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Photoinduced dynamics of a weakly bound triatomic molecule HeH2
+ exposed to electromagnetic radiation is

investigated by time-dependent quantum wave-packet propagation. Adopting a two-dimensional linear H-H-He
model, the three lowest-lying potential energy surfaces (PESs) and corresponding dipole moment surfaces
are constructed. One of the two characteristic excited PESs of HeH2

+ leads to the charge-transfer reaction
H2

+ + He → H2 + He+ and the other corresponds to the first excited state of H2
+ perturbed by the presence of

He. When HeH2
+ is exposed to a femtosecond intense ultraviolet light pulse (I = 4 × 1014 W cm−2, λ = 400 nm),

both of the two excited PESs are found to be coupled with the light field and a variety of reaction pathways
become opened so that HeH, HeH+, H2, H2

+, H, H+, He, and He+ are produced. Simulations also show that the
anharmonic coupling between the two stretching vibrational modes in HeH2

+ leads to the stabilization of the H2
+

moiety against the decomposition into H + H+ compared with bare H2
+. The theoretical findings of the formation

of HeH+ composed of the most abundant elements in the universe are also discussed in view of the theoretical
modeling of the chemical reactions proceeding in the primordial gas and in the interstellar medium.

DOI: 10.1103/PhysRevA.94.063405

I. INTRODUCTION

A detailed understanding of the interaction of molecules
and strong electromagnetic fields is the basis for the inter-
pretation of laser-induced and laser-controlled photochemical
reactions. The dynamics of the simplest molecular systems,
H2

+ and its isotopologs, in intense laser fields have been one
of the most attractive issues in theoretical and experimental
studies (see, for example, Refs. [1–7] and references therein).
Despite the simplicity of H2

+, characteristic light-dressed dy-
namics induced by a laser field have been discovered through
its study, such as one-photon crossing, three-photon crossing
followed by two-photon dissociation, bond softening, bond
hardening, zero-photon dissociation, enhanced ionization, and
charge-resonance enhanced ionization. In its electronic ground
state, the weakly bound HeH2

+ molecule can be viewed as
an H2

+ molecule perturbed by He. It is therefore interesting
to investigate the light-induced processes of HeH2

+, as they
reveal how the characteristic dynamics of H2

+ in a laser field
is influenced by the addition of He as the smallest perturber to
form a weakly bound complex with H2

+. Among the possible
photoinduced processes of HeH2

+, those induced by an intense
light field are of special interest because such an intense light
field could induce strong coupling among the electronic states,
leading to intramolecular charge transfer followed by large-
scale rearrangement of nuclei within HeH2

+. Unexpectedly,
as introduced in the present report, we found that the addition
of He to H2

+ drastically changes the photoinduced processes of
H2

+. For example, the chemical bond rearrangement process
yielding HeH+ and the light-induced charge-transfer process
yielding neutral H2 were identified.

Such photoinduced processes can be relevant not only in un-
derstanding molecular dynamics proceeding in an intense laser
field, but also in understanding elementary chemical reaction
processes occurring in outer space. HeH2

+ is composed of the
two of the most abundant elements in the universe and should
have played an important role in the chemical reactions in the
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primordial gas [8] and in the interstellar medium (ISM) [9,10],
together with hydrogen atoms, helium atoms, and their ionized
forms. Indeed, HeH2

+ can be produced instantaneously in
the collisions of H2

+ + He, H2 + He+, and HHe+ + H, and
it was considered that HeH+ + H → He + H2

+ was the first
bimolecular chemical reaction in the universe [11], possibly
contributing to the cooling processes of the primordial gas [12].

For astrophysically relevant molecules, not only their field-
free properties but also their dynamical properties induced
by a light field are important. In the cooling processes of
the primordial universe, the rovibronic excitation of such
small molecules of the first generation by radiation played
an essential role [12]. Also, light-induced processes can occur
when molecules are exposed to cosmic radiation in the ISM,
leading to a variety of chemical reactions [9,10]. For example,
photoionization of H2 in the ISM is the first step in the
creation of triatomic H3

+, which then becomes a precursor
species leading to the formation of organic molecules and
water through a chain of chemical reactions [13]. It is possible
that the triatomic HeH2

+, being a stable molecule possibly
existing in the ISM [14], serves as a precursor species for
the formation of H,H+, He, He+, H2, H2

+, HeH, or HeH+.
Outer space is filled with electromagnetic radiation covering
wide wavelength and intensity ranges, such as the cosmic
microwave background radiation [15], the blackbody radiation
of stars peaking in the infrared and the visible range, the
ultraviolet light emitted by stars or quasars [16,17], and the
high-intensity radiation in the vicinity of white dwarfs or
neutron stars [16].

Therefore, although our investigations on the light-induced
processes of HeH2

+ are carried out in the context of molecular
interactions with ultrafast intense light fields, the identified
processes can also be elementary photoinduced reactions
proceeding in the ISM.

