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The orientation-dependent single ionization rate of the diatomic molecular ion H+
2 with different active orbitals in

an intense field is studied by using S-matrix theory. Our results show that the orientation-dependent single ionization

probability of H+
2 is greatly dependent on the symmetry and the electron density distribution of its initial states, and

it can be used to identify the excited state of the molecular ion in the dissociation process.
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1. Introduction

The interactions between atoms and molecules

and high-intensity ultrashort laser pulses have been

attracting much attention during recent years.[1−18]

However, since a molecule has more degrees of freedom

than an atom, it becomes more complicated to investi-

gate both experimentally and theoretically. Molecular

intrinsic characters are responsible for their interesting

phenomena,[19−23] but they are far from being well un-

derstood in theory. It is well known that the ionization

of the molecule is strongly dependent on the symmetry

of the initial electronic state and the alignment of the

molecule,[24−29] and the ab initio numerical treatment

of molecular ionization is much more demanding than

that of the atomic case. Therefore, the strong field

approximation (SFA) theory or the tunnelling model

is even more desirable in the molecular case.

Molecular H2 (D+
2 ), as the simplest diatomic rep-

resentation of a molecule, is thought of as a key to

understanding molecular dynamics and has been stud-

ied intensively in recent years.[30] Molecular H2 can be

ionized in a laser field to produce H+
2 . In the rescatter-

ing mechanism, the first photoelectron driven back by

the field when its direction reverses excites the H+
2 ion

to an excited electronic state and then the ion can be

dissociated or further ionized by the laser field.[31−34]

The identification of the state, which determines the

sequent ionization and dissociation process, plays a

key role in understanding the problem. The theoreti-

cal simulation of the process is still a challenge so far.

In this paper, the S-matrix method[35] is used

to investigate the single ionization process of the H+
2

molecular ion with different active orbitals. Through

studying the alignment-dependent single ionization

rate of H+
2 , one can deduce which excited state the ion

is in and achieve some insights into the effect of molec-

ular active orbitals on the ionization process and/or

the dissociation process. Our results show that the

alignment-dependent single ionization probability of

the molecular ion H+
2 is sensitive to the electron den-

sity distribution of the active orbital, which may pro-
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vide a new way to detect the inner character of the

molecular ion. With the alignment-dependence of the

single ionization rate of H+
2 , one can deduce the elec-

tronic orbital distribution of the molecular ion in the

dissociation process, which can provide important in-

formation about the molecular dynamics in an intense

laser field.

2. Model

Using the S-matrix theory,[35,36] the single ion-

ization rate of a molecule or a molecular ion in a lin-

early polarized laser field with vector potential A(t) =

A0ε cosωt is given by

W = 2πNe

∞∑
n=n0

∫
|Tpn|2δ(Ep + Ip − nω)dpn, (1)

where Ne is the number of equivalent electrons in the

highest occupied molecular orbital (HOMO), and Tpn

denotes the amplitude of the n-photon process

Tpn =
1

T

∫ T

0

Ψ∗
p(r, t)VF (t)Ψ0(r,R, t)drdt. (2)

Here Ψ0(r,R, t) = ei IptΦ0(r,R) is the wavefunction

of the initial electron state, with Φ0(r,R) being the

wavefunction of the molecular valence orbital, and

Ip ≡ κ2/2 the ionization energy of the molecule; VF (t)

is the interaction of the molecule with the laser field

VF (t) = r ·E(t), (3)

in the length gauge, E(t) = −∂A(t)/∂t =

E0ε sinωt = A0ωε sinωt. The final state is given by

the Volkov wavefunction

Ψp(r, t) = exp

[
i(p+A(t)) · r

− i

2

∫ t

(p+A(t))2dt′
]

