CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Alignment-dependent ionization of molecules in near-circularly polarized intense laser

fields

Jie Liu(X1)3#%), Yong-Kang Zhang (3K 7K i), and Xiao-Lei Hao(/f /)N 55)
Citation:Chin. Phys. B, 2025, 34 (5): 053201. DOI: 10.1088/1674-1056/adbdc2
http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Frequency shifts of high-order harmonics from ZnO crystals by chirped laser pulses

Yu Zhao(i4 ), Xiao-Jin Liu(XI|i%F#), Shuang Wang( T 3K), Xiao-Xin Huo(E ¢5%), Yun-He Xing(Jif =#5), and Jun
Zhang(7K %)
Chin. Phys. B, 2025, 34 (3): 033201. DOI: 10.1088/1674-1056/ada9dc

Interference of harmonics emitted by different tunneling momentum channels in laser

fields

Ling-Yu Zhang(5Kk¥% &), Zhuo-Xuan Xie(i4f 5.3jt), Can Wang(F4l1), Xin-Lei Ge(% 2%%%), and Jing Guo(¥} &)
Chin. Phys. B, 2024, 33 (9): 093201. DOI: 10.1088/1674-1056/ad5d95

Generation of elliptical isolated attosecond pulse from oriented H, in a linearly

polarized laser field

Yun-He Xing(78 = #9), Jun Zhang(5K %), Xiao-Xin Huo(£E B£2Z), Qing-Yun Xu(14:7& 2%), and Xue-Shen Liu(XI] 1K)
Chin. Phys. B, 2022, 31 (4): 043203. DOI: 10.1088/1674-1056/ac398b

Nonadiabatic molecular dynamics simulation of S{{\rm{C}}}_{2K{\rm{H}}} {2}*{2+}Sin a

strong laser field

Ji-Gen Chen([%:3:4R), Gang-Tai Zhang (KNIl &), Ting-Ting Bai( 415 45), Jun Wang(T-1%), Ping-Ping Chen(Ff7-F),
Wei-Wei Yu(T-H/2)§, and Xi Zhao(i&X )1
Chin. Phys. B, 2020, 29 (11): 113202. DOI: 10.1088/1674-1056/abb3de

Angle-resolved spectra of the direct above-threshold ionization of diatomic molecule in

IR+XUV laser fields

Shang Shi(f1 4]), Fa-Cheng Jin(4: & i), Bing-Bing Wang( T ftft)
Chin. Phys. B, 2019, 28 (2): 023202. DOI: 10.1088/1674-1056/28/2/023202


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adbdc2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adbdc2
https://doi.org/10.1088/1674-1056/adbdc2
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ada9dc
https://doi.org/10.1088/1674-1056/ada9dc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5d95
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5d95
https://doi.org/10.1088/1674-1056/ad5d95
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac398b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac398b
https://doi.org/10.1088/1674-1056/ac398b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb3de
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb3de
https://doi.org/10.1088/1674-1056/abb3de
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/023202
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/023202
https://doi.org/10.1088/1674-1056/28/2/023202

Chin. Phys. B 34, 053201 (2025)

Alignment-dependent ionization of molecules in near-circularly
polarized intense laser fields

Jie Liu(Xli#%), Yong-Kang Zhang(7K7k B), and Xiao-Lei Hao(/ifi/NEF)T

Institute of Theoretical Physics, State Key Laboratory of Quantum Optics Technologies and Devices, Shanxi University, Taiyuan 030006, China

(Received 23 January 2025; revised manuscript received 27 February 2025; accepted manuscript online 7 March 2025)

The alignment-dependent photoelectron spectrum is a valuable tool for mapping out the electronic structure of molec-
ular orbitals. However, this approach may not be applicable to all molecules, such as CO;,, as the ionization process in a
linearly polarized laser field involves contributions from orbitals other than the highest occupied molecular orbital (HOMO).
Here, we conducted a theoretical investigation into the ionization process of N and CO; in near-circularly polarized laser
field using the Coulomb-corrected strong-field approximation (CCSFA) method for molecules. In particular, we introduced
a generalized dressed state into the CCSFA method in order to account for the impact of the laser field on the molecu-
lar initial state. The simulated alignment-dependent photoelectron momentum distribution (PMD) of the two molecules
exhibited markedly disparate behaviors, which were in excellent agreement with the previous experimental observations
reported in [Phys. Rev. A 102, 013117 (2020)]. Our findings indicate that under a near-circularly polarized laser field, the
alignment-dependent PMD of molecules is primarily sourced from the HOMO, in contrast to the situation under a linearly
polarized laser field. Moreover, a satisfactory correlation between the alignment-dependent angular distribution and the
orbital symmetry was observed, which suggests an effective approach for molecular orbital imaging.

