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with the internuclear distance R = 1.7 a.u.
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Fig.2 The comparation of the harmonic spectra and corresponding numerical and analytical dipoles for symmetrical molecule H,

with the internuclear distance R = 2 a.u.

Dipoles Harmonic intensity

Dipoles

H3 MEJER=23au 83t foF H, 8% 935 S0 AT B F 89 b3

20 60 100

'
; A

x L S, '
'

'

'

'

' Harmonic orders/w,
(@) Odd harmonics at different orientation angles

60 100
. + Harmonic orders/m,

(b) Od:d nume:rical dipoles at different orientation angles

20 60 100
Harmonic orders/w,

(c) Odd analytical dipoles at different orientation angles

Fig.3 The comparation of the harmonic spectra and corresponding numerical and analytical dipoles for symmetrical molecule Hy

with the internuclear distance R = 2.3 a.u.

(EAF I T R, T 3 I £ 0 107 I A B R A o B e /ML, (EL R A 3 3% PP b o T e /ML, ol T v U

.
P77 R e AR AT 2 2 =D B ROR AR G AR, 7R S R B o, HL TR ARG R R R

0302001-5

FEEYE T w.



¥ % il

A 3 R BB R U I AR AN SR AR LR SRR E, WD T RE RN w = E, + 1, T T 3
RERTF I8 2067 3R 171 B 5 B2 B2 s R F 1, OB i i) BR AT (M AR A 5 2 20 il — 25 R 1) 5 38, e
£ R 10° B B AR AR HOTESE T 55 1 b 3R O R 1 R AR R SO R R Hh B A /B . SR, A S 5 R
B, RS E TR it w AT LU/ T L, BRZ A BT 1 I, PR 0 0 D6 i PO 0 9% 3 et G 56 R S O, R 3
TR AR 3 ok B RIS B Y, O ELE IR 0 de MBS AL T B R I, BT AR I B bR il T R/ ME S

AN FRAELR HeH” ™ 40 F M A 45 A1l 4~6 i . EA M4 R, 0 T HA /IMZ IR R i #5 5
HeH* " 431, 20 (7) Bl 5 (14 A7 U A 0 J 7R 8 35 19 dm /B o BRI, 33X A i /DML 78 4 YO IS i il 2k o A
2, A5 U 5 0 AR Ak il 2 T 1 e A GT I 1 TS 0 A 0 b A B U AR e /M AL o PRI D A B Ak ET
AR I B T S /M B T AR b B/ IMER S T o T A5 R R ME B FEAS KRR 2 T EE 1R
T TR N o SR, 7E R SR O AR il b B /M B 7 B R RO A B I U B O AN — 30, I
T2 V1A B S Ay S0 DRI 103 A R e /ML 1) T EL o L E AT AR 5

Fe# TR R 2,/ Z, = 1.5 #A R = 2 a.u. B AR X FRBE R HeH® ' 40 176 A [ £ JE 19 45 U388
T TR DA b R AR R R, G R A b TR 4 Ca) ARG B T I 5 A T A i E 1 O R AR B O RS AR
W% M R AT S 0 B /NEL R TR U AR A AT A Sy T8 A R /N T TR 4 ) BRI D
PR BT — A S R K . TR fe KM AR X IO B4 3 U B, R T I L 3l a2 (10) 45 2 Y 5] 4
(b) Bl Ay A A 2 b SR T — > W 3 A B /M AN AT Sk R o AR Ll 1 (7) 45 2 i A 4
(o) A AT AR AR b A e /ME LB SIS b e KA & 25, BB B AR, 2R EH R, XLl
AR N T AR M 2k I e /IME R A e KAE Z AR AEE —— X R C R o i1 T (7) i BR 38 i R 0 —
AL ) S0 AL, 5 B0E 1 5 (7) TH A 20 0% 8 B R i 4 e /M 07 B AS T 10 21 30 1 I B o

2
£
E
Q
= ' - 3
=} - L ~
£ 20 60 100
= ' Harmonic orders/e,
(a) Oddllharmonics‘:at different orientation angles
2 of
g
8 3p VO
20 60 100
Harmonic orders/c,
(b) Odd numerical dipoles at different orientation angles
8 ol S
vB 0
B 3t id
A ' '
20 60 100
; Harmonic orders/m,
(c) Odd analytical dipoles at different orientation angles
S 05
=3
B0

20 60 100
Harmonic orders/m,

(d) Ellipticity of odd harmonics at different orientation angles

W4 Z,/Z,=1.5FH [ R=2au. 75 3 Fr 2 F HeH, 3 35 8y AL 3 B8 7 08 T 8-t 8
Fig.4 The comparation of the ellipticity of harmonic, harmonic spectra and corresponding dipole for asymmetric molecule HeH,

with Z,/Z,=1.5 and internuclear distance R = 2 a.u.