(4)

with quasienergy Ep = p2n/2 + Up, where p2n/2 =

nω−Up−Ip represents the kinetic energy of the emit-

ted electron on absorbing n photons. The minimum

number of photons needed is n0 = [(Up+Ip)/ω]int+1,

where [x]int denotes an integer part of variable x and

Up = E2
0/(4ω

2) is the ponderomotive energy. The

SFA is adopted, in which it is assumed that the initial

bound state of the molecular or ion is unaffected by

the laser field while the final state dose not feel the

presence of the binding potential. Using Eqs. (3) and

(4), amplitude (2) can be transformed into

Tpn =
1

T

∫ T

0

dt exp

[
i

(
p2

2
+ Ip + Up

)
t

]
E0 sinωt

× exp

[
i

(
E2

0

8ω3
sin 2ωt+

E0

ω2
ε · p sinωt

)]
×Φ̃0(p+A(t)) (5)

with

Φ̃0(M) =

∫
exp[− iM · r](ε · r)Φ0(r,R)dr, (6)

where M ≡ p+A(t).

For homonuclear diatomic molecules H2, we as-

sume that the internuclear axis is along the z axis,

and the linear polarization laser field is in the y–

z plane. According to the linear combination of

atomic orbitals and molecular orbitals (LCAO-MO)

approximation,[37−40] the two-centred single-electron

molecular wavefunction of 1sσg, 1sσu, 2pπu and 2pπg

can be combined as an appropriate superposition of

scaled hydrogen 1s and 2p atomic orbitals as follows:

Φ
σg

1s (r,R) =
[ϕ

σg

1s (r −R/2) + ϕ
σg

1s (r +R/2)]√
2[1 + S

σg

1s (R)]
, (7)

Φσu
1s (r,R) =

[ϕσu
1s (r −R/2)− ϕσu

1s (r +R/2)]√
2[1− Sσu

1s (R)]
, (8)

Φπu
2p (r,R) =

[ϕπu
2p (r −R/2) + ϕπu

2p (r +R/2)]√
2[1 + Sπu

2p (R)]
, (9)

Φ
πg

2p (r,R) =
[ϕ

πg

2p (r −R/2)− ϕ
πg

2p (r +R/2)]√
2[1− S

πg

2p (R)]
, (10)

whereas

S
(n)
j (R) =

∫
drϕ

(n)
j (r +R/2)ϕ

(n)
j (r −R/2) (11)

denotes the atomic orbital overlap integral. The wave-

functions of the atomic orbitals are given as:

ϕ1s(r) =
1√
π
κ3/2 exp (−κr), (12)

ϕ2px(r) = κ5/2 r√
π
exp (−κr) sin θ cosφ, (13)

where θ and φ are the polar angle and the azimuthal

angle with respect to the molecular axis. Taking the

molecular wavefunction of 1sσg Eq. (7) for example,

we have
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Φ̃0(M) =
2 cos(M ·R/2)

∫
exp(− iM · r)(ε · r)Φ1s(r)dr − 2 i sin(M ·R/2)(ε ·R/2)

∫
exp(− iM · r)Φ1s(r)dr√

2[1 + S
σg

1s (R)]
. (14)

Similarly, the single ionization rate for the homonu-

clear diatomic molecular ion H+
2 in an intense field

can also be correctly calculated by Eq. (1) with corre-

sponding parameters.

3. Results and discussion

Figure 1 shows the plots for the tunnelling ioniza-

tion rate of parallel-aligned H2 molecules, calculated

by the S-matrix theory, as a function of electric field

strength at a wavelength of 800 nm, internuclear sep-

aration R = 2.0 a.u. (atomic units) and ionization

potential Ip = 0.5684 a.u. This indicates that our

results are in good agreement with the numerical re-

sult presented by Saenz in Ref. [41]. The deviations

possibly come from the simplified LCAO-MO approx-

imation and the SFA[42] adopted in our S-matrix the-

ory, which neglects the atomic binding potential in the

propagation of the electron in the continuum and the

laser field when the electron is in the bound state.

Fig. 1. Comparison of the single ionization rate of H2

given by IMST and the result of Sanenz.