II. POTENTIAL ENERGY SURFACES

The field-free HeH2
+ molecule has already been in-

vestigated previously in experimental studies, either as
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FIG. 1. Visual presentation of the Jacobi coordinates (left panel)
and the R1 = r(H–H) and R2 = r(H–He) stretching coordinates
(right panel).

the collisional complex in the collisions of He+ + H2

and He + H2
+ [18–20], or by ion beam microwave spec-

troscopy [21]. Also, its PESs [22–28], dipole moment surfaces
(DMS) [29,30], (ro)vibrational levels [14,26], and transition
energies [29,30] have been calculated for facilitating its
spectroscopic detection in outer space [14,29,30], as well
as for investigating the collisional processes of H2

+ + He or
H2 + He+ [23–25,31,32]. Based on the PES of the electronic
ground state of HeH2

+ obtained by Palmieri et al. [24], which
may be among the most accurate to date [25], HeH2

+ has two
equivalent minima at the linear configurations, corresponding
to “H-H-He+” and “He-H-H+”. In terms of the Jacobi
coordinates [33], which are shown in the left panel of Fig. 1,
the minima are located near a H–H distance of R = 2.09 bohr
and H2

+–He distance of r = 2.96 bohr, with θ = 0 or π .
The first spectroscopic dissociation energy D0 for

HeH2
+ → H2

+ + He is as small as around D0 = De −
E

H2He+
ZPVE + E

H2
+

ZPVE = (2740 − 2110 + 1150) cm−1 = 1780cm−1,
showing that HeH2

+ is a weakly bound complex [24,25]. In
the above equation, De,E

H2He+
ZPVE , and E

H2
+

ZPVE are the potential
depth, the zero point vibrational energy (ZPVE) of HeH2

+,
and the ZPVE of H2

+, respectively.
In the present report, we investigate the photodissociation

and nuclear dynamics of HeH2
+ induced by an irradiation of

a high-intensity femtosecond light pulse. In order to discuss
such nuclear dynamics proceeding in an intense light field with
an intensity comparable to that of the Coulombic field in atoms
and molecules, a number of electronically excited states need
to be included in the calculations because they are coupled
with each other by the external light field. In addition, when
nuclei move in a wide range on the PESs, as in the cases of
large-amplitude vibration and photodissociation, global repre-
sentations of the PESs and the corresponding transition DMSs
need to be prepared. Figure 2 shows the three lowest-lying
adiabatic PESs of the linear HeH2

+ molecule as a function
of the H-H and H-He distances, obtained in the present study
on a FCI/aug-cc-pVTZ level [34–36] using the MRCC program
suite [37]. Asymptotic atom-diatom dissociation products are
also indicated. The resultant PES of the ground electronic state
is in good agreement with previous studies [23,24]. Indeed,
the relative energy with respect to the PES minimum for the
geometries along the two dissociation pathways HeH2

+ →
H2

+ + He and HeH2
+ → HeH+ + H agree to better than

20 cm−1 with those obtained from the PES of Ref. [24].
In the large H-He internuclear distance regions of HeH2

+ in
Fig. 2, r(H − He) > 3 bohr, the 2�+

g and 2�+
u potential energy

curves (PECs) of H2
+ can be seen on the two-dimensional

PESs along the H-H internuclear distance axis, representing
H2

+ in the vicinity of He. Henceforth the corresponding two
states are denoted as [H2

+(2�+
g )—He] and [H2

+(2�+
u )—He].

Interestingly, the 1�+
g ground-state PEC of H2 shifted by the

ionization potential of He, representing a charge transfer state,
henceforth denoted as [H2(1�+

g )—He+], crosses the PEC of
[H2

+(2�+
u )—He] at the H–H distance of around 2 bohr. For

the shorter H–He distance regions, the seam of the intersection
develops into an avoided crossing.

In order to account for the nonadiabatic couplings in the
vicinity of the conical intersection as well as of the avoided
crossing [38], we transformed the two excited electronic
states into the diabatic basis from the adiabatic basis by
a unitary transformation [39] by which the two-by-two
dipole moment matrices corresponding to the two excited
states are diagonalized. It was found that the magnitude
of the off-diagonal potential matrix elements, representing
the nonadiabatic couplings in the diabatic representation,
are negligibly small except in the H–H distance region of
around 1.6–2.8 bohr. The largest magnitude of the nonadiabatic
couplings is around 1200 cm−1 near 2 bohr.

The presence of the PES corresponding to the charge-
transfer state [H2(1�+

g )—He+], through which the charge-
transfer reaction H2

+ + He → H2 + He+ could proceed,
suggests that a variety of possible dissociation products,
H,H+, He, He+, H2, H2

+, HeH, and HeH+, can be formed
once [H2

+(2�+
g )—He] is excited by the photoirradiation.