Keywords: alignment, Coulomb-corrected strong-field approximation (CCSFA), photoelectron momentum

distribution (PMD), image
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1. Introduction

One of the ultimate goals of molecular physics and chem-
istry is to follow chemical reactions in molecules by directly
imaging the outermost electronic structure. Ultrashort laser
pulses have been demonstrated to allow monitoring electronic
and nuclear motion with subfemtosecond and subangstrom
resolution in real time.!'~7! Specifically, the ability to align
molecules®! enables their ionization and radiation to be mea-
sured as a function of molecular alignment relative to the po-
larization of a linearly polarized intense infrared laser field.
These measurements can be utilized to map out the electronic
structure of the molecular orbitals involved.!”~!!l It has been
successfully applied to some molecules, such as N, and O»,
but has failed to image the highest occupied molecular orbitals
(HOMOs) for other molecules, such as CO,.[%1213] This is
due to the direct contribution of the lower-lying orbitals as well
as the coupling between them play an important role in the ion-
ization process of COy in linearly polarized laser field.!14-1¢]

On the other hand, the atttoclock method! utilizes a
strong, nearly circularly polarized femtosecond laser pulse
to map the subcycle emission time of an ionized electron
to its emission angle. The attosecond method was ini-
tially applied to atoms to solve the fundamental question

of how long a tunneling particle remains in the potential
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region.> 17191 Tt was later extended to molecular systems,
in which the orbital symmetry-dependent electronic dynam-
ics introduces additional complexity,?->2l even for the sim-

[23-26] In particular, when molecules are

plest molecule Hj.
aligned, their molecular orbitals leave a distinct imprint in
the photoelectron momentum distribution. It has been re-
ported experimentally!?’! that aligned N, exhibits distinct be-
havior compared to aligned CO; in a near-circularly polar-
ized laser field, and the alignment dependence cannot be in-
terpreted by the molecular Ammosov—Delone—Krainov (MO-
ADK) theory.[?®!

On the theoretical side, the strong-field approximation
(SFA) method has been extended to molecular systems to the
investigation of the ionization process of molecules./?%3*! The
underlying physical mechanisms of the ionization process are
inherently distinct in MO-ADK and molecular SFA. The MO-
ADK theory treats the ionization of molecules as a tunneling
process which is essentially identical to that of atoms. Hence,
the ionization is mainly determined by the asymptotic behav-
ior of the bound state wave function at large distances. In con-
trast, in the SFA theory, the ionization is calculated by the S-
matrix theory which treats the external laser field in a nonper-
turbative way. The interference between ionized wave packets

emitted from different nuclei in the molecule, which is not in-
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cluded in the MO-ADK theory, plays an essential role in the
ionization process in the SFA theory. Nevertheless, the molec-
ular SFA theory also exhibits certain limitations and needs fur-
ther refinement. Firstly, the Coulomb interaction between the
ionized electron and the residual ion, which is not accounted
in SFA, has to be incorporated. This has been achieved by
extending the Coulomb-corrected SFA (CCSFA) for the ion-
ization of atoms!! to the case of molecules.?>33! Secondly,
the effect of the laser field on the initial molecular state has to
be considered. In the case of molecules with relatively small
nuclear separations, such as N, and O, this effect can be ne-
glected, and the standard molecular SFA, which assumes an
unperturbed initial state, has been successfully employed to
interpret the various features of molecular ionization.[34-30]
However, in the case of molecules with large nuclear separa-
tions, it is necessary to consider the impact of the laser on the
initial state. This issue is partially addressed by introducing a
modification to the initial ground state wave function, which

» [37-39] [n this context, the

is referred to as the “dressed state
term “large” refers to a nuclear separation being at least com-
parable to, or larger than, the range of atomic orbitals. This
condition is satisfied in the case of rare gas molecules. How-
ever, when the separation between two atoms in a molecule is
of medium size, for example, the two oxygen atoms in COy, it
seems that both the undressed and the fully dressed formulae
are unsuitable.

