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Multiorbital impact on strong-field ionization of HCl molecules
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We have put forward the time-dependent Hartree-Fock approach to investigate ionization dynamics of HCl
molecules subjected to strong few-cycle laser pulses, which is based on the finite-element discrete-variable
representation in prolate spheroidal coordinates and the Crank-Nicolson method. It is demonstrated that the
electron is favored to be freed by the peak electric field pointing towards the H atom for the HCl molecule
possessing the bonding length R = 2.5 a.u., while the ionization prefers to occur for the maximum electric
field pointing from the H nucleus to Cl nucleus with increasing internuclear separations. Analysis indicates that
the ionization yield of 5σ electrons becomes significant with respect to that of 2π electrons with stretching
bonding lengths, and the relative contributions of the ionization from 5σ and 2π electrons change as a function
of internuclear separations, which gives rise to the above distinct oriented ionization of HCl molecules.
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I. INTRODUCTION

Strong-field ionization is considered as the starting point
when an intense laser pulse interacts with atoms and
molecules and a trigger for subsequent dynamic processes of
significant current interest, such as high-order harmonic gen-
eration (HHG) [1–4], frustrated tunneling ionization [5–7],
laser-induced electron diffraction [8,9], and Coulomb ex-
plosion [10–12], which are helpful for comprehending
strong-field molecular physics and developing techniques for
ultrafast imaging of molecular structures. Compared with
atoms, the ionization behavior of molecules subjected to an
intense laser field is much more complicated due to the addi-
tional nuclear degrees of freedom. For example, anomalously
high ionization of molecules takes place when the molecules
are stretched to some critical bond lengths for orientations
parallel to the linearly polarized laser fields [13–15]. The
ionization yields of diatomic molecules show oscillatory be-
havior as a function of internuclear separations and alignment
angles in intense laser pulses [16,17], and the oscillation
shows strong dependence on the molecular structures [18],
which is attributed to the distinct interferences of the sub-
waves of the emitted electron emerging from different atomic
sites.

Since the impact of subcycle modifications of the elec-
tric field on molecular processes is of significant interest for
achievements of coherent control and applications of charged-
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directed chemical reactions, the manipulation of electron
dynamics for different molecules in few-cycle laser pulses
has attracted great attention recently. The electron localiza-
tion on one of the dissociating nuclei can be controlled
by adjusting the carrier-envelope phase (CEP) of the near-
infrared pulse when H+

2 molecules are subjected to few-cycle
laser pulses [19]. The directional emission of D+ fragments
from the dissociative ionization of complex multielectron DCl
molecules can be achieved by changing the CEP of few-cycle
laser pulses [20,21]. For CO molecules multiple dissociative
ionization channels can also be selectively steered by altering
the CEP of intense few-cycle pulses [22].

More recently, when high-performance experimental tech-
nologies for orienting molecules became available, strong
interest has been directed towards the study of oriented molec-
ular ionization in experimental and theoretical research. The
experimental observation of orientation-dependent ionization
of N2 and O2 molecules is consistent with the molecular
Ammosov-Delone-Krainov (MO-ADK) calculations, which
are based on single-active-electron (SAE) approximations,
while the narrow ionization distribution of CO2 molecules
and its peak ionization at alignment angle 45◦ deviate from
the above SAE simulations [23,24], and improvements of the
asymptotic wave function, multiorbital effects, and dynamic
exchange roles have been put forward to resolve discrep-
ancies between experimental data and theoretical results for
the ionization behavior of CO2 molecules [25–27]. For CO
molecules, it is demonstrated that higher ionization yields
occur when the molecule is oriented with the electric field
pointing from C end to O end in experiments [28]. The above
finding is different from the prediction based on the calcu-
lations of the time-dependent Schrödinger equation (TDSE)
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within SAE approximations [29], while the multielectron dy-
namics plays a vital role in the anisotropic ionization of CO
molecules in recent theoretical studies [30–32], and the exper-
imental studies of ionization dynamics of CO molecules also
reveals that the electrons in low-lying orbitals contribute to the
ionization [33,34]. It becomes evident that the improvements
of theoretical simulations adopting SAE approximation to
study the ionization dynamics of multielectron molecules are
needed.

