHEW BB T, 2% BIGAAEINX, Dl
R PR A L A EETRE N N X AR )

2.2 ARM HE#EIE

ARM HEABAZRERF S/ RE
5 BAZ 3 RAH AR H 32 S A AN E], R =3 8] 50 A
WIX 5AMX. fE4NX, RSG5 A3 E A BAE
S, BRI BE ML AN X, gl
E RS 7R BNl oS - AU IS : BV DN A S¥ G|
a FIERGESEI A X, S50 o WIEFR T 220 2 %A
1/k < a < I,/ Eo, 83 %3R5% 1A B 7S B
IREFHRBMNOSH O, A X5 X 5)
35 R S X ] F) 30 L UL SR

I JE, R SR A SN XA X
NARECK BT, 7 @ 5] N1 AU A5 8 s
HE HE = H+ L) EXAALKE
BRI LE(a) = +6(r — a)B A& T Bloch B 7
B = d/dr+ (1 =0b)/r, “47 5“=" 3% xR
WX 558X, B AT SRAF B 0 712 100 (r, t) =
HEY(r, t) — LE(a)(r, t), I77 5 gl FAH ) 5
TR 100 (r,t) — HEG(r, 1) = —LE(a)ip(r, ).
SRR AR T8 IR SR 1a) @] ) A B 5 RO R A
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*4{&%& Ggut(r,t,r’,t’) — <7-|efiftt/ ﬁ(f)d-r|,r,/>’ m‘

1FAMX I BRI
Yout (7, 1) —1/dr / dt'Ge (v t, 7" 1)
X[=L7(a)y(r' )] r=a-

Z L, P9 KB ER L i (r, t) RIS, X5
AR Goy (ot v ) BN GL(r b7’ ) =
(rle= S AT ATy egg Lo By LY

BILAE UL i 57 0 RO T A7 S5 H — R Y
R BN . T 5 M — VL SR 4 X 0 R
B, 301 SRk I S R KT I A0 RT3k B B
SEAS I, FTARANX B R

1
Pialr,

/dr / dt' G (r,t, ' 1)
X [L (@)t (r")]|—aag(t') e~ E (1)

Hoib () B8 T WK H RS TSR B,
[y Stark B R IEAW I oy (') IFE.
Rk, (1) AT i (7, £), FE45F ASHIX 7

BEA X AL,
/dr/ dt'GE (v, t, v 1)

<L @) (7 ) lr=ar (2)

T BB U (e 1), B T NS X A
ALHEN N XS PR GRAFR X 4

FEF ORI 3 M T LUl NIERLTT V. A IX
Your HHATHII G2 FTH EVA P A E. EVA
I AL SR UEVA (L, T) 7T DS IA R AT
BEZH U (r) 186 A RS DT R 5Ry B e, &
HALH ARM HI4NX. Aid, EVA AL RV
CAEL AL R R AR, X5 B IEREE R R
FOVFBEBRBOR HARTY. RIS, s s iR A
PR 5 S o LA I R 22 S AR X, T B 28 R 4
O, DRI FB 5 R 52 e AT DL 208

EVA & [pEVA@®) R Lo T
eikonal LA [p®) MW T 2. 2| ¢ 1L )5 1A
e X, [pEVA () = UBYA (L, T)|pB), Hdh T N
Jik 2 R 1, ¢ SRR R AR ) [p®)
E X3 “eikonal” , p Nt s&. EFEEKRT,
(r|p®) = (2m)=3/2 P e1Gor(™) Frh Gop(r)
BT AHATEALE » AR LT T B R AE RS, S

v (rt)

FE AL, AR [pP) MEN EVA 5 T I ZiE
IR, LS, AT [pEYVA (1) IRIE,

(rlpFV A (1))

= (2m)"3/2 il AW T—3 [1 dTlp+ AL

% efiqu d7rU(rL(7;7,p,t)) eiGgp(rL(T;r,p,t))’

EREE—1TH Volkov WAL, A(t) AR, 51
W F(t) KR F(t) = —0,A(t); 5 471
RFLHZ T T HIAHHTIZ AR, 58 DU TC 53 BAHTHT
AR, PRAE T T BP0 iS5 EVA 75 1E LA
. Hop,

ri(t) =rp(r;r,p,t) = r+/tT dt"[p + A(t")]

RETWHTEZ ¢, N r R, KREHHEHEN p
L. THEAMMEIEE Gop(ro(T;r,p,t)) TRIE
TIRIBESM:, 4t =T — oo B, 7(T;a,p,t) —
0, Gop(rL(T;r,p,t)) — 1 FEH T PRz a4
eikonal FJUH 24 B e P TH B, 2496 BT W) BEAZ 7
) J [ A% R T, P TR BT 7R Y63 5 R 35 I 3L

AECI T R ATEAE, AR FIH EVA &, EVA
Y INEEA ]

GEVA(r b7 1) = (U=t t) )

— 0t~ 1) / p(r[PEVA (1)) (pEVA (¢)r),

AN (1) RATTHEAMX PR Do (r, ).
Bloch SAFHIAFER I, #4i& EVA &5 EVA #%
MRBRE R AH SRR ok T 5, Ab T AN X R B
XN T B S RET. H EVA KRS
S0 () T HE 3 T AT AT

N T IRBCE BB E, AR BTS2 You
R BT eikonal EEFE pP) L, ap(T) =

/ dr (PP r)fous (r, T), Fotf, / AN 2 T
GBS, T o oo I, HLT U 6LI B B
S, LR ST I B S b e
B, ap(T) = / A (plr) o (m: T). 45 GEVA fRN

Vout, A EVA ZAIHJIERL KRR, HEMRIE
BB

/ o=k JF drlp+A()?

oL dTUrL(D)] o —ilp+A®)]r’
27-()3/2

223204-4


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 223204

x8(r" — a) B, (r', t). (3)

TEERMNRE, b ap(T) REHTHEERAET,
AE G A 5 B R A A (BT RE R .

3 KRR T AN EERER

P RK N B R R A e, Bk
ARM R TN 0 e fd 't 3 Hh R AU 71 v
BRI, HoAg sl N SR, s pr
SEERR. AN FIEIS T g g Ry (A
FeH S 2 ARG

HAR L = a RS RE U (r',t) ~
et o ag (t')ig(r >, Hodt a(t) BE T Stark B
00 Je B A T, g (r') Wy 25 6] ok 4. % T
BHEELHS Ur) = —Q/r PFHIEAR
Ty (1) = 0 (r)Yim (0, ¢), Ferh, 2 1835 o6 4L
W42 1353 ppa(r) = Cur®2e " (kr)9/" kr,
k= /2@, X RTRAEIE T HRES) &, 1, A
BB, 1/k ARESEFIRIERE, Cuy NE=E.
UTRAE R L FAE ) Bloch HAFH, 4 b= Q/k,
Fyilk B%,I(T) = —Kpe(r).

LM IR G N, B wiRIT AW 2 77
H], B & E(t) = Fcoswté,, R#¥ A(t) =
—(F/w)sinwte,, ¥ 57 FHK R B, (r', ) AR
A (3) K, A1 A g2 6]

: 2
ir Sifhr

— 2
ap(T) = W@ Y i(a)e
T 27
x/ d9sin9/ d6Y 1 (6, 0)
0 0
X e*iaPL sin 6 cos(¢p—¢p)
T
X/ dt’ag(t’)e*isv(TJ’,p)efiau(t')
% e—ivz(t')acosﬂ7 (4)
/\EP
’ L 2 P\,
t/

’Uz(t/) =D + A(t,),
T
w(t) = [ arUop L 6)

HEX p, =p., p7 =p +p5, ¢p NEHIE p,
5 o BhE R A (4) EE AT N, &
ZAT R TR AR )

I 1) A543 Tt e %&%E@Zﬁ@m e IR 3% ¥ 43
FERBAAEDL N, X BT iE /ﬁﬁ%ﬁfﬁuﬁﬁ

. IR, FEBGE ou (') MHEL Sy ()
AR HIEILT, SR8 K FHONE, WK
(SR URY GINE S Wrp st

Sloy + AP

P2
+ |1, +7+Facosﬁcoswt =0. (6)

P TR ¢ = t, B SGERUR ay(T) T
etk
ap(T)
ik P

= W(L apﬂl(a)e e

e 21
x/ desine/ doYim (0, ¢)
0 0

% e—iapJ_ sin 6 cos(¢—¢yp)

V21ag(ta)
\/|S” )+ A (ty)acos |
X e —iSv (ta) 710U(ta) 7i'uz(ta)¢zcos9. (7)

R AZ I8 TCSFA % 77 R E X, ¢ R&TT IR
Moy AR + 83 = 1, AR, 4 A
X B ERK Fa < I,, ATLUAER ¢, ~ t;, ARM 5
TCSFA T B s 7 B IX I E T (6) A
HIJE— I F(a)cosfcoswt’. 7ERS[A]AF BN 47 5
Frag (7) AR HEAG b, 4% 220 4 W) A B ik AT A0
%Uﬁﬁﬁ‘%m@i&ﬁ’ﬁﬁ AR B AR L E §
HIAL 57, / d¢’ exp[—iap, sinfcos ¢’ + im¢’] =
21‘((—1)mJ(:n(pLasm9) FEXS O BEAT AR AL FLIN,
DL B R e 1 7 A1 TE 0 = mo B, ml i A8 46
0" =m—0, XS 0 HAT NIRRT, 21— R
HET, A TG L AMIR G ™ B R R
ap(T)
(71)l+mim+1
1Sy ()]
x @7 Jiy AT H AT o tpd /Dt g (43

2
e [&]m
K

Im €

X pri(@)ae™ Jio ATU(Zat T p+ACNIA") (g

U J@+D)0+m) o
= Yy N

AL TN N 5 FAEIER, B ap(T) KRG
IR I T T a, KR RS R AT I A
A H] I b, NONMERE T E?)ﬁ‘i&%ﬁlﬁiiﬁﬁ
Wiz, Ak X 2 B AN KAER. sebs b, I8
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WEA R U 1 o 523003 KA 51 o M
M, ATLMIER ap(T) 5 N RIERAR o Took.