In this paper, by introducing a generalized dressed initial
state of molecules in the Coulomb-corrected strong-field ap-
proximation (CCSFA) method for molecules, we theoretically
investigate the alignment-dependent photoelectron momentum
distribution (PMD) for N, and CO; in a near-circularly polar-
ized laser field. Our simulated results are in good agreement
with the experimental results reported in Ref. [27], which vali-
dates our extension of the dressed initial state in the CCSFA. In
addition, we demonstrate that the observed alignment depen-
dence for N, and CO; is a direct result of the HOMO, which
indicates the effectiveness of imaging molecular orbitals under
near-circularly polarized laser fields.

2. Theoretical methods

In the SFA, the transition matrix element in length gauge

is given by[40-41]

My=—i [ delp+AW| - B0 lyo(r) explis)], (1)
where
S(t) = /_:o {;[p+A(r)}2+1p} dr )

is the semiclassical action. In the above formulas, E(t) =
—dA(t)/0dt represents the laser electric field with the vector

potential A(t) = Ag(e;cos @t — €e, sin @) and € the elliptic-
ity of the laser field, |yy(r)) is the initial electronic bound
state, [p+ A(t)) is the Volkov state, and I, is the ionization
potential.

For the laser field with high intensity and low frequency,
the temporal integral in Eq. (1) can be evaluated by the saddle-

(42,43

point method, ! thus the solution 7, should satisfy the

saddle-point equation

1

5[p+A(zs)]2+1 =0. 3)
Since I, > 0, the above equation has complex solutions. Sub-
sequently, the transition amplitude is rewritten as

MY =Y (p+A(ty)|r- E(t) |yo(r))

N

27i .

X J25/9 exp[iS(t)]- 4)
The Coulomb field plays a pivotal role in the emergence
of non-zero offset angles in the PMD in elliptically polarized
laser fields. Therefore, the Coulomb correction to the SFA is
of particular importance. The Coulomb-corrected strong field
approximation (CCSFA)®! incorporates the Coulomb field by

correcting the trajectories and actions of ionized electrons

M =) (p+A()| 7 E(t) lyo(r))

N

2wi o
X Wexp [18'(1)] » ©)

where p is the asymptotic momentum disturbed by the
Coulomb field. The modified action, S'(Z;), is given by the
following formula:

w1 1
—/% dr{z[IH—A(T)]z ~ }

_/’:F dr[ﬁ22(r)+V(r)} +I(t,—15),  (6)

S/(IS) =

where 7, is the complex saddle point solution, # is its real
part, and ff is the end of the laser pulse. The first integral
in the right-hand of Eq. (6) represents the sub-barrier action,
while the second integral represents the action obtained after
the electron has left the tunnel exit. In this model, after tunnel-
ing, the motion of the electron in the laser and Coulomb fields
is governed by Newton’s equations, specifically do(r)/dtr =
E(t) — dV(r)/dr, where () is the instantaneous velocity
and V(r) = —1/r. The electrons propagate in the laser field
until the end of the pulse at time 7r. Subsequently, the final
asymptotic momentum p of the electrons is obtained analyti-
cally by utilizing Kepler’s law. Finally, these trajectories are
coherently summed to obtain different types of distributions.
In the molecular CCSFA, 3233 the initial state |yo(r))
in Eq. (5) is represented by the wave function of the specific
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molecular orbital, while the trajectories and the semiclassical
action in Eq. (5) are the same as those in the case of atoms. The
initial molecular electronic wave function can be expressed
as a linear combination of atomic orbitals (LCAO) within the

fixed-nucleus approximation.*4! For N», the initial molecular
electronic state is written as

Zcu[wa ( R)wwé)( ]‘Zﬂ %

where R, denotes the relative nuclear coordinate, the subscript
a denotes different orbitals of the nitrogen atom pair, Y can be
1 or —1 depending on the symmetry. And for CO,, the wave
function can be written as

B ) ()