In theory, time-dependent density-functional theory
(TDDFT) and the multiconfiguration time-dependent
Hartree-Fock theory (MCTDHF) are proposed to describe
the multielectron effects on molecular ionization. The
TDDFT calculations show dependence on the formulas
of the exchange-correlation potential [35–37], while the
computation of MCTDHF is extremely demanding [38,39].
In addition, the time-dependent Hartree-Fock (TDHF) theory
has attracted great attention, because the computation is
affordable for complex systems and the interactions of all
electrons with strong laser fields can be taken into account.
The difference between MCTDHF and TDHF is that the
total wave function is expanded in terms of many Slater
determinants with time-varying molecular orbitals and
coefficients, and the quantitative accuracy of the description
on the correlated electron motion can be greatly improved
with the increasing expansion lengths for MCTDHF. For
TDHF, the multielectron wave function is approximated by a
single Slater determinant, and the molecular orbitals involved
are propagated based on the mean field approximation, so
TDHF is the simplest version of the MCTDHF scheme. TDHF
has been employed to investigate the enhanced ionization of
C2H2 molecules exposed to strong laser fields [40,41], and the
existence of a multiple-bond version of enhanced ionization
in polyatomic molecules is consistent with the experimental
observations [42,43]. The TDHF approach has been adopted
to study the alignment-dependent ionization of CO molecules
in an intense laser field, the results are in good agreement
with the experimental findings [33], and the analysis indicates
that the dynamic core polarization has an important impact
on the strong-field molecular ionization [44]. More recently,
it has been found that inner-orbital electron dynamics plays
a vital role in the ionization of C2H2 molecules and the
HHG of CO molecules in intense laser fields based on TDHF
calculations [45,46].

As stated above, multielectron dynamics plays a vital
role in the ionization of molecules exposed to strong laser
pulses [26,27,33,34,44,47,48], and directional emission of
fragments from the dissociative ionization of complex mul-
tielectron polar molecules can be controlled with few-cycle
laser pulses [20–22], while the study of the oriented ionization
of multielectron polar molecules with different internuclear
separations is rare, which is helpful for further understanding
the aforementioned experimental observations. In this work,
the oriented ionization of HCl molecules possessing different
bonding lengths in few-cycle laser pulses has been studied
with TDHF, in which finite-element discrete-variable rep-
resentation (FEDVR) and the Crank-Nicolson approach are
used. It is demonstrated that the electron tends to be detached
by the peak electric field pointing towards H atom for a HCl
molecule with the internuclear separation R = 2.5 a.u., while

FIG. 1. Coordinates of HCl molecule.

the ionization is more likely to take place if the maximum
electric field points from the H end to Cl end with increasing
bonding lengths, and the above peculiar ionization behaviors
stem from the change of relative contributions of the ion-
ization from 5σ and 2π electrons with stretching bonding
lengths. Atomic units (a.u.) are employed unless otherwise
indicated.

II. THEORETICAL APPROACHES

Within the dipole approximation and fixed nuclear approx-
imation, the TDHF equations of HCl molecules subjected to
the strong laser pulses read as [41,45]

i
∂

∂t
�i(r, t )= [H1(r)+2J (r, t ) − K (r, t ) + r · E(t )]�i(r, t ).

(1)
In order to study the dynamics of diatomic molecule HCl

in laser fields, it is natural to choose prolate spheroidal co-
ordinates to present the electron. r1 and r2 represent the
separations from the two nuclei, and R indicates the bond-
ing length in Fig. 1. We then define ξ = (r1 + r2)/R, η =
(r1 − r2)/R, and the azimuthal angle ϕ. The one-electron
Hamiltonian of H1(r) is given by

H1(r) = − 2

R2(ξ 2 − η2)

[
∂

∂ξ
(ξ 2 − 1)

∂

∂ξ
+ ∂

∂η
(1 − η2)

∂

∂η

+ ξ 2 − η2

(ξ 2 − 1)(1 − η2)

∂2

∂ϕ2

]
− 2

R

[
ZH

ξ + η
+ ZCl

ξ − η

]
,

(2)

where ZCl = 17 and ZH = 1 denote the charges of Cl nu-
cleus and H nucleus, respectively. J (r, t ) and K (r, t ) represent
electron-electron Coulomb interaction and electron-electron
exchange interaction, respectively,

J (r1, t )�i(r1, t ) =
N∑
j

∫ |� j (r2, t )|2
r12

dr2�i(r1, t ) (3)

and

K (r1, t )�i(r1, t ) =
N∑
j

∫
�∗

j (r2, t )�i(r2, t )

r12
dr2� j (r1, t ),

(4)
where N denotes the number of occupied orbitals. Two-
electron interaction operator is expressed as

1

r12
= 2

R

∞∑
l=0

l∑
m=−l

(−1)|m|(2l + 1)

(
(l − |m|)!
(l + |m|)!

