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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems
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We present a fully time-dependent quantum wave packet evolution method for investigating molecular dynamics in
intense laser fields. This approach enables the simultaneous treatment of interactions among multiple electronic states
while simultaneously tracking their time-dependent electronic, vibrational, and rotational dynamics. As an illustrative ex-
ample, we consider neutral H, molecules and simulate the laser-induced excitation dynamics of electronic and rotational
states in strong laser fields, quantitatively distinguishing the respective contributions of electronic dipole transitions (within
the classical-field approximation) and non-resonant Raman processes to the overall molecular dynamics. Furthermore, we
precisely evaluate the relative contributions of direct tunneling ionization from the ground state and ionization following
electronic excitation in the strong-field ionization of Hy. The developed methodology shows strong potential for perform-
ing high-precision theoretical simulations of electronic-vibrational-rotational state excitations, ionization, and dissociation
dynamics in molecules and their ions under intense laser fields.

Keywords: time-dependent quantum wave packet evolution method, laser-induced excitation dynamics, elec-

tronic dipole transitions, non-resonant Raman processes, direct tunneling ionization, ionization

following electronic excitation
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1. Introduction

When intense laser fields interact with matter, such fields
drive directional or periodic motion of electrons and atomic
nuclei, thereby altering the state of matter.!!'~* Within the clas-
sical field approximation, this interaction can be expressed
as E-R; — E-r;, where R; and r; represent the coordi-
nates of positive and negative charges, respectively. Theoret-
ically, solving the time-dependent Schrodinger equation that
incorporates both the field and all particles enables the ex-
traction of dynamical information such as photoexcitation,>~7!

(8-101 molecular alignment,' =131 and dissoci-
(14-17

photoionization,
ation processes. I However, for molecular systems con-
taining multiple nuclei and numerous electrons, directly solv-
ing the Schrédinger equation becomes computationally in-
tractable. In such cases, time-dependent evolution methods
employing basis functions of molecular electronic-vibrational-
rotational states within the Born-Oppenheimer approximation
and the interaction representation emerge as an effective ap-
proach for investigating molecular dynamics in intense laser
fields.

Within the molecular framework, the interaction between
intense laser fields and molecules can be expressed as E - D,
where D represents both the permanent dipole moments of

TCorresponding author. E-mail: xiaoging-hu@foxmail.com

CSTR: 32038.14.CPB.adf319

molecular electronic states and the transition dipole moments
between different electronic states. For different physical pro-
cesses, two time-dependent evolution approaches have been
developed to investigate molecular dynamics. The first ap-
proach addresses nonresonant Raman excitation of rotational
states in neutral molecules,['8211 where resonant electronic
transitions can be neglected and only the ground electronic
state is considered in the calculations. Here, the laser—
molecule interaction is further approximated as —E”a/2,
where o denotes the molecular dipole polarizability derived
from quantum perturbation theory and the molecular dipole

(221 which fundamentally describes a second-order

moment D,
process involving virtual photoexcitation and subsequent de-
excitation under the external field, and the contributions of
all excited states are comprehensively included.?”! The sec-
ond theoretical approach characterizes laser-induced resonant
electronic transition processes, explicitly incorporating dipole
interactions between two or several dominant electronic states
and the external field.[>>?*! This methodology enables inves-
tigations of single-photon transitions, multiphoton transitions,
and resonant laser-driven Raman processes. A prototypical
application involves studying dissociation dynamics in H;’

molecules through fully quantum-mechanical time-dependent
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simulations.!?>=3!1 These theoretical frameworks have eluci-
dated critical mechanisms including electron-nuclear correla-
tion dynamics during bond rupture, field-induced bond soften-

ing effects, 1> and electron localization phenomena!?’-33! in

molecular dissociation pathways. 3438
It is noteworthy that

methodologies!8-20-23.24]