+ ZC}, l[/b 'I"' , 3)
b

where R, denotes the relative nuclear coordinate between the
two oxygen atoms, the subscript a denotes different orbitals of
the oxygen atom pair, and b denotes the different orbitals of
the carbon atom.

n[37—39] has

Previous research on molecular ionizatio
demonstrated the necessity of considering the impact of the
laser on the initial state within the framework of the SFA ap-
proach for molecules with large nuclear separations, for exam-
ple, rare gas molecules with a separation of more than 6 a.u.
The initial ground state wave function was modified by the in-
troduction of a dressing factor exp[—iA(z) - (:t%)] in front of
the atomic orbital. For molecules with small separations, such
as Ny, however, the dressed state is not applicable and there-
fore the undressed state should be employed instead. For CO;,
the separation of the two oxygen (O) atoms is medium, so nei-
ther the undressed nor the fully dressed formula can be em-
ployed. In order to accommodate molecules with intermediate
nuclear separations, we generalize the dressed initial state by
incorporating an additional parameter, designated as &, which
is constrained within the range of 0 to 1, into the dressing fac-
tor exp[—i0tA(t) - (2¢)]. The resulting generalized dressed

initial state for N, and CO; can be written respectively as

=gl e (2]} )
+ yexp {—iaA(;)(_];)]%(l)( Raﬂ’@)
ol an{exp —iaA(r)- ( Rﬂ%()( Iza)

2
+yexp {iOZA(t) (};)}Mgo) <7,1;a)]

+Y eyl (7). (10)
b

The transition matrix element of Eq. (5) for N, and CO,

can be rewritten correspondingly as

Mﬁ - Zz.f’)/a p7

[ 2mi .
X Wexp [15’([;)} 5

Z(Zf% P, Ra) (p+A(t)| 7 E(t5) [Wa)

p—l—A(ts)|'f' (ts)|ll/a>

)

+§ (p+ Alty)|7- E(ty) Iwb>)

21i ot
W7/‘latgexp [i8'(1,)] (12)
where
f’)/,a(p7Ra)
.. R,
2isin [(p—i— (1—0)A(ty)) - 2} , Y=-1,
— (13)
R,
2.cos [(er (1—a)Alt))- 2} , v=1

is the interference term, which plays a significant role in the
process of molecular ionization but is not included in the MO-
ADK theory. In the case of molecules with a small nuclear
separation, such as Nj, o should be equal to 0, which reduces
the model to the undressed case. While for molecules with a
large nuclear separation, o should be equal to 1, which rep-
resents the fully dressed state. For molecules with a medium
nuclear separation, such as CO,, o takes a value between 0
and 1, which represents a partially dressed state.

In our calculations for N, and CO», in addition to HOMO,
the lower-lying orbitals HOMO-1, HOMO-2, and HOMO-
3 are also taken into account. The wave functions of these
orbitals are obtained numerically by the GAMESS code. !
The nuclear separation of Ny in the calculation is 2.075 a.u.,
and the nuclear separation of two oxygen atoms in CO; is
4.39 a.u. The spatial distributions of these orbitals are pre-
sented in Fig. 1. The laser filed is polarized in the x—z plane,
with z axis the major axis and x axis the minor axis of the el-
liptically polarized laser field. The profile of the laser pulse is

taken as
1, t <A4T,
F(t)= coszw7 AT <t <6T, (14)
0, t>6T,

where T is the optical period. The flat top and the falling edge
of the pulse were both extended for the purpose of verification,
and it was found that this did not result in a notable alteration

to the results.
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Fig. 1. Spatial distributions of the electronic wave functions calculated by the GAMESS code for different orbitals of N, and CO,.