N T B UEAR SCES R [ E AL A EE R B AEL, SO A S A L 20/ 2, W AR, X A o 5 S R0 AT TR, dn (A
SHT7N o WA AR AR FP d /ME B2 B 45 A R AL T BRI B B B AR — B ML Z T A RE BB BT |, 4l i B
B T B /M 2 85 i RO AR B B I AT B 35 AN TR] o T 5(h) v 0 = 40° /Y v 1] A 1 D0 0t Y B
(LA A R pi L i /M 07 55 e A b S BR300 T e ) S A R O A

0302001-6



TARIE A XEFRFNAXE B S5 79 0 e 5 LA R A N AR G R

P 22 18] A R S 2R AN SR AR B S o FL I 5 A 8 0 R R B et ) £ B R ) o /) L 4 0 A0 A e R M
IS I . AN [ E Z,/ Z, R SO R R R A, A A 6 iR o FEDT R AL rh i U SE B) T AR A

z
2 78
£ 10}
=}
E
T i Harmonic otders/m,
(a) Odd harmonics at diffetent orientation angles
3 ot '
Q
B
a —3f
20 60 100
Harmonic otders/w,
(b) Odd numeri-:cal dipoles at different orientation angles
8 of Tobe. |
2 =
8= ' Ch S
a —3r '

20 : 60 100
Harmonic otders/m,
(¢) Odd analytical dipoles at different orientation angles

100
Harmonic orders/w,

(d) Ellipticity of odd harmonics at different orientation angles

ES5 Z/Z,=2FHEER=2au thFt 4 F HeH, 1% 3 oy A% b 3% 95 55 A (8 40 F &9t &2
Fig.5 The comparation of the ellipticity of harmonic, harmonic spectra and corresponding dipole for asymmetric molecule HeH,
with Z,/Z,= 2 and internuclear distance R = 2 a.u.

2
‘B
5
E
Q
g=
:
T Harmonic orders/w,
(a) Odd harmonics at different orientation angles

s o

(=]

o

5 -3f

Harmonic orders/a,
(b) Odd numerical dipoles at different orientation angles

s 0r

(=]

o

a8 731 , :

20 |60 ;100
Harmonic orders/a,
(¢) Odd analytical dipoles at different orientation angles

z \ : s

5 03 L

=S

SR

Harmonic orders/m,
(d) Ellipticity of odd harmonics at different orientation angles

H6 Z/Z,=2FkHFEER=17au thF x4 F Hell, ¥ 5% oy H b 38 95055 0 18 7 09 th 4%
Fig.6 The comparation of the ellipticity of harmonic, harmonic spectra and corresponding dipole for asymmetric molecule HeH,
with Z,/Z,= 2 and internuclear distance R = 1.7 a.u..

0302001-7



¥ % il

T T R A A 2 18] B DD O AR o LTk R R B A R S TR A ik 0 1 T s T A £ S A T R R fE Ay
A 3 A0 R 2 ) 18— B (R AE B B T/ MBSO B A — S D) o DR R A T B A B I, 2 2 S
IR T BA A RS p i 3 22 T R SF TG B 7RG RN B A A BIAR G A A

XE T AN FR 01, A PR i I ™ 2R AR S EOAr () U D A B, mT LA Ly, A1 L3 (g, A LG, R 3
7N T8 B O U i A9 5 20Tk B BAE Ly, (Li,)o SR, 25 15 3O I 4R 7 1 B P rp O 390 300 S 303y
() YT I BETE Ly, (L, ) AR B WRZUM RN, 55 — 20 B AR L0, (L5, ) T 0 %0 33 2838 7 19 77 AR A I 35 32 0
SR A BEAR Lo A1 L0 (L, R L) R EL A, 3Bl 37 B0 147 38 9 B9 AR 07, I 8 I 5 3 B3 I IX 20 T
Ko A () YIS PR 7S Y e R i 2, (ELAR ST DL AN [R] 2 80T 1Y HeH® ™ 23, 8 VI Dl 1 o R R A, OF
L R AP R R A S 7S i /N S A AR I 9 90 0L % ) 8 3RS T8 v A A D R A U D A B AL I BRSO
F PR 3 UGB OB TR R E I I B R T 3 AR A R o PRI AR SC UG T A YOI I