Because the vertical excitation energies from [H2
+(2�+

g )—He]
to [H2

+(2�+
u )—He] and to [H2(1�+

g )—He+] are around
97 000 cm−1 and 114 000 cm−1, respectively, vacuum ultravi-
olet light whose wavelength is shorter than 100 nm is required
for the preparation of these two electronically excited states by
single photon absorption. When adopting longer wavelength
light, its field intensity needs to be sufficiently strong so that
these two electronically excited states are prepared through
multiphoton absorption.

III. WAVE-PACKET PROPAGATION

To investigate the time-dependent nuclear dynamics of
HeH2

+ in intense light fields, a spatially aligned linear
model was adopted in which the molecule has a linear
H-H-He structure whose molecular axis is parallel to the
light polarization direction. Experimentally, this situation in
which the H-H-He molecular axis becomes parallel to the laser
polarization direction can be realized by the laser-induced
alignment of HeH2

+ with an additional aligning pulse, as
detailed in the Appendix A.

In the simulation of the motion of the nuclear wave packet,
the three lowest-lying PESs of HeH2

+ (see Fig. 2) were
considered, and the dipole coupling is treated as a coupling
between a quantum-mechanically treated molecule and a clas-
sically treated electromagnetic field (Gaussian-shaped light
pulse with λ = 400 nm wavelength, I = 4 × 1014 W cm−2

intensity, and � = 11.4 fs FWHM of the electric field). In order
to test the convergence of our results with respect to the number
of electronic states, we conducted calculations including three
additional higher lying excited-state PESs, and found that the
light-induced dynamics did not exhibit noticeable change, i.e.,
the additional PESs were only negligibly populated during the
light matter interaction because of their low transition dipoles.

Using two stretching coordinates, R1 = r(H–H) and
R2 = r(H–He) (see right panel of Fig. 1), the reduced
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FIG. 2. Three lowest-lying adiabatic potential energy surfaces of the linear (H–H–He)+ molecule as a function of the H–H and H–He
distances. Asymptotic atom-diatom dissociation products are also indicated.

dimensional nuclear Hamiltonian can be expressed in atomic units as [40]

Ĥ
2D,valence

(R1,R2,t) = E3 ⊗
(

− 1

mH

∂2

∂R2
1

+ 1

mH

∂

∂R1

∂

∂R2
− mH + mHe

2mHmHe

∂2

∂R2
2

)

+
⎡
⎣V11(R1,R2) 0 0

0 V22(R1,R2) V23(R1,R2)
0 V32(R1,R2) V33(R1,R2)

⎤
⎦ − ε(t)

⎡
⎣μ11(R1,R2) μ12(R1,R2) μ13(R1,R2)

μ21(R1,R2) μ22(R1,R2) 0
μ31(R1,R2) 0 μ33(R1,R2)

⎤
⎦, (1)

where E3 is a 3 × 3 unit matrix, ε(t) is the light field amplitude,
and Vij and μij respectively denote the potential energy matrix
elements and transition dipole moment matrix elements in the
diabatic electronic basis. As the nuclear masses of H and He,
mH = 1.007 276 47 u and mHe = 4.002 347 55 u are adopted.
An alternative expression Ĥ2D,Jacobi(R,r,t) for the Hamiltonian
can easily be obtained in Jacobi coordinates by using the chain
rule, and the relations R1 = R and R2 = r − 0.5R. Although
converged results are independent of the coordinate system
used, Ĥ2D,Jacobi(R,r,t) is more convenient for numerical
simulations, since in Jacobi coordinates the kinetic coupling
term present in Eq. (1) vanishes; thus vibrational couplings are
expressed solely by the potential.

The matrix representation of Ĥ2D,Jacobi(R,r,t) was con-
structed using a direct product discrete variable representation
(DVR) basis [41], and the time propagation of the initial
wave packet was performed using the “absorbing boundary
condition time propagator” of Ref. [42], as detailed in
Appendix B. The initial wave packet was chosen to be in
the vibrational ground state of HeH2

+. In order to see the
relative yields of the fragments produced from the different
dissociation pathways as a function of time, the amount of
the probability density absorbed by the time propagator at the
different asymptotic regions of the PESs were calculated at
different times and are presented in Fig. 3. Snapshots of the
nuclear wave packet on the three different PESs at different
times are shown in Fig. 4.

In order to examine the stabilization of H2
+ when He

is attached, the nuclear dynamics of the spatially fixed H2
+

exposed to the same light field as in the case of HeH2
+ was

also simulated by taking into account its two lowest electronic
states. The temporal change of the norms of the wave packet for

H2
+ and HeH2

+ is presented in Fig. 6(a). As will be described
in the next section, Fig. 6(a) shows that by the presence of He
the stabilization of H2

+ is achieved.