although these two
specifically target resonant and
nonresonant laser-induced molecular dynamics, respectively,
these processes inherently coexist. First, given the high den-
sity of molecular excited states, multiphoton resonance with
specific states inevitably occurs under the laser field; more-
over, when the laser field is sufficiently strong, electronic
transitions may proceed even without strict resonance condi-
tions. This makes a rigorous definition of purely nonresonant
laser—molecule interactions fundamentally challenging. Fur-
thermore, when external fields satisfy single- or multiphoton
resonance conditions with particular electronic transitions,
concurrent nonresonant Raman processes inevitably emerge
with numerous other states. High-precision theoretical mod-
eling of laser-driven molecular dynamics must inherently ac-
count for both interaction mechanisms through self-consistent
frameworks. However, directly incorporating both types of in-
teractions within a single Schrodinger equation leads to an im-
proper theoretical formulation. This arises because the dipole
polarizability & inherently encapsulates all excited-state con-
tributions to second-order transition processes involving the
ground state. Therefore, it cannot coexist with explicit ex-
cited states in the model without introducing double counting
of these interactions. The simultaneous treatment of laser-
induced resonant and nonresonant interactions remains one
of the fundamental challenges in contemporary strong-field
physics research.

In this work, we have developed a novel fully time-
dependent quantum wave packet propagation methodology
(TDQWPM). This framework incorporates the interactions of
numerous highly excited electronic states with external fields,
extending beyond conventional treatments limited to ground
and low-lying excited states. These states encompass most
single-electron excited configurations and multiple double-
electron excited states in the ground-state molecular system.
This comprehensive approach enables the simultaneous de-
scription of both resonant photonic transitions between ground
and low-lying states and over 95% of nonresonant Raman ex-
citation processes. By employing neutral H, molecules as
a prototypical system, we have computationally investigated
the laser-driven excitation dynamics involving both electronic
and rotational degrees of freedom in intense laser fields. Our
simulations provide quantitative insights into the distinct roles
played by classical-field-approximated electronic transitions
and nonresonant Raman processes in governing molecular dy-
namics. Moreover, we have established a precise quantifica-
tion of the relative importance of direct ground-state tunnel-
ing ionization and excitation-mediated ionization pathways in

the strong-field ionization of H,. This developed methodology
exhibits significant potential for achieving high-fidelity theo-
retical simulations of coupled electronic-vibrational-rotational
excitations, ionization processes, and dissociation dynamics in
molecules and molecular ions subjected to intense laser irradi-
ation.

This paper is structured as follows. In Section 2, we pro-
vide the theoretical model of a fully time-dependent quan-
tum wave packet evolution method for investigating molec-
ular dynamics under strong laser fields. In Section 3, we
present the numerical results and discussion of classical-field-
approximated electronic transitions and nonresonant Raman
processes at different wavelengths, and distinguish the align-
ment dependence between direct tunneling ionization from the
ground state and ionization following electronic excitation. Fi-
nally, Section 4 presents the conclusions of this study.

2. Numerical method
2.1. Calculation of molecular structural parameters

In this work, 90 electronic states (30 XlZg states, 30
Ef{ states, and 30 IT, states) are included in molecular struc-
tural calculations. These calculations are performed using
the MOLPRO quantum chemistry software package,**! em-
ploying the multi-reference configuration interaction (MRCI)
method. This method is particularly well-suited for describ-
ing electronic correlation in systems with multiple electronic
states, which is crucial for accurately describing our target
molecule. Furthermore, we utilize the diffuse-augmented
correlation-consistent polarized valence quadruple zeta (d-
aug-cc-pVQZ) basis set,[*9 a high-quality basis set that pro-
vides excellent accuracy by including diffuse functions. The
potential energy curves (PECs) of various electronic states of
neutral H, molecules, calculated using this approach, are il-
lustrated in Fig. 1(a), providing a visual representation of the
energy landscape relevant to the present study.