3 it

AR S L o B AN AT AR S5 5 0 D7 TS T X RN XS BRI DA O S A N TE G R . W
FH RS2 AL A5 8 T X FR 4> F Hy FUARSTAR 2 F HeH® ' (3R 725 % sR B0 B 2 18 200 A A (B A9 2L 25 O R
B, HE T BRI % 235 22 1) A BRI A A AR B — 2D IR A R R O s IR A () B B L ) S T, LG R SR
WY, X6 T X BR 43, M S 38 Ak T 32 3 58 45 38 1Y) e 25 D o B8 0 3 M IS T AT ORI AR R AT U TS Y — B
PR, U HAE AN [6) R (8] BT, e 9 48 A R dse /IMEL 5 v U D 3% B 09 e /ML AT & AR &F o X8 T8 X #k 43 ¥
HeH® ", H T 7E A X R 43 1Y e YU I8 335 o 3 5 AN A7 7E e /DML, 38 08 1 B P D00 6 P AR Sy R0 g /N7 5 11
T A5 30 % BRI RS T O AT A A A R R /0N R T A T AR A e KA R TR Y — Bk . XSG
7R T RS Gk B BR A3 RIS X FR 43 00 9 i i S b RS G OGSV T, BIF 95 SRS AT 9 D A S AR AN X
FR 4y P i e B A — 8 2 &
5% 3Lk
[1] HUILLIER L. A,SCHAFER K J, KULANDER K C. Theoretical aspects of intense field harmonic generation[J]. Journal
of Physics B, 1991, 24(15): 3315-3341.
[2] MCPHERSON A, GIBSON G, RHODES C K, et al. Studies of multiphoton production of vacuum-ultraviolet radiation
in the rare gases[ J|. Journal of the Optical Society of America B, 1987, 4(4): 595-601.
[3] CORKUM P B, KRAUSZ F. Attosecond science[ J]. Nature Physics, 2007, 3(22): 381-387.
[4] KRAUSZF, IVANOV M. Attosecond physics[ J]. Review of Modern Physics, 2009, 81(1): 163-234.
[5] LéPINE F, IVANOV M Y, VRAKKING M J J. Attosecond molecular dynamics: fact or fiction[J]. Nature Photonics,
2014, 8(9): 195-204.
[6] CHEN Jigen, YANG Yujun, WANG Bingbing, et al. Probing dynamic information and spatial structure of Rydberg wave
packets by harmonic spectra in a few—cycle laser pulse[ J]. Physical Review A, 2015, 91(4): 043403.
[7] CORKUM P B. Plasma perspective on strong field multiphoton ionization [J]. Physical Review Letters, 1993, 71(13) :
1994-1997.
[8] LEIN M, HAY N, KNIGHT P L, et al. Role of the intramolecular phase in high—-harmonic generation [J]. Physical
Review Letters, 2002, 88(18): 183903.
[9] LI Weiyan, DONG Fulong, CHEN Yanjun, et al. Ellipticity of near-threshold harmonics from stretched molecules[J].
Optics Express, 2015, 23(24): 31010-31025.
[10] ITATANIJ, LEVESQUE J, ZEIDLER D, et al. Tomographic imaging of molecular orbitals [ J]. Nature, 2004, 432
(51): 867-871.
[11] ZHOU Xiaoxin, TONG X M, LIN C D, et al. Alignment dependence of high-order harmonic generation from N, and O,
molecules in intense laser fields[ J]. Physical Review A, 2005, 72(3): 033412.
[12] LI Yanpeng, YU Shujuan, CHEN Yanjun, et al. Wavelength dependence of high—-harmonic yield from aligned molecules:
roles of structure and electron dynamics[ J]. Journal of Physics B, 2016, 49(7): 075603.
[13] CHEN Yanjun, ZHANG Bing. Tracing the structure of asymmetric molecules from high—-order harmonic generation[J].
Physical Review A, 2011, 84(5): 053402.
[14] CHEN Yanjun, LIU Jie, HU Bambi. Reading molecular messages from high—order harmonic spectra at different
orientation angles [ J]. Journal of Chemical Physics, 2009, 130(4): 044311.
[15] LI Weiyan, WANG Shang, CHEN Yanjun, et al. Probing the structure of stretched molecular ions with high-harmonic
spectroscopy[ J]. Journal of Physics B, 2017, 50(8): 085003.