FIG. 3. Different HeH2
+ photodissociation channels and product

yields, which are defined as the probability density absorbed at the
asymptotic regions of the coordinate space, as a function of time,
when the molecule is exposed to a Gaussian-shaped light pulse (λ =
400 nm, I = 4 × 1014 W cm−2, � = 11.4 fs FWHM of the electric
field).
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FIG. 4. Nuclear wave-packet components on the three potential energy surfaces at different times. Contour lines of the respective potential
energy surfaces are indicated in red.

IV. PHOTODISSOCIATION CHANNELS

Figure 5 shows the temporal evolution of the populations
on the three PESs. It can be seen in Fig. 5 that the populations
rapidly oscillate during the light-matter interaction, and also
show interference-type patterns arising from the coherent pop-
ulation transfer between the different PESs. This oscillation
of the populations, which is absent in the weak-field single-
photon absorption processes, naturally plays a considerable
role in the final product yields. It is also seen in Fig 5 that
although the two excited electronic states have comparable
transition dipoles, most of the transferred population ends up in
the first excited [H2

+(2�+
u )—He] state. This is most probably

due to its lower vertical excitation energy.
By comparing the norms of the wave packets for H2

+ and
HeH2

+ as a function of time, as presented in Fig. 6(a), it was
found that not all of the HeH2

+ undergoes dissociation but

FIG. 5. Temporal evolution of the populations on the (blue)
ground electronic state, (red) first excited [H2

+(2�+
u )—He] electronic

state, and (green) second excited [H2(1�+
g )—He+] electronic state.

The external field amplitude reaches its peak at 0 fs.

about 90%, which is less than the 100% complete dissociation
of bare H2

+.
Among this 90%, there are two different groups of dissoci-

ation pathways, that is, (i) detachment of He or He+ from the
H2

+ or H2 moiety, respectively, (27.7%) and (ii) H–H bond
breaking (62.3%), leading to the breakups HHe+ + H and
HHe + H+ or the three-body decomposition producing H, H+,
and He. The stabilization effect associated with the attachment
of He originates both from the modification of the electronic
structure in the H2

+ moiety, as seen in the differences in the
H–H PECs at different H–He distances in Fig. 2, and from the
vibrational couplings between the H–He and H–H stretching
motions.

As can be seen from Figs. 3 and 6(a), fast photodissociation
processes (83.9% of the total yield) of HeH2

+ start proceeding
in a few femtoseconds, and the corresponding wave-packet
portions are eventually absorbed at the respective asymptotic
regions of the PESs around 30–50 fs after the light pulse
amplitude reaches its peak (t = 0 fs).

Additionally, a slow decaying process is observed (16.1%
of the total yield), for which the absorbance of the wave packet
starts appearing roughly 80 fs after the light pulse reaches its
peak, but continues over 300–400 fs. Hereafter, the fast and
slow processes will refer to the time scales of around 30–50 fs
and 300–400 fs, respectively.

Within the fast dissociation pathways, the three most dom-
inant channels are (i) HeH2

+ → HeH+(X1�+) + H (35.3%),
in which the H–H bond is broken on the ground-state PES;
(ii) HeH2

+ → H2
+ + He (17.3%), in which the H-He bond

is broken on the ground-state PES; and (iii) HeH2
+ →
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FIG. 6. (a) Temporal evolution of the norm of the wave packet of H2
+ (red) and that of HeH2

+ (blue), and (b) distributions of the norms of
wave-packet projections onto the vibrational eigenstates of H2

+ as a function of time, as computed by Eq. (2).

H+ + H + He (46.2%), in which the H–H bond is broken
on the [H2

+(2�+
u )—He] PES, as seen in panels (a), (b),

and (e) of Fig. 3, respectively. In the reaction HeH2
+ →

HeH+(X1�+) + H, the weak bonding between He and H2

in HeH2
+ is replaced by a stronger H-He bond in HeH+,

representing a bond rearrangement pathway.
An interesting finding is the existence of the reaction

pathway HeH2
+ → HHe (A2�+) + H+, shown in Fig. 3(c).

Through this fourth dominant (1.0%) fast process, the first
electronically excited state A2�+ of neutral HeH is produced.
It should be noted that the interatomic potential of HeH in
the electronic ground X2�+ state is repulsive, while that in
the first electronically excited A2�+ state forms a bound well
whose dissociation energy is around 20 700 cm−1 [43]. This
means that population inversion can be realized in the produced
HeH molecules, suggesting the possibility of lasing to take
place at around 300 nm (XUV). The fifth fast process with the
very small yield (0.2%) is the reaction pathway, HeH2

+ →
H2 + He+, which can be categorized into a photoinduced
charge-transfer process occurring between H2

+ and He within
the HeH2

+ complex.
The slow decay process shown in Fig. 3(b) is the breaking

of the weak intermolecular H–He bond, HeH2
+ → H2

+ + He,
proceeding as a result of intramolecular energy redistri-
bution among the vibrational modes as will be discussed
below.