To verify that the inclusion of 90 electronic states is suffi-
cient to describe dipole polarization effects, we employ quan-
tum perturbation theory to calculate the laser-field-induced en-
ergy correction to the ground state. Accurate to second order,
the corrected energy can be expressed as follows [atomic units
(a.u.) e =m = h = 1 are used hereafter unless otherwise indi-
cated]:

! !
Ey— Eo-+ (0l0) + Y, L IEHO0) g
n#0 Ey—E,

Here, the zeroth-order term represents the energy calculated
by the ab initio method. The first-order term represents the
permanent dipole moment; if this term is nonzero, it in-
duces single-photon transitions within electronic states, lead-
ing to vibrational and rotational transitions.
order term represents polarizability, which induces nonreso-
nant two-photon Raman transitions within electronic states.

The second-
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Fig. 1. (a) Potential energy curves (PECs) of the neutral H, molecule as a function of the internuclear distance R, including 90 electronic states.
Atomic units (a.u.) are used throughout unless otherwise specified. (b) Time-dependent population of the ground state XIZ;r under an 800 nm
laser pulse with an intensity of 50 TW/cm?. (c) Time-dependent populations of the 89 excited electronic states. Among these, the BT (blue
solid line) and C'II, (red solid line) states dominate, with minimal difference between their respective population curves. (d) Time-dependent
rotational energy of the molecule considering different numbers of electronic states.

Suppose that the electric field E is applied along the z-
direction. In this case, the perturbation Hamiltonian H (M) can
be written as

HY = _D.E. )

For the homonuclear diatomic molecule Hj, the intrinsic
dipole moment is zero. Therefore, only the second-order term
contributes to the energy correction, which can be expressed
as

2

By comparing this expression with the formula for the energy
correction due to field-induced polarization, %(XE 2 we obtain
D2
On
a =2y 0 “)
n£0 EO - En

where o, is the dipole polarizability calculated from the 90
electronic states. Using the same procedure, we can also ob-
tain O, and 0.

2.2. A time-dependent quantum wave-packet evolution
method

For molecules in a laser field, the Hamiltonian can be ex-
pressed as

H(t) = Ho+H'(t), (5)

where Hj represents the Hamiltonian of an isolated molecule
in the field-free case, and its eigenstates can be written as
|nvj), where n, v, and j label the quantum numbers of the
electronic, vibrational, and rotational states, respectively. The
term H'(¢) describes the interaction between the laser field
and the molecular system.

the
Hamiltonian H) is separated into electronic and nuclear mo-

Within the Born—Oppenheimer approximation,

tion parts. The time-independent Schrodinger equation for the
nuclear motion part can be expressed as follows:

1 9%  j(j+1) 0
STY o +Vu(R) | W (R)Y;(6)
= Ey vy (R)Y;(6). (6)
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Here, R denotes the internuclear distance, V,(R) is the adia-
batic potential energy curve of the nth state, and Y;(0) rep-
resents the spherical harmonic functions, where j is the ro-
tational quantum number. For the calculation of the vibra-
tional wavefunction, we use a box with an internuclear dis-
tance R ranging from O to 40 a.u. to avoid spurious wave-
packet reflections at the boundaries. Therefore, the eigen-

Wy (R)Y, Note
that each electronic state n corresponds to a distinct potential

states |nvj) = 7(0) possess eigenenergies Ey;
energy curve.
The Hamiltonian H’(¢) is defined as

H'(1)=D,,(R)-E(t). 7

Here, D,,(R) is the dipole moment operator between the n'th
and nth electronic states, and E(¢) denotes the laser field vec-
tor. For n = #’, this interaction leads to molecular vibrational
and rotational excitation as well as the Stark shift induced by
the field. For n # n’, the time-dependent evolution of this inter-
action results in transitions between electronic states, includ-
ing single- and multi-photon transitions as well as resonant
and non-resonant Raman processes.