0302001-8



TARIE A XEFRFNAXE B S5 79 0 e 5 LA R A N AR G R

[32]

[33]

[34]

RUPENYAN A, KRAUS P M, W6RNER H J, et al. Quantum interference and multielectron effects in high-harmonic
spectra of polar molecules[ J]. Physical Review A, 2013, 87(3): 031401.

SHI Yingzhe, ZHANG Bing, CHEN Yanjun, et al. Probing degrees of orientation of polar molecules with harmonic
emission in ultrashort laser pulses[ J]. Physical Review A, 2017, 95(3): 033406.

PAN Yun, ZHAO Songfeng, ZHOU Xiaoxin. Generation of isolated sub—40-as pulses from gas—phase CO molecules
using an intense few-cycle chirped laser and a unipolar pulse[ J]. Physical Review A, 2013, 87(3): 035805.

MIAO Xiangyang, DU Huini. Theoretical study of high-order-harmonic generation from asymmetric diatomic molecules
[J]. Physical Review A, 2013, 87(5): 053403.

BIAN Xuebin, BANDRAUK A D. Multichannel molecular high-order harmonic generation from asymmetric diatomic
molecules[ J]. Physical Review Letters, 2010, 105(9): 093903.

HESLAR J, TELNOV D, CHU SHIH-I. High-order-harmonic generation in homonuclear and heteronuclear diatomic
molecules: exploration of multiple orbital contributions[J]. Physical Review A, 2011, 83(4): 043414.

FRUMKER E, HEBEISEN C T, CORKUM P B, et al. Oriented rotational wave—packet dynamics studies via high
harmonic generation[ J]. Physical Review Letters, 2012, 109(11): 113901.

KRAUS P M, RUPENYAN A, W6RNER H. High-harmonic spectroscopy of oriented OCS molecules: emission of
even and odd harmonics[ J]. Physical Review Letters, 2012, 109(23): 233903.

CHEN Yanjun, FU Libin, LIU Jie. Asymmetric molecular imaging through decoding odd—even high—order harmonics[J].
Physical Review Letters, 2013, 111(7): 073902.

YU Shujuan, ZHANG Bing, LI Yanpeng, et al. Ellipticity of odd—even harmonics from oriented asymmetric molecules in
strong linearly polarized laser fields[ J]. Physical Review A, 2014, 90(5): 053844.

KRAUS P M, BAYKUSHEVA D, W6RNER H J. Two-pulse field-free orientation reveals anisotropy of molecular
shape resonance[ J]. Physical Review Letters, 2014, 113: 023001.

FRUMKER E, KAJUMBA N, CORKUM P B, et al. Probing polar molecules with high harmonic spectroscopy [J].
Physical Review Letters, 2012, 109: 233904.

ZHANG Bing, YU Shujuan, CHEN Yanjun, et al. Time-resolved dynamics of odd and even harmonic emission from
oriented asymmetric molecules[ J]. Physical Review A, 2015, 92(5): 053833.

LI Weiyan, YU Shujuan, CHEN Yanjun, et al. Probing nuclear dynamics of oriented HeH with odd-even high-order
harmonics[J]. Physical Review A, 2016, 94(5): 053407.

PHAN N L, NGUYEN KN H, LE V H, et al. General characterization of partially oriented polar molecules by the time—
frequency profile of high-order harmonic generation[ J]. Physical Review A, 2020, 102: 063104.

YU Shujuan, LI Weiyan, CHEN Yanjun, et al. Probing degrees of orientation of top molecules with odd-even high—order
harmonics[ J]. Physical Review A, 2017, 96: 013432.

SU Ning, YU Shujuan, CHEN Yanjun, et al. Probing the structure of multi-center molecules with odd-even high
harmonics[J]. Chinese Physics B, 2018, 27(5): 054213.

ZHANG Bing, CHEN Yanjun, SUN Xudong, et al. Identifying the interference effect in different harmonic-emission
channels from oriented asymmetric molecules[ J]. Physical Review A, 2013, 88(5): 053428.