The time-dependent wave-packet dynamics can be inter-
preted by the superposition of time-independent stationary
states of the field-free system. The fast dissociation processes
occurring within a few tens of femtoseconds can be ascribed
to the rapid decay of the dissociative continuum states
of the respective dissociation channels populated through
the interaction with the light field. On the other hand,
the slow decaying process with the half-life of several
hundreds of femtoseconds can be ascribed to the decay of
the metastable Feshbach-resonance [44] states storing the
energy in nondissociative vibrational degrees of freedom.
As will be shown below, in the case of HeH2

+, the excess
energy is stored in the H–H stretching mode, along which
the D0 dissociation energy is D0 = De − E

H2He+
ZPVE + EHeH+

ZPVE =
(8775 − 2110 + 1575) cm−1 = 8240 cm−1 [24,25], which is
considerably larger than the dissociation energy of 1780 cm−1

along the He–H stretching mode.

We conclude this section by presenting dissociation yields
for weak-field single-photon photodissociation. Since the
vertical excitation energy for the two excited-state PESs
differ by about 17 000 cm−1, a one-photon absorption process
could take place by promoting the wave function to either the
[H2

+(2�+
u )—He] or the [H2(1�+

g )—He+] PES. Wave-packet
propagation simulations were carried out for these two cases
with the initial wave packets obtained as the vibrational ground
state of HeH2

+ on the electronic ground state, multiplied
by the transition dipole corresponding to the respective
excited electronic state. In the case of photoexcitation to the
[H2

+(2�+
u )—He] PES, the relative dissociation yields are

99.83% for the HeH2
+ → H+ + H + He breakup, 0.14%

for the HeH2
+ → H2 + He+ breakup, and 0.03% for the

HeH2
+ → HHe (A2�+) + H+ breakup, the latter two being

a result of nonadiabatic population transfer. When the initial
wave packet is localized on the [H2(1�+

g )—He+] PES, the
relative dissociation yields for the same channels are 1.33%,
5.09%, and 93.58%, respectively. Based on these values
and their comparison with the strong-field case, it can be
concluded that the nonadiabatic coupling primarily promotes
population transfer from the [H2(1�+

g )—He+] PES to the
[H2

+(2�+
u )—He] PES, and that the production of HHe

(A2�+) with respect to the production of H2 is strongly
promoted in the strong-field case.

V. NUCLEAR DYNAMICS

In order to understand the vibrational dynamics of
the system, we monitored the wave-packet component
in the ground electronic state |φX(R,r,t)〉 by comput-
ing the Euclidian norm [45] of its projection onto the
different vibrational eigenstates of the H2

+ molecule,
denoted by |ψ1D

v (R)〉, where ν stands for the vi-
brational quantum number. Based on the DVR ba-
sis expansions, |φX(R,r,t)〉 = ∑N1

i=1

∑N2
j=1 CX

ij (t)|ϕDVR
i (R)〉 ⊗

|ϕDVR
j (r)〉, |ψ1D

v (R)〉 = ∑N1
k=1 cv

k |ϕDVR
k (R)〉, and the projector

onto the specific eigenstates, P̂ 1D
v = |ψ1D

v 〉〈ψ1D
v |, the squared

norm of the wave-packet projection is

∥∥P̂ 1D
v

∣∣φX(R,r,t)
〉∥∥2 =

N2∑
j=1

∣∣∣∣∣
N1∑
i=1

CX
ij (t)cv

i
∗
∣∣∣∣∣
2

. (2)
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Figure 6(b) shows the norms of the wave-packet projections
onto H2

+ vibrational eigenstates computed by Eq. (2) as a
function of time. It can be seen that, prior to its excitation by the
light field, the H2

+ moiety is almost exclusively in its ground
vibrational state. As soon as after the light field is introduced,
the vibrational eigenstates of H2

+ are strongly mixed as seen in
Fig. 6(b). After the light field disappears, the populations in the
excited vibrational eigenstates of H2

+ are gradually transferred
to the lower-lying vibrational eigenstates of H2

+ in the course
of the wave-packet propagation. This population transfer
can be related to the slow decaying process of HeH2

+ →
H2

+ + He as follows: when the H-H stretching vibration
in the H2

+ moiety is excited, the energy stored in the H–H
stretching motion of HeH2

+ is transferred to the H–He
stretching vibration through the kinetic coupling [Eq. (1)] and
the anharmonic couplings between the two degrees of freedom,
leading eventually to the breaking of the weaker H–He
bond. From the time-independent viewpoint discussed in the
previous section, i.e., the wave packet being a superposition of
bound and metastable stationary states, the temporal decrease
of the H–H excitation can be explained by the metastable
states with higher H–H excitation being shorter lived and
depopulating more rapidly.