X REUR T R MEERIR T, AT DR
JR 1R @ (a) RN (8) i, XL F a
PHC RS (8) i /a — W& I M AL B,
BE— DR RAG A P I H S

p2
ap(T) =~ Rnlm(p>ag(ts)e_lTlT
%o~ Ji drU ([ dt”[p+A(")])

X e_% ft’f dT[pH +A("’)]2+i(1p+pi/2)ts7 (9)

HAPRDIE ¢, = ts — i/k? PR T ¢t T
T3, AR K B O A X R 0 TR 2 25 I R
WKB (Wentzel-Kramers-Brilliouin) ¥ i2 fi# (1) VT AT
FAE AT, HI
B (_1)l+mim+1
Rnlm(p) — S(} (T7 ts)*Clm
x eimép [%} " Car'?  (10)

R T W BRI A ) S R S O R A R ).
(9) NI AT T ECHK TR, shESET
IIATAE p = 0 Kb, XF R AE SN FL b () IR N R A FL
&, X5 PPT (Perelomov, Popov, Terent’ev) # it
H i E B IE & — S0 POl hAh, 7 ARM BB
i, ECEIES p AR, ANERRAShE T4
32 N B AS [F] B 2, BRIk A& TR TR 5 4k
s JE N I 24 98, (9) 28 =47 NbrifE
Keldysh HLEHISFHFREI e~ 1SV (Tter) ST
thig (9) N5 PPT BUBEIBE R, v (9) i
RItEZ T REr e ik RA S PPT #
W R BT E T L,

E,+w/2
w, = / dplap (1)
E,—w/2

PPT {45 R A4 X JE R ik it BT A5 1) F B M < i
i (9) 2R T M0 1 s B Bl 2 B, TRt
T WAL 2] ¢ S5 AR EE .

X E A1 37 8 A PRSI B0 6 v PR 3 L A LT
i)

20(1) = [ dpan(D)lp)

AT IR 1A, FER TSI R AL |A (1)) SR
MW |p+ A(t)) |, AT15 f MR IR

ap(t) = ag(ts) e Welr P eilele R 6 (p)
% e_% ftts[P—FA(t”)]th”?

Horp
t T
Wo(r.(p.0) = [ dru ( / dt"[p+A<t">1)
P ts
NEEST, Bk
t
J(p,t) = AEdt".
r(p,1) /tf’” ("))t

AT BT A A ¢ S or, HER ¢ dE AR
HIBE Sty = ty(p). EEXS t =T I, k& T
(9) A T AR K B MER I @, (T). B0 2
TRt = to + imp S LR A ¢ PR
BT, feVr o MrbE F e FE R AW R
R

H—J5T, WA ap(t) H k IR R A
AL, WI1R

Rqppe

ap(t) ~ /dr(ag(ts)) 27 (t — t)]3/2

i (r—ms(p,t)? it 2
% e% =R e*%fts(erA(t”)) dt”.

AL ARM B AR 1L A R B ) R o P
Mgt L ENIX, B ¢ -t = —i& T3
FHTR A e [P0l /26 DU g gty B
(t — to)73/2 BWTY L B, B 5 S 3 & AR
Xk LA A8 M AR DX A A I EAS W O
Bt

—iWg—in/d+ilpt,

4 I JEHA I A RO

ik A, RS RO I K I % 5
T 056 L PR e DARIF 70 e 28508 % 6 L 6 1)
FUM ) XA o fROKRH = E A PR T 4 B A R
VS ) RIS, 37 A K S B T BEAZ R (R %R
TE) B4y EEE A I 5370 H B AN )
YIRS 2 3 HEL T R AR — e s P R gk,
JE FA R I R B 2B T O — PR R 2. £ TCSFA
Jii, B SR AR T AR BRI, s
Y77 H 2= R MR BT R AL, 59— 5 TR 3% 7 AR
R & BN T &AM B A BAE R I T fE ARM
W RN R RIEE & We b, EE TR
P33 i R AR 87 B, 249K, TCSFA A &
(A& TE A2 78 B4 7 H B R I 1 iy bdk AT
f, R B U (B HATT f3843) iR e
UL AT N L FF A2 R, (H = B I & T
NEZR R 1 R 52 3
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ARM - 28 B30 23 A AT T AR A 30
VA ) I I R RS R R . RE pyL = 0, JE
CHMTIN o~ We, Hrh, PERET t(p) =
to(pH) + iTT(p”), Wz

We(p) = /t "4 < /t "4t + A(t”)]> ,

M BB ARE, B C #H t, =
to + irp — 1/, FA7 T A R SIS £

FEATIE$H B E P L, Vo(x) = —Q/|z| BEEERA
Ve(r +1y) = —Q/+/(z + 1y)? = —sign(z)Q/(z +
iy). X5 IO LB A DTk Y 8 IR 1
HIREHS. M KiE, Bl Hin s — B E R
THEH, REFEEN L, B E B IEE
DR, X B REEE |ap(t)|? 1 PE O RS AT R AA N
e2We, +2We, Hrh

Q [ I
WC1 = 2 72 do,
w Jo

r+r]

wt /i
We, = 2 / Sign(r}) —g 2 d g,
w S

i + 142
H ¢ = wre = w(tr — 1/K?), ¢ = wrp NEE
S I 50 A B, 4 A 0 R R TS D S o
SR A RITTSR,
ri = a(F /w?)| cos ¢;|(cosh ¢~ — cosh ),
ri = B(F Jw?)|sin ;| (sinh ¢ — sinh ¢
+ cosh ¢-(¢ — ¢-)),
rhy = (F /w?)[cos ¢ — cos ¢; cosh ¢
+ sin ¢; cosh ¢ (¢ — ¢5))],
ry = B(F [w?)|sin ¢i| (sinh ¢, — ¢ cosh ¢, ),

XH, o= —sign(cos ¢;), B=sign(sin ¢;) =sign(p).
o 5HENZIEI N IEAE R, RiE T BT IR
7, g WEE THFIHIETRIEE. #H o
5 5 W4 &0 LALLM A AR — R s O, Y
a = B B, BFIEE M (E) 2 77 LU (IE) 3)
HAMR, ZXFE O B R BB, 6N T
¢; € (—1/2,0), (1/2,0),--- HIHLEINE], Shif 34 22
T B0, 24« # B I, BE2KEH, BB RE
J& LT R T IR R Bl & [ BEAZ T T A 5 S Al
1E R H RS — P B B 1S Ol nT B RS W,
5 We,. We, £—NEAN PR, We, B
WSR3 R T AT S B X T EER

1, We, < 0 SBORBERANG], 2B EEREAR -
FEARLINY). A H AR IR, W LN T
FL B BRAZ AT 3R, ARAE B IE e*Ver ALxfima
BT MG T, B, AEREE DT
B 3L B 25 T ) PR ) P M R 2 A i ik =
B

5 WEREEME R AT
5.1 MBFEBELERNENTRKL

FEIE 22 2 I S A b, AR A SR R IR [R)
I E R TR A, B % B S AS G T 3)
VAESSIVRS7 B0V S R ER S SUN 0L T, & e & o =
(6 HL TR AR AR T DAAERF SR A, HLHC R B AT S
B (0 47 3 i S PO A i 8 A da ik AR A R AR
HL BRI, 7R bk FR b, H ] B Sl R A
RO AR RS, MAERE TR 56 HAH BAE A
BB, 54, BT BT L S R
g e ok, BTG HLT B E A A R A
oy

T I B BEZ ) EVA UK RS BERZ B A
F WKB LA i o 2 25 % R 202847 DL C 7T LA #I
TR AL UG 2 AF. a3 A UL PC SR A ) 2 A 3
NG BRI I A2 A Y, X T 3T AR FE
75, BB T4 SR 3, a2 S [) il s Ak
B, PO AR PR AE S, IXAE, ARM BERiR A H T
P % 25 i R S 2R ) TCSFA 5 1O,
ARM Tk SR VRRE 28 I (BB AR AR DR EAE, XA
FLAE S [A]E A R Hh tH BE U O A . 1K 2
BN, 807 B A E Yo TIEHE, fEHE R R
Yo 1 2R ERE A AL, MY EE b, XX R T
A% W7 I R B Bh A TR RS (50400,