If the laser field is treated as a perturbation and laser-
induced electronic-state transitions are neglected, based on
Eq. (1), Eq. (7) can be approximated as

1 v O|D-E(t)|n)(n|D- E1)[0)
H' () = r;() B —F,

= 5 [ (R - @ ®)eos 0+ . (R] E20), ®)

where 6 is the angle between the laser polarization and the
internuclear axis of the molecule, and ¢ (R) and o, (R) are
the parallel and perpendicular components of the polarizabil-
ity, respectively.

According to the Schrodinger equation, the time-

dependent evolution of a quantum wave packet satisfies

¥(R,0,1) = e "H'W(R,0,0), 9)

where e~ H!
small time intervals dz, the full time-dependent wave packet is

obtained through iterative propagation at each time step:

is the time-evolution operator. By introducing

Y(R,0,t+dr) = e "HIWPR 0,1)+0(dr*).  (10)

Using the second-order split-operator method#!~#31 combined
with a Taylor expansion, the time-dependent evolution opera-
tor of the wave packet can be written as

—iHdr __

Hodr o ~iH'dr ,—5 Hodt
e 620 0%,

-~ H?dr? iH?dP#
e = —iH'dr - = 4! e (D

Setting the eigenstates |[nv ) of the isolated molecule as basis

functions, we obtain

Hyryr iy () = (V'J' | Dya(R) - E(£)|V ). (12)

In Eq. (12), if we only consider the three electronic states
X'Ty, B'ZS, and C'IL),
parallel and perpendicular transitions can be expressed as
(V'j'IDx 8(R)cosO|Vj)E(t) and (V'j'|Dx c(R)sinB|Vj)E(t),
respectively. Additionally, for the non-resonant Raman pro-

the matrix elements of the

cesses, the matrix element is expressed as

Hyyrjr oy (1) = 77<v "Ilog(R) — L (R)] cos> 6
+aL (R )IvJ>E2(r>- (13)
Further, H7,, avi(0)s Hg, iovi(0)s va,j, avj(t), and
Hyy 1 0y(t) are caleulated from Hyyio 0 (6), Hiyirgy (),

and corresponding matrix operations. After determining the
molecular initial electronic—vibrational-rotational state and
obtaining the matrix elements of the time-evolution operator
in the eigenbasis of Hj, we can carry out the time-dependent
simulation of laser-induced molecular dynamics. Notably, al-
though the Taylor expansion method cannot strictly guarantee
the normalization of the wave-function norm, by reducing the
step size dr and increasing the expansion order, its influence
on the norm can be kept below 1074,

In our simulations, a linearly polarized electric field is ap-
plied, mathematically expressed as

E(1) = Eysin’ (%t) sin(wr+¢)e., (14)

where Ej represents the peak field amplitude, @ denotes the
carrier frequency, T refers to the pulse duration, ¢ is the
carrier-envelope phase, and e, corresponds to the major po-
larization axis. All simulations employ a T = 60 fs laser pulse
with the carrier-envelope phase fixed at ¢ = /2.

3. Numerical results and discussion

Figure 1(a) shows the potential energy curves of 90 elec-
tronic states, including 30 XlZg states, 30 £ states, and 30
I1, states. The energy levels and dipole transition matrix el-
ements between the ground state and the excited states at the
equilibrium geometry of H, are listed in Table 1. Using quan-
tum perturbation theory as given in Eq. (4), the parallel and
perpendicular polarizabilities are calculated to be 6.83 and
5.42, respectively. After accounting for the vibrational dis-
tribution of the ground-state H, molecule, the corrected val-
ues become 7.20 and 5.40, which are in good agreement with
the reference data from the National Institute of Standards
and Technology (NIST),!*# reporting components of 7.43 and
5.38.