Another interesting feature of the wave-packet dynamics
can be seen in panels (a), (b), and (c) of Fig. 4. Around
t = 11−12 fs, the wave-packet portion located on the ground
electronic state near r(H–H) = 6 bohr and r(H–He) = 2 bohr
bifurcates, one part leading to the dissociation into HeH2

+ →
HHe+ + H, while the other part moves along the antisymmet-
ric stretching mode, as shown in panels (b) and (c) of Fig. 4.
This latter component eventually leads to the dissociation
HeH2

+ → H2
+ + He, producing vibrationally highly excited

H2
+, as can be seen from the nodal structure in Fig. 4(c)

around r(H–H) = 2 bohr and r(H–He) = 9 bohr. When using
the R1 = r(H–H) and R2 = r(H–He) coordinates to express
the ground-state PES, its form suggests that the asymmetric
stretching-type motion of the wave packet is not likely to be
induced by the potential, indicating that it is rather originated
from the kinetic coupling in Eq. (1).

VI. SUMMARY AND CONCLUSIONS

A weakly bound atom-diatom complex, HeH2
+, exposed

to a femtosecond light pulse was investigated. The three
lowest-lying PESs and corresponding transition DMSs were
computed globally for linear geometries, that is, for H–H and
He–H distances up to 10 bohr. It was found that the PES
corresponding to the charge-transfer H2

+ + He → H2 + He+
contributes to the photodissociation processes of HeH2

+

through the light-induced reactions HeH2
+ → HeH + H+ and

HeH2
+ → H2 + He+. The two-dimensional, time-dependent

quantum-wave-packet propagations showed that the linear
HeH2

+, when exposed to a femtosecond intense light pulse
(I = 4 × 1014 W cm−2, λ = 400 nm, polarization direction
parallel to the H-H-He axis), undergoes rich photodissociation
dynamics. The results obtained from the simulations are
summarized as follows: (i) a variety of photofragments such
as HeH, HeH+, H2, H2

+, H,H+, He, and He+ are produced
from the three PESs; (ii) after the rapid dissociation processes
occurring within 30–50 fs, the slow decaying process lasts until

around 300–400 fs on the ground-state PES along the H–He
coordinate via the intramolecular vibrational energy redistribu-
tion (IVR) from the vibrationally excited moiety of H2; (iii) the
couplings among the vibrational degrees of freedom stabilize
both the H2

+ moiety and the entire HeH2
+ molecule, thus

significantly affect the dissociation product yields, and (iv) the
dissociation probability of the H2 moiety in HeH2

+ is smaller
by 38% than that of bare H2

+ under the light field conditions
adopted in the present report. The stabilization effect of He
originates both from the anharmonic vibrational couplings
between the H–He and H–H stretching modes, and from the
change induced by He in the electronic structure around the
H2

+ moiety, as can be seen in the differences in the H–H
potential energy curves at different H–He distances in Fig. 2.

As long as the electronic ground state of HeH2
+ is

concerned, it can be regarded as H2
+ perturbed by He through

the weak H2
+ − He interaction. However, in the presence of an

intense light field, He becomes an active reactant influencing
the vibrational dynamics of H2

+ as well as leading to the
chemical bond breaking in H2

+ to form diatomic fragments of
HeH and HeH+. It is possible that the formation of the weakly
bound complex of HeH2

+ in the outer space played a key
role in cooling the primordial gas in the early-stage universe
through the formation of HeH+.
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APPENDIX A: ADIABATIC ALIGNMENT OF HeH2
+

Through the interaction with a medium intensity off-
resonant laser field, molecules can undergo adiabatic spatial
alignment [46]. In this Appendix the laser-induced alignment
of HeH2

+ is investigated by computing the eigenstates of the
Hamiltonian

Ĥ = Ĥ0 − 1/4ε(αε), (A1)

where Ĥ0 is the field-free rovibrational Hamiltonian and
−1/4ε(αε) is the time-averaged induced dipole interaction
with the external aligning field. The matrix representation
of Ĥ was constructed in the full set of bound rovibrational
eigenstates of the field-free HeH2

+ molecule, obtained by
full-dimensional variational rovibrational computations using
the PES of Ref. [25] and the D2FOPI program suite [47].
Computational details on the calculation of the rovibrational
states, the matrix elements of Ĥ , and the construction of the α

polarizability surfaces are detailed below.
By inspecting the lowest-energy eigenstates of Ĥ , it was

found that significant adiabatic spatial alignment of HeH2
+

can be achieved. For example, by applying an off-resonant
laser field whose intensity is I = 2 × 1013 W cm−2, the
extent of the alignment was found to be 〈cos2(φ)〉 ∼= 0.84
and 〈cos2(θ )〉 ∼= 0.91, where 〈.〉 is the expectation value for
the rovibrational wave packet, φ is the angle between the
molecule-fixed and laboratory-fixed Cartesian z axes, and θ

is the Jacobian angle. The aligned state was found to be a
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superposition of purely rotationally excited eigenstates, that
is, no vibrational excitation occurs during the alignment.
Furthermore, by computing the structural parameters of the
aligned state, it was found that the geometrical structure of
the aligned molecule is essentially the same as the field-free
ground rovibrational state taking the linear geometry.