)2

P|m|
l (ξ<)

× Q|m|
l (ξ>)P|m|

l (η1)P|m|
l (η2)eim(ϕ1−ϕ2 ), (5)
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where ξ< and ξ> correspond to min(max)(ξ1, ξ2), and P|m|
l (ξ<)

and Q|m|
l (ξ>) indicate regular and irregular Legendre func-

tions, respectively.
As stated above, the electron-electron interactions are time-

varying in TDHF theory, so highly efficient calculations of
two-electron integrals are required. It has been confirmed
that the FEDVR is high-performance and accurate in carry-
ing out two-electron integral calculations [39,44,45], so the
time-dependent wave functions can be expanded by FEDVR
as follows:

�i(ξ, η, ϕ, t ) = 1√
2π

(
2

R

) 3
2 ∑

μν

Cμν (t ) fμ(ξ )gν (η)eimϕ. (6)

For even |m|, the DVR basis is given by

fμ(ξ ) = 1√
ω

μ

ξ

∏
k �=μ

ξ − ξk

ξμ − ξk
, gν (η) = 1√

ων
η

∏
k �=ν

η − ηk

ην − ηk
. (7)

In order to properly describe the nonanalytic behavior of the
wave functions near the boundaries of ξ = 1 and η = ±1 for
odd |m|, the DVR basis of odd |m| is defined as [49]

fμ(ξ ) = 1√
ω

μ

ξ

(ξ 2 − 1)1/2

(
ξ 2
μ − 1

)1/2

∏
k �=μ

ξ − ξk

ξμ − ξk
,

gν (η) = 1√
ων

η

(η2 − 1)1/2

(
η2

ν − 1
)1/2

∏
k �=ν

η − ηk

ην − ηk
. (8)

Gauss-Radau quadrature points ξμ are adopted in the first
DVR element in the ξ direction, Gauss-Lobatto quadrature
points ξμ are used in other elements, and Gauss-Legendre
quadrature points ην are employed in the η direction. The two-
electron integrals are obtained by solving Poissons equations,
and the details can be found in Ref. [49]. The details of molec-
ular Hartree-Fock calculations can be found in our previous
work [50]. The time-varying wave functions are propagated
with the Crank-Nicolson approach in this work [45], which
is different from the time propagation method of iterative
Lanczos algorithm in the previous TDHF method [44,51],
since the Crank-Nicolson approach is stable and accurate [52],
and orthogonality of different orbitals is enforced during the
time evolution. A cos1/8 absorber function is employed in
the range [2ξmax/3, ξmax] to avoid unphysical reflection of the
electron wave packet from the boundary. The time-varying
wave functions are propagated long enough to allow all the
ionization flux to pass through the absorbing boundary after
the conclusion of the strong laser pulse, and then the ion-
ization probability of the i orbital is defined as Pi(tend ) =
1 − 〈�i(r, tend )|�i(r, tend )〉. The total ionization probability
is given by Pt = 1 − ∏

i(1 − Pi ). The component of the α

field-free orbital contained by the β time-varying orbital is
written as Pαβ (t ) = |〈�α (r, t = 0)|�β (r, t )〉|2.