Figures 1(b) and 1(c) show the time-dependent popula-
tions of the 90 electronic states under an 800 nm, 50 TW/cm?2
laser pulse. The results indicate that the maximum populations
of the low-lying excited states B'X;" and C'TI, are on the or-
der of 1073, while the population of the highest excited states

103301-4
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only reaches about 10~ !°. The time-dependent rotational en-
ergy shown in Fig. 1(d) further demonstrates that the number
of included excited states has a pronounced influence on the
simulation results, and at least 36 states are required for con-
vergence.
Table 1. Excited state energy levels of 30 X and II, symmetries and
transition dipole moments (in a.u.) with ground H; at the equilibrium
position. The first and second columns represent the energy levels of 30
excited states E;r and IT,, while the third and fourth columns correspond

to the transition dipole moments from the ground state X' Zg' to these 30
excited states X and IT,.

I I, X'sf - 5f X'5f -1,
—0.69714  —0.67937 0.96545 0.69788
—0.62458  —0.52217 0.34609 0.89624
—0.58624  —0.5142 —0.50175 0.47867
—0.52397 037718 0.19677 —0.00184
—0.51723  0.05206  6.38149x 10> —0.00346
—0.45922  0.11206 —0.50502 0.05232
—0.3069  0.15254 0.44263 —0.0445
—0.26974  0.19579 0.00214 0.01167
—0.02857  0.20683 —0.02841 0.00698

0.04387  0.24328 0.01142 6.26411 x 10~
005665 02621  —6.78744 x 107 0.01963
0.08646  0.28666  —6.31768 x 10~* 0.02435
0.14742 031716 —0.04243 —0.01527
0.16937  0.3582 0.01466 —0.0013
020701 0.36808 —0.00898 0.00399
020799 0.39532 —0.03487 0.00481
024795 0.40417 —0.01284 —1.45216x 107*
027783 0.42494 0.02109 —0.00251
02946 043319 —0.00236 0.0083
030707 0.44266 —0.01454 0.00243
033247 0.45345 —0.03207 —0.0019
035886 046617  —9.21034x 10°* 0.00318
036159 048842 —7.22618x10°* 0.01213
037478 0.50029 —0.0137 0.00195
039028  0.50251 0.01376 —0.00844
039352 0.50861 0.00367 0.00852
041993 05253 0.00266 —0.00115
04283 052852 0.00347 —0.01092
042955 0.53919 0.00234 —0.00214
044267  0.55199 0.00376 —0.00286

In this work, a systematic comparison is conducted
between the rotational dynamics driven by classical-field-
approximated electronic dipole transitions and non-resonant
Raman processes in neutral Hy molecules, with a particular
focus on the wavelength-dependent behavior under laser fields
of different wavelengths. Time-dependent quantum dynami-
cal simulations are performed for multiple electronic and rota-
tional states, with the initial rotational quantum number set to
Jj =0, and calculations including 20 rotational states.

First, to validate the accuracy of the present time-
dependent quantum wave packet propagation method, we an-
alyze the temporal evolution of the total population. As
shown in Fig. 2, under specified conditions (laser intensity:
50 TW/cm?, laser wavelength: 800 nm), the total population
exhibits a slight temporal drift, which is attributed to the non-

unitary nature of the Taylor-expanded time-evolution opera-
tor. Our error analysis shows normalization coefficient er-
rors of 1073 and 10~* for time steps (d#) of 0.3085 a.u. and
0.1028 a.u., respectively. Importantly, computational reliabil-
ity is confirmed by achieving an error as low as 10~ with the
implemented time step of d# = 0.0031 a.u.

1.0016
——dt =0.3085
——dt=0.1542
——dt=0.1028
1.0012} dt =0.0771
: ———dt=0.0617
= —.—-dt=0.0031
8
5
— 1.0008
(o}
o
ol
1.0004 -
1.0000 L v —=lemem b

0 10 20 30 40 50 60
t (fs)

Fig. 2. Temporal evolution of the total population under different time
steps for a laser intensity of 50 TW/cm? and a wavelength of 800 nm.