24 22 BRI R S ) B S AE D' L 1 IRl i BE A
MR RIS o R . e b, B
BN, IR SR N, AT I8 S
[ _F AR AR 7 B AR Ja vk B 4@ 1 3 S )i
(branch cuts), X155 H BIARERR 4 B A2 AN FE ]
T (40 TCSFA Hr, M BB [a] i BLEEAR 40 21 S ]
My, BRI SEREATRUY). XRMELLR, T RE
PEAR IS TR R R R P AL ) T AR R
P AR FH & B 43 SCUDENTEL. BIEFT I, 73 S V)&
T A2 OO H B, AE — X 73 SR T TR 5 5 —
ANBE B R A /(02 B8R, 12 R S B I )
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FTHE r(t) - v(t) = 0 Bk, ARINEEFPITILZ
M simple-man £8 $LHUE H A B EAT 40 B, IX S H
P ) B) f ARG B AR T E SR M B B A5 R T, A
SEATFREI AT S, B R RS R
JEESTE], AATTAT DA 2R S Hhde 35 11 AR 43 B A2

FEMAELE T, W ABEFE S NZES HHCH R Bl filf
U T R EI P27/ 7) = P SR a2 U 87 L |
TR P s A T BEAZ I 52 BERZAE FH R A SR
1, B 5 RAZ R ARG, [BIAE U 2 A8 6 0 £
L& b 28 1 B T, (H 5 L8 2 5] NS % 5 2 3k
FONE S, 3K A0V Bl il e P 0 F B R R 3 [ il
FINAN ) 3 > U 1 Ta) ) B2 2% A0 BLAE A, DAPRAR
B = 2H dp 0 e R AR I R S DL Sy S T A
B R AN BORVRRAE. 6 H 1 B & P
IF B (A B, AR R AT A A
ik, SECT BB AR IRIEAE ARG N, St T ke
Hh O SR RO FL U R STHR (18] I AT R, BT
CHAYPREA BRI I Z HIZE), © R K
BRI AH A7, IR AR B T BA KR 7 4k 43 A i 2.
NI K AR A3 IR Eh e () R b A 2H 4K R
W5 NZES fI% 4.

5.2 S IREN T & HA IR RO ER [ il
Simple-man #5782 i 1A b 27 HL 2 5 L HL T30
TR 75, IR R B mIRE, Wi
F(t) = Fcoswtz, R#HA
A(t) = —/F(t)dt = —(F/w)sinwtz.
£ SFA ', BT v(t) = p+ A@R), i p AN
PRI EE AL =B &, 1E to = to + imp MZIK
%Eﬁ%, A0 HL T R A R T R R R T R
i[p + A(ts))? + I, = 0. HTFME LR

rdﬂ:A@+AmMr

R Rl = A R A AR SO IR BN R 4 R, A B
W BT F 3 AR B N R, N T R B S R Y
RIBIRERS 8] ¢, 207 B 5 SR,
tr
Re[za(t:)] = Re [/ [p. + A(T)]dT] =0,
ts
vy (ty) = p. + A(ty) = 0.
RN EIEY, 3t — B RE N AR 1z
TR

F
Zexit + Pz (tr — to) + E[COS wt, — coswtg] = 0,

.
p, — —sinwt, =0, (11)
w
/\¢

Zexit = Re [/: [p + A(T)]} dr

F
= cos(wtp)(1 — coshwrr)

ARG E WAL RO PTAT ROER B RS R AEAEAR B U,
RERAR/NTEOL, FTELRBELL p, /N EMRIT
(ZRPEAL). ¥ T R PR T4 HL B I (8] ¢ JRIEN

to + i L arcsi (w( T ))
177 = — arcsin (| — P 1K
0 T w Ia D

1 1
~ + i—arcsinhvy,
F 1+ 72 w
2 1 1 i
lo >~ bz , Tr = —arcsinh~y.
F 1+ 72 w

AN 7 ORI — T, 18 2oxis ~
~(Ffu?) (VI+97 =1). EBFHIE 5 <1 F,
Zexit %ﬂ: _Ip/F (11) ﬁ?‘j—:zﬁ‘ﬁﬁtfﬁ’ﬁ1uy‘j

F
Pty + 2 [coswtr — /1 —1—72} =0,
F .
p, — —sinwt, = 0. (12)
w

KA (12) NFFEXS t, KT p, FATEMEM. KR
R AL i R e BB SR T AR IR, A R AE
wt, = 21 JE# 4 RAE— U EAE, b4 wt, =
(n+Dm+wdty, i n=1,23--- RN (12) X
Alfg oty ~ (—1)"*p,/F, Bf coswt, ~ (—1)"*+1,
(Rl I e sk >R T 3R e AR 3% 482 3K (Bl lf 1) B0 8 1) 95 7S
o
Fyl+92+(-D"
w (n+1)m
Z A AT PUR Gt el (11) SRS, n 10515
PEYUE 130 AT 7] [B1 R BEAZ, & T 1 Bk
ANF AT A, Fenl bl v BRI REXRR: AT n
NETEL, BEFEIIR v — 0 F,

vk
n+1)2n (n+1)2n’
X w [ E REE R, BIRE p?/2 oc 2% X T n l
B3,

ST
b, =

SrNi
pZ_CU(

F 1 K 1
wh+Dn v+ 1)

FEE p?/2 oc vy~ (EW KN 3.1 pym, WEA
1 x 10" W/em? BJSMIH, &5 74 n NE

ST
b, =
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G T, EEE p. ~ 0.02 a.u., KB 8 meV [
FfE, X5 NZES M FE A — 2.

SEBS AT LU AT 5 NZES J6H T Re & 2
HA 421, BRI F K P E B a AL #1215 7R
EAE. 2R T a7 e 50 & E AKX T R =
PRI () oy Fe e, AR R BEARIER G T v — 0
(0 B 28 B PR, IS ROBE 6 R M A sE s i 5 0l T
A ERER T B E R R A
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PR BT I sh B LR MR T —H 5 &
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R SO0 25 AR M DL SE I 3R 7 41 R 36 IE, (H I Ff
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HLE X PO, STk g s 55 3555
AR, AR BEEESNFRSIX B e R EREL
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A

5.3 ARM Fp$ L8 S EHIITE D

MG ARM B i e m] L SR 3 R B
FRIREIAE. 7E ARM EgH, AT LA BERZ A5
HL 7 1) 3 2 DTk AR 7 52 e, d i A EVA
B HUE RS IRAE. 2BLT SFA o, o) B I ] AT AR
g3 0] DLR e sOE R AT AR IR TR TR
SLERTE P EL IS, A ARM HH FITAS ) FiE R R
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WZ) T 4. BTN vt) =p+ A(t), BFHL
I A

ralt) = / p+ A(D)dr. (13)

b6 LS, AR (9) 3R, R SR U A R AR
IR K [ B TR 1 o1t SR s
KB o2 e PTACIAT e 5 e ok 1 1
FRH e e Urat) AT gy A A, EATA
A TR AR L, 2 o e R R e T Bk 5
(R AR T L (A 40 75 B R 4 B 12
i ) L, R R A A7 T A A T LA
FRAEAR4) e, % DL 3% LA TCSFA i, e $%
SPAT I D R 0 e A, LR B S i e,
VL SN B B T, BORE, BB AR 40 B T i
RIS R S5 5 R . AL, BB R TR T
R T |eilvts o= 3 L PHAMIZAT| 2 1 4R 4 41,
BT, 5B R I SR AL, A
AR T, AR, TT AE B, 3R i 1 % 4 1 5
LAY LT A7 E 1 B

76 ARM A4 PR U J it 5 3 A0 S e 1
BT VG R+ 165 IR

rurirpt) = v+ [ [ A7

By (13) MR SR IIBE ra(t), HizHE
PITRIR A A AR 532

exp [—i/tT U(Tcl(T))dT] :

B B S48 1E A DR R A B IR AR 43 A X R
EVA FEOEIEFRF

exp [i /Tt U(rg(r;r,p, t))dr]

WS E R I RRAT R4, e e T T E A
B IE BB, WI46 26 HH UL EC R B e

ARM 5 TCSFA =X 80k ()48 A L S A
. ARM 1, JLF v (t) R4 ER TE
BNTTRE Pa(t) = —F(t) g, XAFT TCSFA J7
EREE R Z ST (RN EHOES 5 EAH
W) M EAERMIZ3 TR XA IR R & B,
EVA B3R HIL ro, A8 S BHZHA XTI K
YER, 7€ EVA U R 208 J2 1 b AL 38 872 2 AR )ik
. ARM W46 %A & A F T TCSFA H i)
WHAKAE. ARM H, B T 46 2% 1 2 N ER — P R
LR IRAG 1, B B RFUEAE RS 5N AR NS, 1A
PR LR A H AR 14 5T T fE TCSFA H, e
BUIETERE ZE A sz, B RIR BRI B i, 1
HEPP RS S EERNE TR A
N HAFAER Z WA, Horp, Wz — /e T 5
I [A]~F 1T b2 R 43 S D) T
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TR T TR BEESY, B m s
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REFB o KT 92 Eh. bR b, SAEAE KT A
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S, T e B R R, — AR B
A Re G 7y SR, 1 ORAIEPE-C A2 IEAH X
TR, NATZUR AR 3 B A RS B8 S Al BETT
SCUENH, AEAR 7 BB T e 2. XA I R
23 [F) N 0 FAE PO B AT e (), B2
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AT 34 3% 521 T _E ) B A
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PRI g 188 L7 S 1 69 430 S 0 8 T 4 LR
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B T LT 4 S ) 0 TR 4 1 38T (slalom
gate). THEEH TE BRI 28 &K B R F H3)
BSH, Wk, RIE—E RGN 7R 2 e
HEE R AT S AR 4 B AR A L