In this paper, ξmax=150/R a.u. is adopted, and 160 and 30
FEDVR bases are employed in the ξ and η directions, respec-
tively. The laser fields are parallel to the molecular axis, the
vector potential is written as A(t )= E0

ω
sin2(πt/tmax) sin(ωt +

θ )ẑ (0 < t < tmax) with carrier envelope phase (CEP) θ , and
the time-varying electric field is defined as E(t )=−∂A(t )/∂t .
E0, tmax, and ω indicate the peak electric field, the duration,

FIG. 2. Orbital densities of HCl molecules with different bond-
ing lengths. (a) 5σ orbital (R = 2.5 a.u.), (b) 2π orbital (R =
2.5 a.u.), (c) 5σ orbital (R = 4 a.u.), and (d) 2π orbital (R = 4 a.u.).

and the angular frequency, respectively. The total pulse du-
ration is three optical cycles with the wavelength λ = 800
nm (ω = 0.057 a.u.), and the time step is 	t = 0.03 a.u.
Convergence of numerical simulations is achieved with the
above settings.

III. RESULTS AND DISCUSSIONS

The orbital energies of HCl molecules are displayed in
Table I, and the reference values are calculated with aug-cc-
pvqz basis sets at the Hartree-Fock level [53]. It is found that
our results agree well with the reference and experimental
data [53,54]. The charge distributions of different orbitals
for HCl molecules with different bonding lengths are plotted
in Fig. 2, and the origin locates the midpoint between the
Cl nucleus and the H nucleus. It is shown that the orbital
densities of 5σ orbital are distributed along the molecular
axis, while the charge distributions of 2π orbital are away
from the molecular axis. Figure 3 depicts the field-free orbital
energies εi with the increase of internuclear separations R, and
the orbital energies of 1σ , 2σ , 3σ , and 1π are not shown due
to their lower energies with respect to those of 4σ , 5σ , and 2π

electrons. It is worthwhile to mention that the orbital energies
of 5σ are close to those of 2π near R = 4 a.u., and the gaps

FIG. 3. Field-free orbital energies εi as a function of internuclear
distances R.
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FIG. 4. (a) The time-dependent electric field of CEP θ = 0, π

and laser intensity 200 TW/cm2 (T = 2π/ω). (b) Ionization proba-
bilities obtained by time propagating three orbitals (4σ , 5σ , and 2π ),
two orbitals (5σ and 2π ), and one orbital (5σ or 2π ) for CEP θ = 0.
(c) Same as (b) but for CEP θ = π . (d) Ratios of Pt (θ = 0)/Pt (θ =
π ) obtained by propagating three orbitals (4σ , 5σ , and 2π ), two
orbitals (5σ and 2π ), and one orbital (5σ or 2π ) in the corresponding
panels (b) and (c).

between 5σ orbital energies and 6σ orbital energies become
narrower with increasing bonding lengths R.

Figure 4(a) depicts the time-dependent electric fields cor-
responding to the laser pulses of the intensity 200 TW/cm2

and CEP θ = 0 or π . The maximum electric field points from
the Cl end to H end in the HCl molecule for θ = 0, and the
peak electric field points from the H nucleus to Cl nucleus
for θ = π in Fig. 1. The ionization energies of 1σ , 2σ , 3σ ,
and 1π electrons are much higher compared with those of
electrons in other orbitals in Table I, so 1σ , 2σ , 3σ , and
1π orbitals keep frozen in the time propagation of TDHF
equations. Figures 4(b) and 4(c) show the ionization yields
obtained by time propagating three orbitals (4σ , 5σ , and 2π ),
two orbitals (5σ and 2π ), and one orbital (5σ or 2π ) in Eq. (1)
with increasing bonding lengths for CEP θ = 0 and θ = π ,
respectively, while electrons in other shells are frozen. It is
found that the simulations adopting two orbitals (5σ and 2π )
are close to those employing three orbitals (4σ , 5σ , and 2π ),
and the role of 4σ electrons dynamics in the ionization yields

TABLE I. Comparison of orbital energies (a.u.) of HCl
molecules with R = 2.5 a.u. calculated with field-free molecular
Hartree-Fock methods and experimental data.