For the investigation of wavelength-dependent dynamics,
wavelengths of 273 nm, 455 nm, and 800 nm are selected,
with 273 nm and 455 nm specifically chosen to facilitate three-
photon and five-photon resonances from the ground XlZg
state to the B'X"/C'TI, states, respectively. At a laser in-
tensity of 50 TW/cm?, the dynamics driven by distinct photon
processes at different wavelengths are investigated, as illus-
trated in Fig. 3. All 90 electronic states are included in the
simulation; the three lowest states (XlZg, B'Y}, and C'I1,)
are mainly considered to illustrate the contributions of elec-
tronic excitation and non-resonant Raman processes to molec-
ular rotational dynamics.

Figures 3(a)-3(c) depict the time-dependent population
evolution of the ground state XlZg+ (black solid line), excited
state B'Z.} (blue solid line), and C'TI, (red solid line). From
these results, we observe that regardless of the laser wave-
length, under the classical-field approximation, the electronic
states are all excited and reach similar peak populations of ap-
proximately 0.5%—1%. After the three-photon resonant laser
(273 nm) ends, the total population of the excited states can
still reach 0.25%. By contrast, following the five-photon res-
onant laser (455 nm), only about 0.05% of H, molecules are
promoted to the excited states. For the 800 nm non-resonant
laser, the excited-state population is only about 107,

Figures 3(d)-3(f) present the time-dependent population
distributions of rotational quantum numbers for ground-state
H, within the classical-field-approximated electronic dipole
transition framework. These rotational populations exhibit
a clear wavelength dependence, with lower populations in
higher rotational states j as the wavelength increases. These
higher rotational states arise from multi-photon resonant Ra-
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man processes between the ground and excited states. Specif-
ically, the three-photon resonant Raman process corresponds
to Aj = £6, while the five-photon resonant Raman process
corresponds to Aj = £10. The non-resonant Raman process
contributes only Aj = +2, with the final rotational populations
distributed among j = 0, 2, and 4. The results in Figs. 3(d)

and 3(e) demonstrate that under resonant laser excitation, both
non-resonant and resonant Raman processes significantly con-
tribute to rotational excitation. Although the populations of
highly rotationally excited states are small, their contribution
to the total rotational energy may be significant, since molec-
ular rotational energy scales as j(j+1).

1.000 1.000 1.000
©)
0-9951 0.998
g 0.996 |
5 09901 0.996
§ 0.985 0.992 | 0.994
[ 273 nm 0.0 800 nm
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Fig. 3. (a)-(c) Time-dependent population evolution of the ground state XIZg (black solid line), and the excited states B'L; (blue solid line)
and C'I1, (red solid line). (d)—(f) Distributions of the time-dependent rotational quantum number j for the ground state XlZg. (g)—(i) Time-
dependent rotational energy of ground H, calculated using the present TDQWPM method (red solid line) and the non-resonant Raman model

(blue solid line).

Consequently, the time-dependent evolution of the rota-
tional energy exhibits pronounced wavelength-dependent be-
havior, as shown in Figs. 3(g)-3(i). In these figures, the ro-
tational energy populations are represented by red solid lines
(present TDQWPM calculations) and blue solid lines (consid-
ering only non-resonant Raman processes). At a wavelength
of 273 nm, the final rotational energies obtained from these
two approaches differ by approximately a factor of seven,
from 2.37987 x 107> a.u. to 1.30604 x 10~* a.u. Since the
present TDQWPM calculations include both non-resonant Ra-
man processes and resonant electronic transitions, this seven-
fold difference indicates that resonant electronic transitions
play a decisive role in the rotational excitation of molecules.
For 455 nm, the contributions of non-resonant and resonant

processes are comparable. For 800 nm, the differences be-
tween the two calculations may arise from the limited com-
pleteness of the 90 electronic states or minor contributions
from electronic state transitions, considering that the total
excited-state population reaches only 0.05% at peak laser in-
tensity.