Therefore, prior to its photodissociation, spatial alignment
of the linear triatomic molecule, HeH2

+, can be achieved
with an additional aligning laser pulse, without distorting the
linear geometrical structure. As was explained in the previous
studies [48–50], the above results rationalize to investigate
the time-dependent photodissociation processes of HeH2

+

induced by an intense femtosecond laser pulse in a reduced
dimensional model by assuming that the molecule has a linear
H-H-He structure whose molecular axis is parallel to the light
polarization direction.

For computing the field-free, bound rovibrational eigen-
states of HeH2

+ supported by the PES of De Fazio et al. [25],
full-dimensional variational computations in Jacobi coordi-
nates were carried out with the D2FOPI program suite, exploit-
ing the C2v(M) molecular symmetry [51] of the system, as
described in Ref. [52]. The D2FOPI program solves the triatomic
time-independent rovibrational Schrödinger equation using
a mixed DVR and finite basis represenation (FBR) [41]
for representing the vibrational degrees of freedom in an
orthogonal coordinate system, applying a direct product basis
and an iterative eigensolver. The rotational basis functions
utilized in D2FOPI are symmetry adopted Wigner matrices.
For each irreducible representation of the C2v(M) molecular
symmetry group, the calculations employed a complete set
of rotational basis functions whose size depends on the given
value of the J rotational quantum number, 20 and 60 potential-
optimized (PO) spherical-DVR basis functions [47] along the
R and r coordinates, respectively, and 15 associated Legendre
funcions along the θ coordinate. The coordinate ranges used
were R ∈ (0,4) bohr and r ∈ (0,15) bohr, and the nuclear
masses mH = 1.007 276 47 u and mHe = 4.002 347 55 u were
employed.

The full-dimensional rovibrational wave functions of the
field-free system are obtained from the variational rovibra-
tional calculations as expansions

JMn(R,r,θ,ϕ,ϑ,χ )

=
√

2J + 1

8π2

∑
K,v

CJn
Kvψv(R,r,θ )DJ∗

MK (ϕ,ϑ,χ ), (A2)

where CJn
Kv are expansion coefficients, J is the rotational

quantum number, K is the projection of the rotational angular
momentum onto the body-fixed z axis, M is the projection
of the rotational angular momentum onto the space fixed
z axis, n is “all other” quantum numbers, ψv(R,r,θ ) is the
vth vibrational basis function, and DJ

MK (ϕ,ϑ,χ ) is a Wigner
matrix [53]. ϕ,ϑ , and χ are the standard three Euler angles
describing the orientation of the body-fixed (BF) coordinate
frame with respect to the laboratory frame (LF).

The matrix elements of the Hamiltonian of Eq. (A1) in the
basis of field-free states |JMn〉 were calculated by expressing
the Cartesian components of the polarizability tensor in the
so-called spherical-basis [53] representation, for which the
transformation formulas are α(0) = − 1√

3
(α11 + α22 + α33) =

− 1√
3
Tr[α], α(2,±2) = 1

2 [α11 − α22 ± i(α12 + α21)], α(2,±1) =
1
2 [∓(α13 + α31) − i(α23 + α32)], and α(2,0) = 1√

6
[2α33 −

α22 − α11]. Assuming a linearly polarized external field
εLF = (0,0,ε) and exploiting the fact that in the spherical
representation the transformation between the LF and BF
frames can be realized by Wigner matrices [53], the interaction
term can be written as

εLF(αLFεLF) = ε2αLF
33 = ε2

√
6

3

(
αLF,(2,0) − 1√

2
αLF,(0)

)

= ε2

√
6

3

[
2∑

k=−2

D2
0k

∗
(ϕ,ϑ,χ )αBF,(2,k)

− 1√
2
αBF,(0)

]
. (A3)

By recalling the well-known integral formula of the Wigner
matrices [53]∫

D
J1

M ′
1M1

(R)DJ2

M ′
2M2

(R)DJ3

M ′
3M3

(R)dR

= 8π2

(
J1 J2 J3

M ′
1 M ′

2 M ′
3

)(
J1 J2 J3

M1 M2 M3

)
, (A4)

where R represents some parametrization of the SO(3) rotation
group, such as the three Euler angles, and ( J1 J2 J3

M1 M2 M3
) are

3j symbols, the matrix elements of the complete Hamiltonian
of Eq. (A1) can be expressed as

〈JMn|Ĥ |J ′M ′n′ 〉 = EJnδJJ ′δnn′δMM ′ − ε(t)2

2
√

6

[
2∑

k=−2

〈JMn
∣∣D2

0k

∗
αBF,(2,k)