Orbitals Present [53] Exp. [54]

1σ −104.84271 −104.85143
2σ −10.57581 −10.57567
3σ −8.04141 −8.04273
1π −8.04129 −8.04116
4σ −1.10826 −1.10856
5σ −0.61551 −0.61545 −0.599
2π −0.47585 −0.47587 −0.471

FIG. 5. The sum of probabilities of field-free unoccupied π or-
bitals in time-dependent �2π (r, t ) obtained by time propagating only
the 2π orbital in TDHF calculations for HCl molecules possessing
different bonding lengths in few-cycle laser pulses with CEP θ = 0
or π (T = 2π/ω). (a) R = 2.5 a.u. and CEP θ = 0 or π , (b) R =
4 a.u. and CEP θ = 0 or π . For visual convenience, the time-varying
probabilities of 2π are not depicted.

is negligible due to its large ionization energies with respect
to those of 5σ and 2π electrons in Fig. 3. In addition, it is
demonstrated that, as the bonding lengths are stretched, the
ionization probabilities of 5σ electrons increase significantly,
while the ionization yields of 2π electrons change slightly
compared with those of 5σ electrons for the TDHF calcula-
tions by time propagating one orbital (5σ or 2π ).

In order to clearly show the discrepancies of ionization
yields for CEP between θ = 0 and θ = π , ratios of Pt (θ =
0)/Pt (θ = π ) are depicted in Fig. 4(d), which are calculated
by propagating three orbitals (4σ , 5σ , and 2π ), two orbitals
(5σ and 2π ), and one orbital (5σ or 2π ) in Figs. 4(b) and 4(c).
It is found that the ratio of Pt (θ = 0)/Pt (θ = π ) is larger than
1 at R = 2.5 a.u. in TDHF simulations by time propagating
three orbitals (4σ , 5σ , and 2π ) and two orbitals (5σ and
2π ), which indicates that electrons tend to be detached when
the peak electric field points from Cl nucleus to H nucleus.
However, as the internuclear separations are stretched fur-
ther, the ratios of Pt (θ = 0)/Pt (θ = π ) are smaller than 1 for
TDHF calculations by time propagating three orbitals (4σ ,
5σ , and 2π ) and two orbitals (5σ and 2π ), which denotes that
electrons are more likely to be freed by the peak electric field
pointing from H end to Cl end. The ratios of Pt (θ = 0)/Pt (θ =
π ) are smaller than 1 by time evolution of the 5σ orbital
in TDHF simulations, so the molecular ionization tends to
occur if the peak electric field points towards Cl atom for
taking into account only the interactions of laser pulses and 5σ

electrons. The ratios of Pt (θ = 0)/Pt (θ = π ) are larger than
one by only time propagating the 2π orbital, which indicates
that the electrons are more probable to be detached by the peak
electric field pointing towards the H end if only 2π orbital is
time evolution in TDHF calculations.

To further understand the distinct ionization behaviors of
HCl molecules in few-cycle laser pulses in Fig. 4, we display
the sum of the time-varying probabilities Pα (t ) of unoccupied
orbitals π in time-dependent �2π (r, t ) for HCl molecules pos-
sessing R = 2.5 a.u. and R = 4 a.u. when only the 2π orbital
is time propagating in TDHF calculations with other orbitals
being frozen in Fig. 5 (α indicates the time-independent
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FIG. 6. Time-dependent probabilities of 5σ and 6σ orbitals are
calculated by time propagating only the 5σ orbital in TDHF cal-
culations (other orbitals keep frozen) for HCl molecules possessing
different bonding lengths in few-cycle laser pulses of CEP θ = 0 or
π (T = 2π/ω). (a) R = 2.5 a.u. and CEP θ = 0, (b) R = 2.5 a.u. and
CEP θ = π , (c) R = 4 a.u. and CEP θ = 0, (d) R = 4 a.u. and CEP
θ = π . Blue dash lines are added for visual convenience.

unoccupied π orbitals, which range from the first unoccupied
orbital to the 50th unoccupied orbital). For visual conve-
nience, the time-dependent probabilities of 2π are not plotted,
since the probabilities of 2π are much larger with respect to
those of other unoccupied orbitals. It is found that the mix-
ings of 2π and other occupied orbitals are obviously stronger
for CEP θ = 0 than those corresponding to CEP θ = π for
HCl molecule at the internuclear distance R = 2.5 a.u. and
R = 4 a.u. in Fig. 5, which leads to the fact that the ratio
of Pt (θ = 0)/Pt (θ = π ) is larger than 1 for R = 2.5 a.u. and
R = 4 a.u. when only the 2π orbital is taken into account in
time evolution of TDHF simulations in Fig. 4(d).