SON S K, TELNOV D A, CHU S I. Probing the origin of elliptical high-order harmonic generation from aligned
molecules in linearly polarized laser fields[ J]. Physical Review A, 2010, 82(4): 043829.

LEVESQUE J, MAIRESSE Y, VILLENEUVE D M, et al. Polarization state of high-order harmonic emission from
aligned molecules[ J]. Physical Review Letters, 2007, 99(24): 243001.

SHERRATT P A J, RAMAKRISHNA S, SEIDEMAN T. Signatures of the molecular potential in the ellipticity of high-
order harmonics from aligned molecules[ J]. Physical Review A, 2011, 83(5): 053425.

Internal Relationship between Symmetrical and Asymmetric Molecular
Harmonic Radiation and Its Structure

YU Shujuan, LIU Zhuqin, CAO Dongmei, LIU Yanfeng, LI Yanpeng
(College of Physics and Electronic Information , Yan'an Untversity, Yan'an, Shaanzi 716000, China)

Abstract: For symmetric molecules, only odd harmonics are emitted. In particular, the high—order
harmonic spectrum shows a significant minimum which corresponds to the minimum in the dipole moment
of the bound-continuous state transition. For asymmetric molecules, both odd and even harmonics are
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emitted. However, in many cases, the striking minimum disappears in the odd or even harmonic spectrum.
Fortunately, when the minimum cannot be read from the harmonic spectra directly, it can be probed
through the polarization measurement of the odd-even high-order harmonic generation. Specifically, the
position of the minimum in the odd or even dipole corresponds to the harmonic order for the maximal
ellipticity of the odd or even harmonics. However, for symmetric molecules H,, the minimum in the
transition dipole is not completely consistent with the minimum of the harmonic spectra. For asymmetric
molecules HeH” ", the prediction of the dipole minimum by the polarization measurement does not always
agree well with the theoretical evaluation. In some cases, a remarkable difference is also observed. This
remarkable difference may arise from other mechanisms beyond the description of the simple model, or the
inaccurate calculation of dipole moment may be caused only by some rough approximate in relevant
theoretical treatments. In this paper, this question is explored by improving the calculation of the dipole
moment. The intrinsic relationship between harmonic radiation and the structure of symmetric and
asymmetric molecules is studied by a combination of numerical and analytical methods. First, the numerical
expressions of the ground state wave functions of symmetric and asymmetric molecules are obtained using
the virtual time evolution method. Starting from the accurate ground state wave functions of symmetric and
asymmetric molecules, the bound-continuous state transition dipole moments are calculated. The term
proportional to the nuclear separation is further subtracted from the transition dipole moment. For
symmetric molecules H; , the calculated odd dipole moment is compared with the harmonic spectrum and
the transition dipole moments obtained by the pure analytical method. For asymmetric molecules HeH” ",
the calculated odd dipole moment is compared with the harmonic spectrum, the ellipticity of the harmonics
and the transition dipole moments obtained by the pure analytical method. Simulation results show that the
minimum in the improved odd dipole moments agree more well with that predicted by odd harmonics
compared with the transition dipole moments obtained by the pure analytical method for symmetric
moleculesH, . For asymmetric molecules HeH? ", the calculated dipole moment shows a clear minimum,
which arises from the effect of two—center interference. However, there is usually no minimum value
appearing in the high—order harmonic spectrum of asymmetric molecules. A further comparison between the
ellipticity of the harmonics and the corresponding dipole moments shows that the harmonic order at which
the ellipticity 1s maximal corresponds to the order at which the dipole has a minimum. The polarization
measurement of harmonics can be used as a tool to detect the position of the minimum value of dipole
moment. The obtained ground state wave function significantly improves the consistency between the
minimum odd-even dipole moment and the maximum odd-even harmonic polarization at different
molecular parameters. These phenomena reveal that the recombination process plays a key role in the
harmonic radiation of symmetric and asymmetric molecules and verifies the one—to—one matching between
the high—order harmonic spectra and the corresponding dipoles. And molecular orbitals can be reconstructed
by transition dipole elements. The research results provide deep insights into the relation between odd high—
order harmonic generation and symmetric molecular orbital and the relation between odd—even high—order
harmonic generation and asymmetric molecular orbital. The research results have some significance for the
role of odd—even harmonic radiation in the ultrafast detection of asymmetric molecules.

Key words: High—order harmonic generation; Transition matrix elements; Numerical method; Analytical
method; Symmetric molecules; Asymmetric molecules
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