SEIT TP SV 2 10 2 R R, T
BUR B3 4B B B R T V. B A4 52 1)
B Rey/ra(f)? = 0 MIZEEILE, W54 % 1)
<51 T A 5 L B D M 2R )0 T 2 ) L
0, TR 1 Bl 20 R T 43 S ) TH ) 2 N
A6 52 AT b WS 22 A TR A, 8 D55 1) S AP B
Re [\/ra(l)?] £ 4eib, B3R /MILR K
o L 4y S BN O B 1, B/IME A, KRB
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T30E T4 52 UV I R B A, 24 E0 @3 3 AN T DA
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B R, WU, AT A4 T B B B
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i 1 ZA B B2, BT Il BRI,
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5.5 LB IEIRETE AT
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A 1ot o FL B A 2 £ 4 A
DR A4 R 50 7 B K BTN 06 2 2 B 210 A 1k
TE b X I L S 50 R 1 B 2 2 B R B 3 B 8k L
1 B TR 5y, BETT A A . TRk
R, — OB T4 toa , X TR T
P I p., AR S ) B

9T VI B R A L AL, TR 1 ()
*M@%ﬁﬁ/mmww.ﬁ¢ﬁﬁﬁ%

12 ralt? A EAME, 1/ /ral)? BA K
fH, REA B IR TR R, BT
e = \/Pa(tSN)? B B A A S — N i o IE A
RS, WK U, = —1/r, HHKEAEMY, BE
BT et/ Uat g E bRk,
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0.04 TR R, AP JE A (h), 4k
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WY SN, DA G 2 PR AR ) B
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Fig. 1. Adapted from Fig.12 in
Ref. [18]. The closest approach times

0.12
0.06

Im(wt)

perform a three-way close approach

Im

during a soft recollision. (a) and
(b) show the branch cuts of these

saddle points will reconnect and the

~0.06
- —0.12

6.1 6.2 6.3 6.4 6.5 6.6 6.1 6.2 6.3 6.4 6.5 6.6 R . . X
topologies will change, at which point

(e) Branch cut sketch (f) Branch cut sketch the outer saddle points tg}A and tél)x

AR VAR R VAR emerge from the classically forbid-

den region and the kinetic energy
1

Re [iv(t)ﬂ changes sign, as shown

in (¢c) and (d). After the change,

the outer saddle points can be reached

without tunneling and the integration

Im(wt)

contour should pass them. Panels (e)
and (f) illustrate the relevant branch

cuts along with the proper integration

contour for each topology, the corrre-

61 62 63 64 65 6.6 sponding trajectories moving along z-

axis are shown in (g) and (h). No

change occurs if the electron does not

(g) Trajectory (h) Trajectory return to the core as shown in (g), how-

0 ever, the trajectory passes the origin
w
- and would cross the associated branch
= —-01 1r . .
4 ~ cut if taken along the dashed integra-
8 -0.2 1F tion contour of (f), so the contour must
\;/ 03 be deformed to avoid it, as shown by
= . . " the solid line.

-0.6 —-04 -0.2 0 -0.6 —-0.4 -0.2 0
Re(z)/arb. units Re(z)/arb. units
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KL BTN A A L2 T, R 1 (a) HTF R
i, Re[v(t(clj)\)Q] 5 Re[v(tg’g)Q] B til, i
FF0 TIXFIAEE S, XA G 4 B0 3 L AE
T, MR X A 5 VT b B Al (A s S A 7 £
DXHR. W11 (o) B, B4 5 60 0 1 TR M 7 [ il
Sk e 6 R TS A 1T R G A

IRAFIXAHRE, 7= A AR ) AR BT B ) foe #230E
I TA) R B A 2 1) RAEAE L LS ; 2) HE AR 2t
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LIS TA]4%Z Reltoa] SEMMKI T HES, Hin] K &R
ISF 16 P I L A AR 70 B A

5.8 FECIBIEBREZR

SINFECEIER TH AR #E SFA BER LR E
R 2 B 3 MEY, XEERAEL MBI N
0 2B A LA S B0, S o R A 28 i AR
i py MEAMRRMAL. SR Y —shE
A 2 e R 5 T AE 5 — O D) R B — SR A
HIE. RN B AR, bR S T ER
ML A EA, BEREFE R IERE LB K,

B2 fESCHk[18] 1K 14
FOFE KK R (B A = 3.1 pm, v = 0.31) 0
NZES £E5#4), A 15 R 5T B R T 3 n e 2 1 i o
TR R B 3R BRI, (B S 22 SR I 5B AR g3

Fig. 2. Adapted from Fig. 14 in Ref. [18]. The subcycle
ionization yield calculated by ARM method shows the

fEH ARM J5 ikt H I

NZES in Argon for long-wavelength fields (A = 3.1 pm,
~v = 0.31). The ionization yield may get enhanced with
the increasing time around the core when p. < p3'. How-
ever, the enhancement turns into a strong suppression for

pz > pi.

B, FE18 1R 1 RO Bk T % A 3 B lE I 4 4
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78 256 T AR ME 58 4% 73 H O LT Bl B oA S
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KR REER &R, AT DL SO LB 2 5 42 R el il it
PR E R R, BT B SRR R AMICRE &5 44 R
JER R A,

6 % &

ARM 7792 B — PR S B 1) AR BT A R
F -3 T -BEAZ B B P BE AR PG 0 AN )
BAT A X, FE R BTl B al EERAIE TR B RS
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R —NEAERE. X T 5KaEXH
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FHOG SIS 22 VBT X Le S A AR IR, e Ah, B TSR
(1) g R g Ik L 4 MO U3 T R g AT R 1
FHICT R X EAE SRR OE R W R G5, &
FRAL T —ANAT A T E AR AR O FL AR BE o X
SN IIHEAT NN R G TR, nlAHAb A R
ICAE B R IR LTI 5 .

SE 3k

[1] Blaga C I, Catoire F, Colosimo P, Paulus G G, Muller
H G, Agostini P, DiMauro L F 2008 Nat. Phys. 5 335
[2] Quan W, Lin Z, Wu M, Kang H, Liu H, Liu X, Chen J,
Liu J, He X T, Chen S G, Xiong H, Guo L, Xu H, Fu
Y, Cheng Y, Xu Z Z 2009 Phys. Rev. Lett. 103 093001
[3] Liu C, Hatsagortsyan K Z 2010 Phys. Rev. Lett. 105
113003
[4] Liu C, Hatsagortsyan K Z 2011 J. Phys. B: Atomic,
Molecular and Optical Physics 44 095402
[5] Liu C, Hatsagortsyan K Z 2012 Phys. Rev. A 85 023413
[6] Paulus G G, Becker W, Nicklich W, Walther H 1994
J. Phys. B: Atomic, Molecular and Optical Physics 27
L703
[7] Becker W, Grasbon F, Kopold R, Milosevi¢ D, Paulus
G, Walther H 2002 In Advances in Atomic, Molecular,
and Optical Physics (edited by Walther B B A H) (Vol.
48) (Waltham: Academic Press) pp35-98
[8] Milosevic D B, Ehlotzky F 1998 J. Phys. B: Atomic,
Molecular and Optical Physics 31 4149
[9] Popruzhenko S, Bauer D 2008 J. Mod. Opt. 55 2573
[10] Yan T M, Popruzhenko S V, Vrakking M J J, Bauer D
2010 Phys. Rev. Lett. 105 253002
[11] Yan T M, Bauer D 2012 Phys. Rev. A 86 053403
[12] Wu C Y, Yang Y D, Liu Y Q, Gong Q H, Wu M, Liu
X, Hao X L, Li W D, He X T, Chen J 2012 Phys. Rewv.
Lett. 109 043001
[13] Dura J, Camus N, Thai A, Britz A, Hemmer M, Baud-
isch M, Senftleben A, Schréter C D, Ullrich J, Mosham-
mer R, Biegert J 2013 Sci. Reports 3 2675

[14] Pullen M G, Dura J, Wolter B, Baudisch M, Hemmer
M, Camus N, Arne Senftleben, Schroeter C D, Mosham-
mer R, Ullrich J, Biegert J 2014 J. Phys. B: Atomic,
Molecular and Optical Physics 47 204010

[15] Wolter B, Lemell C, Baudisch M, Pullen M G, Tong X
M, Hemmer M, Senftleben A, Schroter C D, Ullrich J,
Moshammer R, Biegert J, Burgdorfer J 2014 Phys. Rev.
A 90 063424

[16] Torlina L, Smirnova O 2012 Phys. Rev. A 86 043408

[17] Torlina L, Ivanov M, Walters Z B, Smirnova O 2012
Phys. Rev. A 86 043409

[18] Pisanty E, Ivanov M 2016 Phys. Rev. A 93 043408

[19] Kaushal J, Smirnova O 2013 Phys. Rev. A 88 013421

[20] Torlina L, Kaushal J, Smirnova O 2013 Phys. Rev. A 88
053403

[21] Smirnova O, Spanner M, Ivanov M 2006 J. Phys. B:
Atomic, Molecular and Optical Physics 39 S307

[22] Walters Z B, Smirnova O 2010 J. Phys. B: Atomic,
Molecular and Optical Physics 43 161002

(23] Caillat J, Zanghellini J, Kitzler M, Koch O, Kreuzer W,

Scrinzi A 2005 Phys. Rev. A 71 012712
] Scrinzi A 2010 Phys. Rev. A 81 053845
] Tao L, Scrinzi A 2012 New J. Phys. 14 013021
6] Kuchiev M Y 1987 JETP Lett. 45 404
] Corkum P B 1993 Phys. Rev. Lett. 71 1994
] Yudin G L, Ivanov M Y 2001 Phys. Rev. A 63 033404
] Chen Z, Le A T, Morishita T, Lin C D 2009 Phys. Rev.