3. Results and discussion

Figure 2 illustrates the PMDs of N, and CO, at various
alignment angles. The laser wavelength is 800 nm, with a peak
laser intensity of 1.8 x 10'* W/cm? and an ellipticity of 0.82
for N, and a peak laser intensity of 1.6 x 10'* W/cm? and
an ellipticity of 0.85 for CO,, the same laser parameters em-
ployed in Ref. [27]. The dressing parameter is set to 0 and
0.5 for Ny and COg, respectively. The inset in the upper left
corner of each panel depicts the molecular alignment. The
alignment angle is defined as the angle between the molec-
ular axis and the major axis of the laser field. The first and
second rows of Fig. 2 illustrate the PMDs of N, and CO», re-
spectively, with alignment angles ranging from 0° to 150° in
30° intervals. It is evident that the PMD is significantly influ-
enced by the the alignment angle, demonstrating the profound
impact of the molecular orbital on the PMD. For atoms, the
PMD is primarily determined by the laser electric field. If the
effect of the Coulomb potential is not considered, ionized elec-
trons accelerated by the laser field drift perpendicular to the
instantaneous field at the time of release. The photoelectrons
subsequently disperse along the minor axis. Upon considera-
tion of the Coulomb potential, electrons undergo a deflection,
which induces a deflection of the photoelectron from the mi-
nor axis of the laser field. The resulting PMD of atoms is anal-
ogous to that observed for N aligned along the minor axis,
as illustrated in Fig. 2(a), which exhibits a counterclockwise
In addition to the
influences of the laser field and Coulomb potential, the char-

deviation with respect to the minor axis.

acteristics of the molecular orbital also play a pivotal role, as
elucidated by Egs. (11) and (12). Consequently, as the align-
ment angle increases, the PMDs for molecules may change
in a manner distinct from atoms. For instance, at an align-
ment angle of 120°, the PMD for N, in Fig. 2(e) undergoes
a clockwise deviation, which is in opposition to the effect of

the Coulomb potential. This tendency is in agreement with
the measured results presented in Ref. [27], wherein PMDs of
of N with alignment angles of 45° and 135° are shown. The
experimental results exhibit two maxima near the p, axis at
both alignment angles, yet these maxima differ in terms of the
deflection angles. The PMD at an alignment angle of 135° ex-
hibits a clockwise deviation compared with that observed at
45°, In addition, the PMDs for the two molecules at the same
alignment angle exhibit significant differences due to their dis-
tinct molecular orbitals. The range of emission angles in the
PMD of CO; at most alignment angles is wider than that ob-
served for Np. This disparity further demonstrates the close
relation between the PMD and the molecular electronic struc-
ture.

In order to elucidate the impact of the molecular orbital on
the PMD and to verify the validity of the generalized dressed
state, we present the photoelectron angular distribution (PAD)
as a function of the alignment angle after integrating the pho-
toelectron momentum. This is illustrated in Fig. 3. For N,
only the undressed case (¢ = 0) is presented in Fig. 3(a), the
validity of which has been demonstrated by prior research. 3]
The cases of undressed (a = 0), partially dressed (¢ = 0.5),
and fully dressed (¢ = 1) for CO; are presented in Figs. 3(b),
3(c), and 3(d), respectively. Both molecules display periodic
changes with 180°, consistent with their non-polar nature. Fig-
ure 3(a) illustrates that the alignment-dependent PAD for N,
exhibits a single-hump structure within the alignment angle
range (90°, 270°), with the maximum yield occurring at align-
ment angles of 0° and 180°. The distribution pattern for CO,
depends on the dressing parameter ¢¢. In the undressed case
with a = 0 (Fig. 3(b)), the alignment-dependent PAD is anal-
ogous to that observed for N, but exhibits a broader profile,
displaying a single-hump structure. In the case of the partially
dressed state with o = 0.5 (Fig. 3(c)), the photoelectron yield
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of CO; reaches its maximum near alignment angles of 30°,
150°,210°, and 330°, exhibiting a double-hump structure. The
PAD for the fully dressed state with & = 1 in Fig. 3(d) also ex-
hibits a double-hump structure, but the positions are different.
The photoelectron yield reaches its maximum near alignment
angles of 45°, 120°, 225°, and 300°. In the comparison to the
preceding experimental findings (see Fig. 2 in Ref. [27]), it
can be concluded that the alignment-dependent PADs for un-
dressed N, and partially dressed CO, are in accordance with

pe (a-u.)

po (a)

-1

0 1
p. (a.u.)

0
p. (a.u.)

0
p: (a.u.)

the experimental observations, thereby supporting the valid-
ity of the generalized dressed initial molecular state. In addi-
tion, in order to ascertain whether this conclusion is contingent
on the laser intensity, calculations were also made at lower
laser intensities, as demonstrated in Figs. 3(e)-3(h). It is evi-
dent that for both N, and CO,, the structures observed within
the alignment-dependent PADs are independent of laser inten-
sity. In the following section, the undressed N and partially

dressed CO, will be employed in the analysis.