After establishing the coexistence of resonant electronic
excitation and non-resonant Raman processes in laser-neutral
molecule interactions, the next challenge is to obtain accurate
time-dependent excited-state populations induced by resonant
electronic excitation within the classical field approximation.
In previous studies, excited-state populations directly obtained
from simulations were generally assumed to represent the ac-
tual populations. However, as shown in Figs. 3(a)-3(c), cal-
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culations at different wavelengths yield similar excited-state
populations at peak laser intensity, despite significant differ-
ences in the contributions from resonant electronic excitation.
To clarify this issue, we analyze the photoelectron angular dis-
tributions of molecules irradiated by an 800 nm laser. By ex-
amining how neutral-to-excited-state transitions followed by
ionization affect these angular distributions, we determine the
correct excited-state populations.

Figure 4 presents two types of time-dependent popula-
tions of BT,
excitation-then-ionization process to H, molecular ionization.

used to investigate the contribution of the

The red solid curve (Model-1) represents the direct computa-
tional results obtained using the TDQWPM method, assum-
ing that molecules occupying the simulated excited state at
any time may undergo tunneling ionization. In contrast, the
blue solid curve (Model-2) represents the populations mea-
sured when the laser field is zero. We propose that only

the population remaining in the excited state after one full

=
2
gel
=
3
2
o
W
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t (fs)

40 50 60

laser field oscillation (E = 0) corresponds to genuine photo-
excitation events. Transient populations that increase and then
decrease during laser oscillations arise from either resonant
or non-resonant Raman processes, which do not contribute to
subsequent ionization.

Based on this analysis, we employ the molecular
Ammosov—Delone—Krainov (MO-ADK) theory*# to cal-
culate ionization yields and orientation dependencies using

Y() = ///P,-(t)pl(R,G,t)sinGdeBdt, (15)

P(6) = //P,-(t)pl(R,GJ) dRdr. (16)

Here, Y () represents the ionization yield, P'(0) denotes the
orientation dependence, P,(¢) corresponds to the time-evolving
populations of the two mechanisms, and p; (R, 0,t) is the ion-
ization probability calculated from MO-ADK theory. The
MO-ADK parameters used for the XlZg, B'T}, and C'IT,
states are listed in Table 2.

10°
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Fig. 4. Time-dependent populations of the excited state B'Z; under different laser field intensities. (a) and (b) correspond to laser intensities of
50 TW/cm? and 230 TW/cm?, respectively. In both panels, the black solid curve represents the laser pulse, the red solid curve shows Model-1
results obtained using the present TDQWPM method, and the blue solid curve represents Model-2, corresponding to the connected data points

of excited-state populations at zero laser field intensity.

Table 2. The C; coefficients of Xl):g, B! .t and C11, with ground Hj at
the equilibrium position. For X orbital, m = 0 and IT orbital, m = 1. The
binding energies are also listed.

Symmetry Binding energy (eV) G
XIEI 15.65 Com Com Cam
° 1.42838 0.08538 0.00141
BIZJ 3.36 Clm C3m CSm
0.40586 0.01069 0.00025
Cll'Iu 3.03 Clm C3m CSm
0.03771 0.00180 0.00001

Due to the significantly lower ionization potential of H,
excited states compared to the ground state, even though the
excited-state population remains orders of magnitude smaller
than that of the ground state at any moment, it can still

contribute significantly to strong-field ionization. Figure 5
systematically illustrates the ionization dynamics of the two
mechanisms under a laser intensity of 230 TW/cm?. In
Figs. 5(a) and 5(f), the time-dependent ionization yields of the
ground state XIZZg+ (black), excited state B'L} (red), and ex-
cited state C'TI, (blue) are presented. Interestingly, Fig. 5(a)
(Model-1) indicates that the probability of tunneling ionization
following excitation from the ground state to B!'Z} actually
exceeds that of direct tunneling ionization from the ground
state. Moreover, the probability for the X'E} to C'TI, ex-
citation followed by tunneling ionization is comparable to di-
rect ground-state tunneling ionization. This result significantly
overestimates the contribution of excited states to ionization
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under the laser parameters of 230 TW/cm? and 800 nm, where
the Keldysh parameter y!*) is less than 1.