A 79 033409

[30] Le A T, Lucchese R R, Tonzani S, Morishita T, Lin C
D 2009 Phys. Rev. A 80 013401

[31] Smirnova O, Mouritzen A S, Patchkovskii S, Ivanov MY
2007 J. Phys. B: Atomic, Molecular and Optical Physics
40 F197

[32] Brabec T, Ivanov M Y, Corkum P B 1996 Phys. Rev. A
54 R2551

[33] Huismans Y, Rouzée A, Gijsbertsen A, Jungmann J H,
Smolkowska A S, Logman P S W M, Lépine F, Cauchy
C, Zamith S, Marchenko T, Bakker J M, Berden G,
Redlich B, van der Meer A F G, Muller H G, Vermin
W, Schafer K J, Spanner M, Ivanov M Y, Smirnova O,
D Bauer, Popruzhenko S V, Vrakking M J J 2011 Sci-
ence 331 61

[34] Song X, Lin C, Sheng Z, Liu P, Chen Z, Yang W, Hu S,
Lin C D, Chen J 2016 Sci. Reports 6 28392

[35] Smirnova O, Spanner M, Ivanov M 2008 Phys. Rev. A
77 033407

[36] Popov V S 1999 Physics-Uspekhi 42 733

[37] Perelomov A M, Popov V S, Terent’ev M V 1966 JETP
23 924

[38] Popruzhenko S V, Mur V D, Popov V S, Bauer D 2008
Phys. Rev. Lett. 101 193003

[39] Kastner A, Saalmann U, Rost J M 2012 Phys. Rev. Lett.
108 033201

[40] Késtner A, Saalmann U, Rost J M 2012 J. Phys. B:
Atomic, Molecular and Optical Physics 45 074011

[41] Nubbemeyer T, Gorling K, Saenz A, Eichmann U, Sand-
ner W 2008 Phys. Rev. Lett. 101 233001

[42] Landsman A S, Pfeiffer A N, Hofmann C, Smolarski M,
Cirelli C, Keller U 2013 New J. Phys. 15 013001

223204-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://www.nature.com/nphys/journal/v5/n5/full/nphys1228.html
http://dx.doi.org/10.1103/PhysRevLett.103.093001
http://dx.doi.org/10.1103/PhysRevLett.105.113003
http://dx.doi.org/10.1103/PhysRevLett.105.113003
http://dx.doi.org/10.1088/0953-4075/44/9/095402
http://dx.doi.org/10.1088/0953-4075/44/9/095402
http://dx.doi.org/10.1103/PhysRevA.85.023413
http://iopscience.iop.org/0953-4075/27/21/003
http://iopscience.iop.org/0953-4075/27/21/003
http://iopscience.iop.org/0953-4075/27/21/003
http://www.sciencedirect.com/science/article/pii/S1049250X02800064
http://www.sciencedirect.com/science/article/pii/S1049250X02800064
http://www.sciencedirect.com/science/article/pii/S1049250X02800064
http://dx.doi.org/10.1088/0953-4075/31/18/013
http://dx.doi.org/10.1088/0953-4075/31/18/013
http://dx.doi.org/10.1080/09500340802161881
http://dx.doi.org/10.1103/PhysRevLett.105.253002
http://dx.doi.org/10.1103/PhysRevA.86.053403
http://dx.doi.org/10.1103/PhysRevLett.109.043001
http://dx.doi.org/10.1103/PhysRevLett.109.043001
http://www.nature.com/articles/srep02675
http://dx.doi.org/10.1088/0953-4075/47/20/204010
http://dx.doi.org/10.1088/0953-4075/47/20/204010
http://dx.doi.org/10.1103/PhysRevA.90.063424
http://dx.doi.org/10.1103/PhysRevA.90.063424
http://dx.doi.org/10.1103/PhysRevA.86.043408
http://dx.doi.org/10.1103/PhysRevA.86.043409
http://dx.doi.org/10.1103/PhysRevA.86.043409
http://dx.doi.org/10.1103/PhysRevA.93.043408
http://dx.doi.org/10.1103/PhysRevA.88.013421
http://dx.doi.org/10.1103/PhysRevA.88.053403
http://dx.doi.org/10.1103/PhysRevA.88.053403
http://dx.doi.org/10.1088/0953-4075/39/13/S05
http://dx.doi.org/10.1088/0953-4075/39/13/S05
http://dx.doi.org/10.1088/0953-4075/43/16/161002
http://dx.doi.org/10.1088/0953-4075/43/16/161002
http://dx.doi.org/10.1103/PhysRevA.71.012712
http://dx.doi.org/10.1103/PhysRevA.81.053845
http://dx.doi.org/10.1088/1367-2630/14/1/013021
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1103/PhysRevA.63.033404
http://dx.doi.org/10.1103/PhysRevA.79.033409
http://dx.doi.org/10.1103/PhysRevA.79.033409
http://dx.doi.org/10.1103/PhysRevA.80.013401
http://dx.doi.org/10.1088/0953-4075/40/13/F01
http://dx.doi.org/10.1088/0953-4075/40/13/F01
http://dx.doi.org/10.1103/PhysRevA.54.R2551
http://dx.doi.org/10.1103/PhysRevA.54.R2551
http://dx.doi.org/10.1126/science.1198450
http://dx.doi.org/10.1126/science.1198450
http://dx.doi.org/10.1038/srep28392
http://dx.doi.org/10.1103/PhysRevA.77.033407
http://dx.doi.org/10.1103/PhysRevA.77.033407
http://dx.doi.org/10.1070/PU1999v042n07ABEH000581
http://www.jetp.ac.ru/cgi-bin/e/index/e/23/5/p924?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/23/5/p924?a=list
http://dx.doi.org/10.1103/PhysRevLett.101.193003
http://dx.doi.org/10.1103/PhysRevLett.101.193003
http://dx.doi.org/10.1103/PhysRevLett.108.033201
http://dx.doi.org/10.1103/PhysRevLett.108.033201
http://dx.doi.org/10.1088/0953-4075/45/7/074011
http://dx.doi.org/10.1088/0953-4075/45/7/074011
http://dx.doi.org/10.1103/PhysRevLett.101.233001
http://dx.doi.org/10.1088/1367-2630/15/1/013001

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 22 (2016) 223204

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

Progress in study of low-energy photoelectron in
ultra-fast strong fields-analytical R-matrix theory based
semiclassical trajectory method”
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Abstract

The semi-classical method based on the recently developed analytical R-matrix theory is reviewed in this work. The
method is described with the application to ultra-fast strong-field direct ionization of atoms with one active electron in a
linearly polarized field [Torlina L, Smirnova O 2012 Phys. Rev. A 86 043408]. The analytical R-matrix theory separates
the space into inner and outer regions, naturally allowing the possibility of an analytical or semi-analytical description
of wave function in the outer region, which can be approximated by Eikonal-Volkov solutions while the inner region
provides well-defined boundary conditions. Applying the stationary phase method, the calculation of the ionization
amplitude is cast into a superposition of components from trajectories and their associated phase factors. The shape of
the tunneling wave packets associated with different instants of ionization is presented. It shows the exponential cost
of deviating from the optimal tunneling trajectory renders the tunneling wave packet a Gaussian shape surrounding the
semi-classical trajectory. The intrinsically non-adiabatic corrections to the sub-cycle ionization amplitude in the presence
of both the Coulomb potential and the laser field is shown to have different influences on the probability of ionization. As
a specific study case, soft recollisions of the released electron near the ionic core is investigated by using pure light-driven
trajectories with Coulomb-corrected phase factor [Pisanty E, Ivanov M 2016 Phys. Rev. A 93 043408]. Incorporating
the Coulomb potential, it is found problematic to use the conventional integration contour as chosen in other methods
with trajectory-based Coulomb corrections, because the integration contour may run into the Coulomb-induced branch
cuts and hence the analyticity of the integrand fails. In order to overcome the problem, the evolution time of the post-
tunneling electron is extended into the complex domain which allows a trajectory to have an imaginary component. As
the soft recollision occurs, the calculation of the ionization amplitude requires navigating the branch cuts cautiously.
The navigating scheme is found based on closest-approach times which are the roots of closest-approach times equations.
The appropriately selected closest-approach times that always present in the middle of branch-cut gate may serve to
circumvent these branch cuts. The distribution of the closest-approach times presents rich geometrical structures in both
the classical and quantum domains, and intriguing features of complex trajectories emerge as the electron returns near
the core. Soft recollisions responsible for the low-energy structures are embedded in the geometry, and the underlying

emergence of near-zero energy structures is discussed with the prediction of possible observations in experiments.