-1 0
p. (a.u.)

Fig. 2. Photoelectron momentum distributions of N, (a)—(f) and CO, (g)—(1) at alignment angles from 0° to 150° with an interval of 30°. The
alignment angle is defined as the angle between the molecular axis and the main axis of the laser field, as indicated by the inset in each panel. The
same laser parameters as those utilized in Ref. [27] are employed. In particular, the center wavelength of the laser field is 800 nm. For N», the peak

laser intensity is 1.8 x 10'* W/cm?, and the ellipticity is 0.82. For CO,, the peak laser intensity is 1.6 x 10'* W/cm?, and the ellipticity is 0.85.

Emission angle ¢ (°)

Emission angle ¢ (°)

0 90
Alignment angle 0 (°)

180 270 3600 90

180 270 3600 90
Alignment angle 0 (°)

180 270 3600 90
Alignment angle 6 (°)

180 270 360
Alignment angle 0 (°)

Fig. 3. Photoelectron angular distribution (PAD) of momentum-integrated yield as a function of the alignment angle with various laser intensi-
ties for undressed (&« = 0) N in panels (a), (e), and for CO, in different cases: undressed (@ = 0), partially dressed (& = 0.5), and fully dressed
(o =1) in panels (b) and (f), (c) and (g), (d) and (h), respectively. The first row exhibits the laser intensity of 1.8 x 10 W/em? for Ny (a)
and 1.6 x 10'* W/cm? for CO; (b), (¢), and (d). The second row exhibits the relatively low laser intensity of 1.6 x 104 W/em? for N; (e) and
1.4 x 10" W/em? for CO; (f), (g), and (h). The ellipticity is 0.82 for N, and 0.85 for CO,, and the wavelength is 800 nm.

In Fig. 4, the contributions of the different orbitals of the
two molecules are separated in order to identify their specific
roles in the ionization process. Figures 4(a) and 4(f) illus-
trate the integrated yields corresponding to the HOMO, the
HOMO-1, the HOMO-2, and the HOMO-3 of N, and COa,
respectively, as a function of the alignment angle. It is evident
that the contribution of the HOMO is significantly higher than
that of the other three low-lying orbitals at all alignment angles
for both molecules. In the case of CO; in particular, the con-

tribution of the HOMO is two orders of magnitude higher than

that of the low-lying orbitals. The alignment-dependent PADs
corresponding to different orbitals are presented in Figs. 4(b)—
4(e) for N, and in Figs. 4(g)—4(j) for CO,. It is evident that
the pattern of distribution depends significantly on the molec-
ular orbitals. As anticipated, the distributions of the HOMOs,
a oy orbital for N» and a 7, orbital for CO;, as shown in
Figs. 4(b) and 4(g), are nearly identical to the total distribu-
tions in Figs. 3(a) and 3(b), respectively. This provides fur-
ther evidence that the experimentally observed distribution is
solely attributable to the HOMO for both molecules. The m,
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orbital of HOMO-1 (Fig. 4(c)) for N, despite its single-hump
structure, exhibits a markedly broader distribution than that of
the HOMO. The PAD for HOMO-2 (Fig. 4(d)), which is a o
orbital, exhibits a slight broadening of the distribution in com-
parison to that of the HOMO. The distribution for HOMO-
3 (Fig. 4(e)), a o, orbital, is identical to that of the HOMO,
which is also a oy orbital. In the case of CO», the distribution
of the HOMO-1 (Fig. 4(h)), a m, orbital, exhibits a double-
hump structure similar to that of the HOMO, with only minor
differences in detail. The distributions of the HOMO-2 (o)
and HOMO-3 (o), as shown in Figs. 4(i) and 4(j), respec-
tively, are characterized by a single-hump structure, which
are similar to the distribution of the HOMO of N,. There-
fore, there is a strong correlation between the orbital features,
including the nuclear separation and the symmetry, and the
alignment-dependent PAD.