The total ionization angular distribution shown in
Fig. 5(e), calculated based on the rotational wave functions
and ionization angular distributions of the X'=}, B'X, and
C'TI, states, also exhibits significant discrepancies with exper-
imental measurements (gray dashed line in Fig. 5(j)). Notably,
the theoretical results exhibit pronounced minima at 90°/270°,
primarily arising from contributions of the B'X;} state, which
contradict experimental observations. These discrepancies
demonstrate that the population variations in molecular ex-
cited states induced by either resonant or non-resonant Raman
processes under the classical field approximation do not cor-

0.012

(a) (b) 120 60 (¢) 120
0.008
el
o)
o 180 0 180
0.004
0 - -
0 10 20 30 40 50 60 240 300 240
t (fs)
0.012
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0.008
)
2
o 180 0 180
0.004
0
0 10 20 30 40 50 60 240 300 240

t (fs)

respond to genuine photo-excitation processes and should not
be included in photo-excitation-ionization events.

After removing these unphysical contributions, we adopt
the blue solid curve (Model-2) in Fig. 4(b) as the time-
dependent population of the excited state to recalculate the re-
spective contributions of direct ground-state tunneling ioniza-
tion and excitation-then-ionization processes to Hy molecular
ionization. As anticipated, the contribution from excitation-
then-ionization decreases to approximately 14.1%. The re-
sulting total ionization angular distribution, shown in Fig. 5(j),
exhibits excellent agreement with experimental measurements
by Staudte er al.!*8] and theoretical predictions by Tong et
al."™ 1 and Zhao et al. 10!

60 (d) 120 60 (e) 120 60

0 180 0 180 o
300 240 300 240 300
60 () 120 60

0 180

Fig. 5. Ionization yields and angular distributions of neutral H, molecules for different electronic states at 230 TW/cm?. (a) and (f) show the
ionization yields of Model-1 and Model-2, respectively. In these panels, the black solid line corresponds to direct tunneling ionization from the
ground state XX, while the red and blue solid lines represent contributions from X'Zg—to—BlEI and X'Zg'—to—Cll'Iu excitations followed by

tunneling ionization, respectively. (b) and (g) present the ionization angular distributions of Model-1 and Model-2 for the ground state Xlzg, (c)

and (h) correspond to B! X}, and (d) and (i) correspond to C'Tl,. (e) and (j) show the total ionization angular distribution, summing contributions
from XlEg, B'Y{, and C'TI,. In panel (j), the gray dashed line represents experimental measurements!*’!, and the orange solid line denotes

theoretical calculations by Zhao et al. 16481,

4. Conclusion

In summary, we have developed a fully time-dependent
quantum wave packet propagation method that accounts for
dipole transitions among multiple electronic states, enabling
a unified treatment of resonant electronic transitions, resonant
Raman processes, and non-resonant Raman processes. Using
H; as a prototypical system, this approach has been employed
to investigate rotational excitation and strong-field ionization
dynamics. Through systematic comparisons with experimen-
tal measurements and other theoretical calculations, we draw
two principal conclusions:

(i) Electronic transitions, resonant Raman processes, and
non-resonant Raman processes inherently coexist. Even un-
der 800 nm non-resonant laser irradiation at 230 TW/cm?2, the
excitation-then-ionization pathway contributes approximately
14.1% to the total ionization yield.

(i1) Population variations in molecular excited states in-

duced by either resonant or non-resonant Raman processes
under the classical field approximation do not correspond to
genuine photo-excitation events and should not contribute to
photo-excitation-ionization processes.

Moreover, the developed methodology is readily extend-
able to more complex molecular fragmentation dynamics, par-
ticularly for processes involving multiple charge states, a large
number of electronic states, and vibrational and rotational de-

grees of freedom.
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