Keywords: above-threshold ionization, semiclassical theory, analytical R-matrix method, complex time
method
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Table 1. Parameters of model potential for Na atom (a.u.) [22].

1 a re S Aq As B Bo
0 0.946 2.05 3.4776465 —4.4987218 —0.77850759 2.54 1.27
>1 0.946 2.05 1.6341570 —6.7354384 —0.23873657 1.88 0.94
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Fig. 1. (color online) Dipole, ionization probabil-
ity and HHG obtained from 4s state of Na atom
(A = 2800 nm).
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

A single short pulse produced by the excited state of Na
atom exposed to an infrared laser”

Jia Yan-Wen Guo Qiao-Ling Li Peng-Cheng' Wang Guo-Li Zhou Xiao-Xin*

(College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou 730070, China)

( Received 24 September 2016; revised manuscript received 26 October 2016 )

Abstract

The time-dependent Schrodinger equation of alkali metal Na atom in an infrared laser field is solved numerically
by using the pseudo-spectral method. In the calculation, an accurate model potential of Na atom is used. The bound
state energy levels, which are consistent with experimental data, are obtained with the potential, so that we can study
the characteristics of high-order harmonic generation for emission of the exited stated of Na atom. Our results show
that the high-order generation spectrum of emission of 4s, and 5s excited states of Na atom is super-continuum in the
over-barrier ionization regime. By superposed certain orders harmonics below threshold, a single pulse can be obtained
with the central frequency from high frequency of visible light to the ultraviolet band. Through the calculated ionization
probability of Na atom and the time-frequency analysis by wavelet transform of the superposed harmonics, it reveals that
the emission process of low-order harmonic generation in over-barrier ionization regime is different from in the tunnel

ionization regime.

Keywords: excited states of atom, high-order harmonic generation, a single pulse
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Fig. 1. Differential ionization asymmetry parameter,

(=)
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Fig. 2. (a) Two-dimensional quantum beats obtained from Fourier transform of the map shown in Fig.1

along the delay axis at each electron energy; (b) one-dimensional quantum beats obtained by integrating

panel (a) along the electron energy axis at each oscillation frequency, inset is the close-up of quantum beats
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Fig. 5. Emission spectrum generated in helium by the
combination of an IR pulse and an isolated attosecond
pulse, vs. the temporal delay between the two pulses,

calculated by using the full quantum simulations (551,
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Fig. 7. Asymmetry parameter A, total ionization I, and P+ as functions of time delay At; (b) asymmetry parameter
A, total ionization I, and P+ as functions of the electric-field strength of the THz field Ejg, at the fixed delay of
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0.5m [62],
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Fig. 8. Calculated (a) and experimental (¢) harmonic spectra driven by the 1800/900 nm OTC field as a

function of the relative time delay, respectively, the insets in (a) and (c) show the enlarged spectrum from

57 th to 60 th harmonics; calculated (b) and experimental (d) comparison of the harmonic spectrum driven
by the 1800/900 nm OTC field at two different time delays, i.e., —0.017" and 0.127, respectively (677,
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Research progress of the control and measurement of
the atomic and molecular ultrafast electron dynamics
using two-color field”
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(State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
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Abstract

The advent of the ultrafast laser pulse provides the powerful and efficient tool for probing the ultrafast electron
dynamics in atoms and molecules. The various nonlinear process induced by the laser-matter interaction allows one
to obtain the electron motion information on the sub-femtosecond time scale. A series of the ultrafast spectroscopic
technique, such as attosecond streak camera, attosecond transient absorption spectrum, and etc., have been successfully
applied to the probe of electron dynamics in atoms, molecules, and solids. Using two-color field is one of the significant
methods to achieve the coherent control and exploring of the electron motion. This paper summarizes recent research
activities in the field of the atomic and molecular ultrafast process investigated in State Key Laboratory of High Field
Laser Physics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, including the detection
of the electron dynamics of the multi-bound states, measurement of the carrier envelope phase (CEP) and the phase of
the attosecond pulse, and the ultrafast electron control with the THz/UV and MIR/IR field. To measure the dynamics
of the multi-bound states, a broadband attosecond pulse can be used to ionize the electrons after it is excited by the
pump laser. By changing the delay between the pump laser and the attosecond pulse, the measured electrons ionized
by the broadband xuv attosecond pulse can present the multi-bound states dynamics simultaneously. The XUV/IR
scheme is popularly used in attosecond dynamics measurement. But usually, the IR field is not very strong. We find
that, if the IR field is strong enough to induce the above threshold ionization (ATI), the interference between the ATI
electron and the electron from XUV pulse can be used to measure the CEP of the attosecond XUV pulse. Besides, if
the electron ionized by attosecond pulse can be pushed back to the nuclei, the emission from the recombination can be
used to determine the spectral phase of the attosecond pulse, which is an all-optical measurement. We also investigate
the two color scheme of THz/UV and MIR/IR fields. With THz/UV two color scheme, very high electron localization
can be achieved duration molecular dissociation when we use the UV pulse to excite the electron and the THz pulse
to control the following electron movement. When we use the MIR/IR field to control the electron motion during the
high harmonic generation, the recollision can be greatly decreased and the single attosecond pulse can be produced with
multi-cycle MIR laser field.

Keywords: attosecond pulses, two-color field, ultrafast electron dynamics
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Fig. 1. Convergence of the interference in GQTMC.
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Fig. 2. Comparison of experimental two-dimensional photoelectron momentum distributions with calcula-

tions, for the metastable 6s state (I, = 0.14 a.u.) of xeon atom by lasers of wavelength of 7000 nm (adapted
from Ref. [35]).
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Fig. 3. Comparison of two-dimensional photoelectron momentum spectra of Xenon atom from the ground
state using TDSE, QTMC and GQTMC (adapted from Ref. [35]).
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Fig. 4. Distributions of the initial transverse velocity and the initial ionization phase of the laser (adapted

from Ref. [35]).
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Fig. 5. Comparison of the final PMD due to ionization from area A (see Fig. 3(d)) calculated by the QTMC
and GQTMC for v = 0.55 and 1.19, respectively (adapted from Ref. [35]).
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Fig. 6. Simulated two-dimensional photoelectron momentum spectra of an Ar atom!°®l.
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Strong field photoelectron holography studied by a
generalized quantum-trajectory Monte Carlo method”
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Abstract

Strong-field photoelectron holography encodes detailed temporal and spatial information about both theelectron
and ion dynamics. Here, we review a series of numerical studies of strong-field photoelectron holographyin atoms and
molecules by a generalized quantum-trajectory Monte Carlo method. By comparingthe generalized quantum-trajectory
Monte Carlo simulationwiththe numerical solution of thetime-dependent Schrédinger equation, we demonstrate that, in
the nonadiabatic tunneling regime, pronounced nonadiabatic effects occur which manifest in the energy cutoff of the
holographic interference structure. Moreover, we found that a profound ring-like pattern can be observed in the deep
tunneling ionization regime. Theappearance of the ring-like interference pattern masks the holographic interference
structure. In contrast to the tunneling regime, the long-range Coulomb potential is found to play an essential role in the

formation of the photoelectron holography in the nonadiabatic tunneling regime.

Keywords: strong field photoelectron holography, generalized quantum-trajectory Monte Carlo method,

nonadiabatic tunneling ionization
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Fig. 1. The schematic diagram of formal scattering

theory in electron ionization process of atom (reprinted

with permission from Ref. [55]).
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Fig. 2. The NSDI momentum spectra of two ionized
electrons with their momenta along the laser polariza-
tion direction, where the NSDI is caused by the CI
mechanism in an IR laser field. In a logarithmic scale

(reprinted with permission from Ref. [46]).
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Fig. 3. Channel contributions of NSDI momentum spectra with the final momenta of the two ionized

electrons along the same direction. (e)—(h) present |Jq, +q5—s(¢1 + ¢2 — ¢],n)|? for the backward collision;

(i)—(1) present |Jg;+go—s(¢1 +C2 — ¢, n)|? for the forward collision. The orders of these channels are 1 [(a),
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scale (reprinted with permission from Ref. [46]).
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Fig. 4. (a)—(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons along
the opposite directions; (e)—(h) present |Jg; +q¢,—s(¢1 +¢2 — ¢}, n)|? for the backward collision; (i)—(1) present |J g, +¢5—s(¢1 +
¢2 — ¢4, m)|? for the forward collision. The orders of these channels are 1 [(a), (e) and (i)], 15 [(b), (f) and (j)], 23 [(c), (g)

and (k)] and 41 [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [46]).
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Fig. 5. Interference fringes on the NSDI momentum
distributions for (a) channel 1 and (b) channel 5. The
solid squares show the positions where the function

cos © = 0 (reprinted with permission from Ref. [46]).
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Fig. 6. The NSDI momentum spectra of two ionized elec-
trons with their momenta along the lasers polarization di-
rection, where the NSDI is caused by the CI mechanism
in IR+XUV two-color laser fields. In a logarithmic scale
(reprinted with permission from Ref. [47]).
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Fig. 7. (a)-(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons
along the same direction; (e)—(h) present the contribution of forward collision to the NSDI; (i)—(1) present the contribution
of backward collision to the NSDI. These channels are (1| — 20, 0) [(a), (e) and (i)], (1]0, 0) [(b), (f) and (j)], (1]20, 0) [(c),
(g) and (k)] and (1]40, 0) [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [47]).
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Fig. 8. (a)—(d) Channel contributions of NSDI momentum spectra with the final momenta of the two ionized electrons along

the opposite direction; (e)—(h) present the contribution of forward collision to the NSDI; (i)—(1) present the contribution of
backward collision to the NSDI. These channels are (1|—20, 0) [(a), (e) and (i)], (1]0, 0) [(b), (f) and (j)], (1|20, 0) [(c), (g)
and (k)] and (1]40, 0) [(d), (h) and (1)], respectively. In a logarithmic scale (reprinted with permission from Ref. [47]).
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Fig. 9. The energy circles for p) along the same direc-
tion of the laser’s electric polarization and for s; = 0,
sa =1, g2 = 0 and tc = cos(wito), which indicates
that (a) and (c) are backward collisions and (b) and (d)
are forward collisions. In a logarithmic scale (reprinted

with permission from Ref. [47]).
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Fig. 11. Interference patterns on the NSDI momentum
distributions of subchannel (1|20, 0) for the forward
collision. The solid squares show the positions where
the function cos[f(to) — m/4] = 0. In a logarithmic

scale (reprinted with permission from Ref. [47]).
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Fig. 12. The NSDI momentum spectra of two ionized
electrons with their momenta along the lasers polar-
ization direction, where the NSDI is caused by the CEI
mechanism in an IR laser field. In a logarithmic scale