∣∣J ′M ′n′ 〉 − 1√
2
〈JMn|αBF,(0)|J ′M ′n′ 〉

]
,

= EJnδJJ ′δnn′δMM ′

− δMM ′
ε2(t)

2
√

6

2∑
k=−2

[∑
v,v′

〈v|αBF,(2,k)|v′〉
∑
K,K ′

CJn∗
Kv CJ ′n′

K ′v′ (2J + 1)
1
2 (2J ′ + 1)

1
2 (−1)−k+M−K ′

×
(

J 2 J ′
M 0 −M

)(
J 2 J ′
K −k −K ′

)]
+ δJJ ′δMM ′

ε2(t)

2
√

12

∑
v,v′

∑
K

CJn∗
Kv CJ ′n′

Kv′ 〈v|αBF,(0)|v′〉, (A5)

where EJn are the field-free eigenenergies of the system and |v〉 corresponds to the vibrational basis
function ψv(R,r,θ ). To allow for the accurate evaluation of the polarizability matrix elements 〈v|αBF|v′〉 ≡∫ π

0

∫ ∞
0

∫ ∞
0 ψ∗

v (R,r,θ )αBF(R,r,θ )ψv′(R,r,θ )sin(θ )dRdrdθ , the αBF polarizability surfaces of H2He+ were constructed by
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interpolation on a uniform grid of 11900 single point calcula-
tions carried out with GAUSSIAN [54] on a CCSD/aug-cc-pVTZ
level [34,35,36].

After diagonalizing the Hamiltonian of Eq. (A1), physical
quantities corresponding to the aligned states were evaluated
by taking their expectation values with the eigenvectors of
the Hamiltonian. Since the eigenvectors corresponding to the
aligned states are expanded in the field-free rovibrational
eigenstates, the matrix representation of the respective physical
quantities in the basis of the field-free states were computed
beforehand. Based on the expansion of Eq. (A2), the matrix

elements of a f (R,r,θ ) general function of the internal
coordinates can be written as

〈JMn|f (R,r,θ )|J ′M ′n′ 〉
= δJJ ′δMM ′

∑
v,v′

∑
K

CJn∗
Kv CJ ′n′

Kv′ 〈v|f (R,r,θ )|v′〉, (A6)

while for the φ angle between the z axes of the body-fixed
and laboratory-fixed coordinate frames, the matrix elements
of cos2φ can be written as [55]

〈JMn|cos2φ|J ′M ′n′ 〉 =
∑

v

∑
K,K ′

CJn∗
Kv CJ ′n′

K ′v

[
1

3
δJJ ′δKK ′δMM ′ + 2

3
(2J + 1)

1
2 (2J ′ + 1)

1
2 (−1)M

′+K ′

×
(

J 2 J ′
M 0 −M ′

)(
J 2 J ′
K 0 −K ′

)]
. (A7)

APPENDIX B: ABSORBING BOUNDARY CONDITION
(ABC) TIME PROPAGATOR

Time propagation of the nuclear wave packet was done
using the so-called ABC time propagator introduced in
Ref. [42], which can be written as

Û (t) =
∑
n=0

an(t)Qn(Ĥnorm(t); γ̂ ), (B1)

where the time-dependent coefficients are the same as those
for the conventional Chebyshev expansion of the unitary time
propagator [56]

an(t) = (2 − δn0)e−iH̄ t (−i)nJn(�Ht), (B2)

and the operators Qn(Ĥnorm(t); γ̂ ) satisfy the modified Cheby-
shev recursion relations

Qn+1 = 2e−γ̂ Ĥnorm(t) Qn − e−2γ̂ Qn−1, Q0 = Î ,

Q1 = Ĥnorm(t). (B3)

In the above equations Ĥnorm(t) = [Ĥ2D,Jacobi(t) −
H̄ ]/�H , H̄ = (Hmax + Hmin)/2, �H = (Hmax − Hmin)/2,
Hmax and Hmin were chosen to be the largest and smallest
eigenvalues of Ĥ2D,Jacobi(t = 0), respectively. Jn is the nth
Bessel function of the first kind [57], and γ̂ is an operator
which should be nonzero in the coordinate regions where
wave-packet absorption is required. In the current work,
following careful and extensive testing, the choice of

γ̂ (R,r) = γ̂ 10(R)γ̂ 15(r) (B4)

was made, where R and r are the stretching-type Jacobi
coordinates and

γ̂ a(x) =
{

0.1(e( x−a
xmax−a

) − 1), if x > a

0, otherwise.
(B5)

Because using DVR-type basis sets has an advantage that
all coordinate operators have a diagonal matrix representation,
γ̂ (R,r) is also diagonal and can be exponentiated straightfor-
wardly when applying Eq. (B3).
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