It is noteworthy that the contribution of molecular ion-
ization may not primarily originate from the HOMO in lin-
early polarized laser fields, at least in the case of CO,. Fig-

ure 5 illustrates the contributions of various orbitals for the
two molecules at different ellipticities of the laser field. In the
case of Ny, the contribution of the HOMO is predominant at all
alignment angles across different laser ellipticities. In the case
of CO,, however, the situation is different for ellipticity of 0.3
and linearly polarized laser fields. In these cases, the ioniza-
tion yield of HOMO-2 is nearly equal to that of the HOMO
at parallel alignment angles where the laser electric field is di-
rected towards the nodes of the HOMO. This will result in the
alignment-dependent PAD becoming a combined contribution
of different orbitals. In the case of near-circularly polarized
laser field, however, a considerable laser field is present in all
directions at any alignment angles. Consequently, the ioniza-
tion potential exerts a more decisive influence on the contribu-
tions of different orbitals. Therefore, the HOMO is superior
in near-circularly polarized laser fields. This implies that the
alignment-dependent PAD in a near-circularly polarized laser
field is an ideal tool for imaging molecular HOMO.
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Fig. 4. Contributions of different orbitals for N, and CO, as a function of the alignment angle. (a) Integrated ionization yields for different orbitals of
Nj. (b)-(e) PAD of momentum-integrated yield for HOMO, HOMO-1, HOMO-2, and HOMO-3 of N, respectively. (f) Integrated ionization yield for
different orbitals of CO;. (g)—(j) PAD for HOMO, HOMO-1, HOMO-2, and HOMO-3 of CO», respectively. The laser parameters are the same as those

illustrated in Fig. 2.
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In the context of actual experiments, the effect of the fo-
cal averaging of the laser intensity has to be considered. The
alignment-dependent PADs for the two molecules after con-
sidering the focal averaging effect are presented in Figs. 6(a)
and 6(b), respectively. It is evident that the focal averaging has
minor effect on the pattern of the PAD, which is attributable to
the fact that the PAD is insensitive to the laser intensity. In ad-
dition, all the results presented above are obtained by assum-
ing that the molecules are perfectly aligned. However, in the
actual experiments, the molecules are aligned imperfectly, and
the distribution of their orientations must be considered. Here
the well-established cos* @ distribution!*®47! is employed to
mimic the molecular orientation distribution. The correspond-
ing results are presented in Figs. 6(c) and 6(d) for the two
molecules respectively. In the case of the Ny molecule, the
alignment-dependent PAD still exhibits a single-hump struc-
ture, although it becomes broader in comparison with the case
of perfect alignment in Fig. 3(a). As for CO, molecule, the
alterations resulting from the incorporation of the molecular
orientation distribution are particularly notable. The origi-
nally discernible double-hump structure becomes blurred and
almost indistinguishable. This indicates that a high degree of
alignment is necessary to achieve the imaging of molecular
HOMO using a near-circularly polarized laser field.
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Fig. 6. PAD for momentum-integrated yield obtained after considering
the focal averaging effect (the first row) or the cos* @ distribution of
molecular orientations (the second row). Panels (a) and (c) are for Ny,
panels (b) and (d) are for CO,. The laser parameters are the same as
those illustrated in Fig. 2.

4. Conclusions

In conclusion, we introduced a generalized dressed initial
state of molecules in the CCSFA method for the investigation
of the ionization process of aligned N, and CO, molecules in a
near-circularly polarized laser field. The simulated alignment-
dependent PADs for undressed N, and partially dressed CO,
are found to be in good agreement with the experimental ob-
servations reported in Ref. [27]. This provides evidence to
support the validity of the proposed generalized dressed ini-

tial molecular state. It is important to note that the general-
ized dressed-state molecular CCSFA can be applied not only
to non-polar molecules with arbitrary nuclear separations, but
also to polar molecules, provided that the laser parameters
used ensure that the tunneling picture remains valid. Sig-
nificant differences were observed in the the behavior of Ny
and CO; molecules. The alignment-dependent PAD of N,
exhibits a single-hump structure, whereas that of CO; ex-

hibits a double-hump structure. Our findings indicate that

under a near-circularly polarized laser field, the alignment-
dependent PAD of molecules is primarily sourced from the
HOMO, which is quite different from the situation under a
linearly polarized laser field. Furthermore, a good correspon-
dence between the alignment-dependent angular distribution
and the orbital features is observed, which indicates an excel-
lent scheme for molecular orbital imaging.
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