In Fig. 6 we show the components of time-independent
orbitals 5σ and 6σ in time-varying orbital �5σ (r, t ) for HCl
molecules with different internuclear separations subjected to
few-cycle laser pulses of different CEPs, which are obtained
by the time evolution of only the 5σ orbital in TDHF simu-
lations and keeping other orbitals frozen. It is demonstrated
that the coupling between 5σ and the unoccupied molecular
orbital 6σ becomes stronger with increasing bonding lengths
for the same CEP due to narrower energy gaps for 5σ and 6σ

orbitals in Fig. 3 (< �5σ (r, t = 0)|Z|�6σ (r, t = 0) >= 0.04
for the energy gap 0.616 a.u. between 5σ and 6σ state at R =
2.5 a.u. and < �5σ (r, t = 0)|Z|�6σ (r, t = 0) >= −1.93 for
the energy gap 0.411 a.u. between the 5σ and 6σ state at
R = 4 a.u.), which accounts for the significant increase of
ionization yields of 5σ electrons with increasing internuclear
distances compared with the ionization yields of 2π electrons
vs bonding lengths in Fig. 4. For the same bonding length,
there is stronger mixing between 5σ and 6σ orbitals for CEP
θ = π with respect to that for CEP θ=0, so the the ratios
of Pt (θ = 0)/Pt (θ = π ) are smaller than one by only time
propagating the 5σ orbital in Fig. 4(d).

At R = 2.5 a.u., the total ionization is mainly determined
by 2π electron dynamics due to its lower ionization energy
compared with those of electrons in other shells in Table I,

and the mixings between the 2π orbital and other unoccupied
orbitals are stronger for CEP θ = 0 with respect to those for
CEP θ = π , so the ratios of Pt (θ = 0)/Pt (θ = π ) are larger
than one for the time propagation of TDHF equations adopting
three orbitals (4σ , 5σ , and 2π ) and two orbitals (5σ and
2π ) in Fig. 4(d). As the bonding lengths are stretched, the
ionization energy of 5σ electrons become smaller in Fig. 3,
and the coupling between the 5σ orbital and the unoccupied
molecular orbital 6σ becomes stronger for CEP θ = π com-
pared with that for CEP θ = 0, so the ionization yields of the
5σ electrons are gradually dominant over those of electrons
in other occupied orbitals, which gives rise to the fact that the
ratios of Pt (θ = 0)/Pt (θ = π ) calculated by time propagating
three orbitals (4σ , 5σ , and 2π ) and two orbitals (5σ and 2π )
are smaller than 1 from R = 3 a.u. to R = 4 a.u. in Fig. 4(d). It
is worthwhile to mention that we have studied the ionization
dynamics of HCl molecules possessing the bonding lengths
from 2.5 a.u. to 7 a.u. by time propagating three orbitals (4σ ,
5σ , and 2π ), which are subjected to the few-cycle laser pulse
of the CEP θ = 0 and the intensity 200 TW/cm2, and the
ionization probability increases with the stretched bonding
lengths, so no enhanced ionization occurs for HCl molecules
at the internuclear distance between 2 a.u. and 7 a.u. in
our calculations. We do not investigate the ionization behav-
iors of HCl molecules with internuclear distance larger than
7 a.u., since the restricted Hartree-Fock methodology provides
an inappropriate description of molecules at long bonding
lengths [55].

IV. CONCLUSIONS

In summary, we have employed the TDHF method to
study the ionization dynamics of HCl molecules possessing
different bonding lengths in intense few-cycle laser pulses,
and the FEDVR bases in prolate spheroidal coordinates and
the Crank-Nicolson method are used in TDHF simulations.
It is found that the ionization tends to take place when the
peak electric field points from the Cl end to H end for the
HCl molecule with internuclear distance R = 2.5 a.u., since
the total ionization is mainly determined by the ionization
of electrons in 2π orbital due to its lower ionization energy,
and there exists evidently stronger coupling between 2π and
other unoccupied molecular orbitals for the peak electric field
pointing towards the H atom. As the bonding lengths are
stretched, the mixing between the 5σ orbital and the unoc-
cupied molecular orbital 6σ becomes more significant if the
maximum electric field points towards Cl nucleus, and the
ionization of 5σ electrons is dominant over that of electrons
in other shells, so the electron is more likely to be detached
for the peak electric field pointing from the H end to Cl end.
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