(reprinted with permission from Ref. [46]).
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Fig. 13. (a)—(d) represent the momentum spectra of two electrons for different channels; (e)—(h) represent the backward
collisions. The orders of these channels are 1[(a), (e)], 5[(b), ()], 12[(c), (g)] and 20[(d), (h)], respectively. In a logarithmic

scale (reprinted with permission from Ref. [46]).
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Fig. 14. The NSDI momentum spectra of two ionized
electrons with their momenta along the lasers polar-
ization direction, where the NSDI is caused by the
CEI mechanism in IR+XUV two-color laser fields. In

a logarithmic scale.
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Abstract

The research of laser-matter interaction has become a major direction in the field of laser physics since the invention
of laser in 1960. Based on the development of the laser technique in the recent several decades, the ranges of the laser’s
frequency, intensity and pulse width have been explored widely. Therefore, the excitation, emission and ionization
dynamic processes of a complex system in intense laser fields have been studied deeply. Especially, the nonsequential
double ionization (NSDI) process has continuously attracted much attention from both experimental and theoretical
sides. So far, the recollision picture is widely accepted as a dominating mechanism accounting for the NSDI process
under an infrared (IR) laser field condition. This recollision picture can be classified into two mechanisms: the collision-
ionization (CI) mechanism and the collision-excitation-ionization (CEI) mechanism. Recently, it is found that the NSDI
process can take place in an extreme ultraviolet (XUV) laser field, and thus few-photon double ionization has been
extensive studied by solving the full-dimensional time-dependent Schrédinger equation (TDSE) and the conventional
nonstationary perturbation theory. This article reviews the frequency-domain theory of the NSDI processes of an atom
in a monochromatic IR and IR+XUV two-color laser fields. In contrast with other approaches, such as the TDSE
calculation and S-matrix method, the frequency-domain theory based on the nonperturbative quantum electrodynamics
is involved in some advantages: (i) all the recollision processes, including high-order above-threshold ionization (HATT),
high-order harmonic generation (HHG) and NSDI, can be dealt under the unified theoretical frame and can be decoupled
into two processes—a direct above-threshold ionization (ATT) followed by a laser-assisted collision (LAC) or by a laser-
assisted recombination process, where these subprocesses can be investigated separately; (ii) the approach can save a

lot of computation time because of its nature of time-independent. In this review, we show the different momentum
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spectral distributions under the CI and CEI mechanisms in the IR and IR+XUV laser fields. With the help of the
channel analysis, we compare the contributions of the forward and backward collisions to the NSDI under two conditions
of the monochromic IR and IR+XUV two-color laser fields. It is found that, in the CI mechanism, the backward
collision makes major contribution to the NSDI in the IR laser field, while the forward collision plays a crucial role in the
NSDI when the energy of the recolliding electron is very large in the IR+XUV two-color laser fields. Furthermore, by
employing the saddle-point approximation, it is found that the momentum spectrum, whether in the monochromic IR or
the IR+XUV two-color laser fields, is attributed to the interference between two trajectories at different saddle-point ¢o
and 21 /wy —to (w1 is the frequency of an IR laser field) when the collision happens in each channel. On the other hand,
in the CEI mechanism, the momentum spectra in the monochromic IR or the IR+XUV two-color laser fields present a
distinct difference. It is further found that the momentum spectrum in the IR+XUV two-color laser fields is involved
in the much more channels than that in the monochromic IR laser field, and thus the complex interference patterns in
the momentum spectrum in the two-color laser fields are shown. Moreover, it is found that, in both the CI and CEI
mechanisms, the XUV laser field in the NSDI not only can enhance the ionization probability of the first electron, but
also can accelerate the first ionized electron so that the bound electron can gain much energy by collision, which is in
favor of significant boost of the NSDI probability. This work can help people understand more deeply about the NSDI,

and also may pave a way for us to continue investigating the NSDI process of complex system in intense laser fields.

Keywords: frequency-domain, strong laser field, nonsequential double ionization, multielectron atom
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Multiple cutoffs in high harmonic generation via
multi-XUV-photon absorption®
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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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Fig. 1. (a) Typical ATI spectrum [3); (b) typical HHG spectrum [36]; (c¢) single and double ionization yield

as a function of laser intensity. Prominent knee structure can be seen in the yield of double ionization 371
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Fig. 2. Illustration of the strong-field recollision processes.
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Fig. 4. Illustration for the high temporal resolution in HHG.
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Fig. 9. (a) The reconstructed HOMO of Nj in the
Itatani et al’s work [13]; (b) the HOMO of Ny ob-

tained with the quantum chemistry ab initio method.

3.4 FimEa)E
3.4.1 EMHEEP LT @FEA

IR P 0 EEL b2 1) SR AR B, KT X
F14) L g B3 RS R 3 A BV AR 45 R AR A
—E 2 S, A0 LR X R S O R R E S
W B Ve, TR SRR R — MR L ) R
BEATIERE. B0 25T 50 B T (8 R B 16
2 0 R THT) EL YT TH 5 A AR il A I, 8 K R
NI FEMEIRA o, y = 04k 2 KB (WL (21) AN
(22) ), XPEFR A 11T 7] 7.

PRS-, B 10 () Btz R e
ff I Hartree-Fork J792:43 2 i) £ ) HOMO, ]
DA FLAE o il 5 1) A7 e — A5 & 10 (b) AN
10 (c) 2l R A K T a0 B (21) =UF0 (22) =X
AR 2,y J7 1A B AR AT E A (R 45 3. T A
BB E R y 7 ) LR R, AN REAS B ER Y
FFGE R, T 2435 BULE 20 75 1 0 A B R e DU T DA
BEERILE R,

P - B A7 70 T T ) A, m] DLk %R
R M EREE, K10 (d) Z2EERRERE
VRE AL R, TG H R R A S e T T T
) A, AT B RS B BT — E MRS AR (76 R
AW E2 B TR ER L), XE&H TR
DU U8t T AT B T BR T 30, I — PR S 801

224207-10


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

) I8 % 4 Acta Phys. Sin.

Vol. 65, No. 22 (2016) 224207

My AR A L A EAE K R AU SN 2. SR
(AR 5 SO0 R F MO'T J5060 A S 431 LT 1)
ERAEAT LR I

Xt T ZBREAE I 7 T HUIE R A AT I 5
T E, R A B 2Q O 47 1 719 i 4 4

0.5
_._—__ 0
—-0.5

-5 0 5

z/a.u.

(a) Hartree-Fock oribital

2
5
0 0
-5
=2
-5 0 5

z/a.u.

(c) Traditional method %"

y/a.u.

WK 43 £ AR 0] DLBE B0 79 1 ) . (H R X T4
L7 = i R o e T 0 s o R ST L P21 W
W AGE— A BAF L. B 11 () TR A
FIF Hartree-Fork 777543 2 CO4 43T # HOMO,
HEAMEEE R X0, AR T —4

5
0.5
0 0
—0.5
-5
-5 0 5

z/a.u.

y/a.u.

(b) Traditional method ¥Y¥

z/a.u.

(d) Traditional method ¥VF

K10 ZJHOMO #EH (a) FIH] Hartree-Fork J7iAfHEIH) Z 5 HOMO; (b) KM REMF LG BIMLIR, ElY
WTPAT FEARE; (c) KIS TR A FAS B S5 5L, e IS 3718 T B B (d) 8% T s B M i A5 S fry 5 2t (101

Fig. 10. Reconstruction of the HOMO of acetylene: (a) HOMO obtained with Hartree-Fork method; (b) recon-
structed result with the dipole component parallel to the nodal plane and the length-form reconstruction algorithm;
(c) reconstructed result with the dipole component perpendicular to the nodal plane and the length-form recon-

struction algorithm; (d) reconstructed result with the velocity-form reconstruction algorithm (1o1],
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Fig. 11. Reconstruction of the HOMO of CO2: (a) HOMO obtained with Hartree-Fork method; (b) reconstructed
result with the traditional length-form reconstruction algorithm; (c) reconstructed result with the new length-form

reconstruction algorithm; (d) reconstructed result with the velocity-form reconstruction algorithm (1017,
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Fig. 13. Probabilities of electrons with different re-
turn momentum k driven by the few-cycle laser field.
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Fig. 14. Typical co-linear two-color laser field.
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Fig. 15. Ionization rate as a function of the ionization time (blue solid curve) for the two-color field with

(a) ¢ = 0m and (c) ¢ = 0.97 for CO molecule orientated at 0°, the corresponding electric fields are also
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and (d) ¢ = 0.91[123],

W = 0.9 O, R4 K 11101 B
W T AT B A R K 16 Fros. B16 (a) 2
FIH m #4453 20 i CO HOMO, K 16 (b) /2 E
7521\ HOMO. =45 R LW CO [ HOMO 1R &
AR R T PRI, EAMHUIE S B SLPE A AR RS
i HAF5 IE A ASE 1 = i, P/ RS S =
L5, N T AT ISR L, 7R 16 () Hegh
T E A EITE DL R LSBT AR, 4l A
ST SRS o 2 i . X Bb B R B AN S
TER] DU, 38 P AN AR ORAE 73 il AH 45 (D0 FR
Hisk ). B2, ERPUES BE g aa

—LEIER. PO, EEAUIE 200 R A I3 A 4
iR AN, WS EAHPIE S S HUIE R AL
(R /MEL A A B mT LUK B, A A LS 3 B 2R
— L8 O T U b 2 A R A, AT AR B
PUBBEAT (8 B AR e, P8 5 EAA I BT A S
FELAH R RO R Bl 2 0, PRI L ) B i 3 A2 e 15
HEM 7> T HE, Gl XA AR S 17 T HUE 1
BRI 70 T A AR 1 1 16 (o) TSR B R R4
. XFEEJE R B, SRAK i 22 15 i HL AR i R s
FUUTE SRR B B T R AL A EORE Y
A PR AL IR 2277 2 ) T EE R A

224207-15


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 224207

E 16 (a) 0° L CO 4+ F HOMO; (b) KM ¢ = 0.9
Z IRt CO 201 HOMO HIHE S5, (c)
FUIE (LLEasek), HOHpl (MO L) Mgkt (4 2t
i 361 CO 47 HOMO (SRt s e 28 ) W o T3 12k
Fig. 16. (a) HOMO of CO oriented at 0°; (b) re-
constructed result for the HOMO of CO with ¢ =
0.9 two-color multi-cycle laser field; (c) slices along
the molecular axis for the reconstructed orbital (red
curve), the real orbital (blue curve), and the corre-

sponding Fourier-filtered orbital (green curve).
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Fig. 17. (a) Electric field of the orthogonal two-color laser field; (b) distributions of the recombining directions

of the return electrons obtained with semiclassical calculation; (c) illustration of the electron trajectory under

the orthogonal two-color laser field; (d) reconstructed result for CO with the HHG driven by orthogonal

two-color laser field.
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Fig. 18. Comparison of the exact results (left column), the reconstructions with plane waves (middle column),

and Coulomb waves (right column) for ¥§ (first row), 3 (second row), and v (third row)
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Fig. 19. Ilustration for the MOT reconstruction algo-
rithm beyond plane wave approximation. By project-
ing the continuum-wave functionwith momentum k
onto a set of complete bases composedof plane waves,

the transformation matrix S can beobtained [136].
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Fig. 20. Comparison among the reconstructed HOMOs of N2 with experimental data: (a) Fourier-filtered result with

the same width of spectra window as that in the measurement; (b) reconstructed results with the experimental data

in Ref. [14] with plane wave approximation; (c) reconstructed result with the experimental harmonic intensity and

theoretical phase with the algorithm beyond plane wave approximation; (d) reconstructed result with experimental

harmonic intensity and experimental phase with the algorithm beyond plane wave approximation [139],
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Fig. 21. Comparison among the reconstructed HOMOs of N2 with theoretical simulation!136; (a) HOMO

obtained with Gaussian; (b) reconstructed orbital with reconstruction algorithm beyond plane wave approx-

imation; (c) reconstructed orbital with reconstruction algorithm with plane wave approximation; (d) recon-

structed orbital following Ref. [110].
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Molecular orbital imaging with high spatial and
temperal resolutions”
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Abstract
When atoms and molecules are excited by ultrashort laser pulses, highly nonlinear strong-field processes like above-
threshold ionization and high harmonic generation occur. By analyzing the emitted light and electron signals, the atomic
and molecular structures and ultrafast dynamics can be detected with a combination of Angstrom spatial resolution and
sub-femtosecond temporal resolution, which provides a powerful tool to study the basic structures and physical processes
in the microscopic world. The molecular orbital tomography (MOT) developed since 2004 enables one to image the
wavefunction of the molecular orbital itself, which will help people gain deeper insight into the chemical reactions. In

this paper, the theory of MOT will be introduced, and the progresses of MOT in the past ten years will be reviewed.

Keywords: femtosecond laser, molecular high harmonic generation, molecular orbital, tomographic
imaging
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Fig. 1. (a) Schematic diagram of the pump-probe experimental setup; (b) the interference process between
two different channels of HHG from HOMO and HOMO-1 in N5 molecules.
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Fig. 2. Typical HHG spectra recorded with 1500 nm
pulses from unaligned N2 molecules at the laser in-
tensities of (a) 1.97 x 10'* W/cm?2, (b) 1.80 x 104
W/cm?, (c) 1.63 x 10'* W/cm? and (d) 1.44 x 1014
W/cm?.
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Fig. 3. Normalized HHG spectra recorded with 1500 nm
laser pulses at a peak intensity of ~2.16 x 10'* W/cm?
when N2 molecules are aligned (a) parallel and (b) per-

pendicular to the polarization of probe pulses.
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Fig. 4. Spectra of high-order harmonics driven by (a)
1500 nm, (b) 1400 nm and (c) 1300 nm laser pulses
from randomly aligned N2 molecules. The laser peak
intensities at these three wavelengths are 1.80 x 1014,
2.01 x 10 and 2.30 x 10'* W/cm?2, respectively.
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Signature of multi-channel interference in high-order
harmonic generation from N, driven by intense
mid-infrared pulses”
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Abstract

Recently, three major types of minima (i.e., Cooper-like minimum, two-center interference minimum and multi-
channel interference minimum) have been observed in high-order harmonic generation (HHG) spectra. Identification of
the origin of the minimum in a HHG spectrum is critical for self-probing of the molecular structures and dynamics, which
has been an important subject in attosecond physics. In this paper, we report the investigation of the multi-electron
dynamics in HHG from N2 molecules driven by intense mid-infrared laser pulses. Based on a pump-probe experimental
setup, clear spectral minima in the cutoff region of high harmonic spectra from Ny molecules are observed in measurements
with mid-infrared laser pulses at three wavelengths (i.e., 1300, 1400 and 1500 nm). A systematic investigation has been
carried out for clarifying the origin of these minima. We carefully measured the spectral minima under three different
experimental conditions: 1) different alignment angles of molecules; 2) various peak laser intensities; 3) tunable driving
laser wavelengths. Experimental results show that the positions of the spectral minima do not depend on the alignment
angles of molecules. In addition, the measured spectral minima shift almost linearly with the laser intensity for all three
wavelengths, and the positions of the spectral minima strongly depend on the wavelengths of the driven field. These
findings are in conflict with the Cooper-like and two-center interference minima predictions, providing strong evidences
on the dynamic multi-channel interference origin of these minima. Besides, we theoretically calculated the positions of

multi-channel interference minima by using a classical three-step model and found out perfect agreements between the

* Project supported by National Basic Research Program of China (Grant Nos. 2014CB921300, 2013CB922201), the National
Natural Science Foundation of China (Grant Nos. 11127901, 11134010, 61575211, 11304330, 11404357, 61405220, 11274050,
11334009, 61605227), and the Shanghai Sailing Program, China (Grant Nos. 14YF1406100, 16YF1412700).
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experimental results and theoretical calculations, which again strongly support the multi-channel interference picture.
Moreover, the advantages of the observed dynamic multi-channel interference based on HHG driven by long wavelength
lasers are discussed. The long wavelength driver lasers are attractive for not only generating coherent XUV radiation

and attosecond pulses, but also investigating structures and dynamics of molecules in strong laser fields.

Keywords: mid-infrared femtosecond laser pulses, high-order harmonic generation, multi-channel

interference of molecules
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Fig. 1. Schematic diagram of the experimental appa-
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SPECIAL TOPIC — Atomic and molecular processes driven by ultrafast intense laser fields

Directional bond breaking of CO molecules by
counter-rotating circularly polarized two-color laser
fields”
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(State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China)
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Abstract
We experimentally studied the dissociative single and double ionization of CO molecules by counter-rotating circu-
larly polarized two-color (CRTC) laser fields. By coincidently measuring the electrons and the fragmented ions, trefoil
asymmetric momentum distributions of C* in the polarization plane were observed, which are mainly determined by
the selective ionization of CO with asymmetric orbitals. The threefold pattern could rotate continuously in the two-
dimensional space by finely tuning the relative phase of the CRTC fields, providing a new method to manipulate the

directional bond breaking of molecules by strong laser fields.

Keywords: ultrashort laser pulse, dissociative ionization, two-color fields
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