Applying Eq. (1) to molecular ion H+
2 , the align-

ment dependences of single ionization probabilities of

H+
2 from initial states 1sσg, 1sσu, 2pπu and 2pπg

with different symmetries are investigated. Figure 2

shows the plots for the polar coordinate representa-

tion of single ionization rates of molecular ion H+
2 with

different active valence orbitals versus the molecular

alignment angle θ with respect to the laser field po-

larization direction. Figures 2(a) and 2(b) show the

plots for the ionization probabilities of H+
2 for bond-

ing 1sσg and anti-bonding 1sσu orbits, respectively

while figures 2(c) and 2(d) show those for bonding

2pπu and anti-bonding 2pπg orbits, respectively. The

internuclear separation is R = 2 a.u., and the corre-

sponding electronic binding energies of these states are

E1sσg = −1.1026 a.u., E1sσu = −0.6675 a.u., E2pπu =

−0.4288 a.u., and E2pπg = −0.2267 a.u. In order to

make a convenient comparison, we have normalizated

the maximum ionization probability to one. Figure

2(a) shows that the ionization probability has a maxi-

mum for the parallel alignment and a minimum for the

perpendicular one with the 1sσg orbital. It decreases

monotonically with the increase of alignment angle θ

due to the fact that the electron tunnelling between

potential wells is maximum for the parallel alignment.

Figure 2(b) shows that the single ionization rate of

H+
2 with initial state 1sσu at I = 1 × 1014 W/cm2

has a maximum probability for the parallel alignment

and a minimum for the perpendicular alignment, i.e.,

the tunnelling is significantly suppressed for perpen-

dicular alignment molecules with 1sσu orbital. Figure

2(c) shows a sharp minimum for the parallel align-

ment H+
2 at I = 1 × 1013 W/cm2 and it is shown

in Fig.2(d) that the ionization probability of H+
2 at

I = 1 × 1012 W/cm2 reaches its maximum at about

45◦.

Fig. 2. Single ionization probabilities of H+
2 with differ-

ent active orbitals vesus the alignment angle θ. For (a)

1sσg orbital, I = 5 × 1014 W/cm2 and ω = 0.057 a.u.;

for (b) 1sσu orbital, I = 1 × 1014 W/cm2 and ω =

0.057 a.u.; for (c) 2pπu orbital, I = 1× 1013 W/cm2 and

ω = 0.043 a.u.; for (d) 2pπg orbital, I = 1× 1012 W/cm2

and ω = 0.012 a.u.
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The wavefunctions of different initial states of the molecular ion H+
2 corresponding to Figs. 2(a)–2(d) are

plotted in Fig. 3, in which the nuclei of H+
2 are located along the z axis at z = ±1. Further analysis of

Fig. 2 indicates that the ionization probability may be assumed to be a function of the image of the contour

of the electron distribution of the active molecular orbital. The 1sσg and the 1sσu electronic orbitals are

quite similar in a sense that the electron clouds concentrate along the internuclear axis. Also, the 1sσu state

shows a more strongly suppressed ionization probability than the 1sσg state for the perpendicular alignment,

because there exists a nodal plane perpendicular to the molecular axis. It corresponds to a minimum of the

electron cloud density along the laser field for the perpendicular alignment H+
2 as shown in Fig. 3(b). Moreover,

for anti-bonding of the 2pπu orbital, the ionization probability tends to maximize when the laser polarization

is perpendicular to the molecule’s axis, consistent with its maximal electron cloud location (Fig. 3(c)). The

ionization rate of the molecular ion in the 2pπg orbital in Fig. 2(d) indicates that the alignment-dependent single

ionization probability of H+
2 is greatly dependent on the electron density distribution of the active molecular

orbital (Fig. 3(d)). In general, the stronger the electron cloud distribution along the field polarization direction

is, the larger the ionization rate will be. Comparing the alignment-dependent single ionization rates of H+
2 with

the structure of the molecular orbitals, we can deduce that the distribution of the active orbital of the molecular

ion is closely related to the ionization rate.

Fig. 3. Contour plot, in the (y, z)-plane, of the electronic wavefunction Ψ(y, z) of H+
2 , with parameters being

the same as those in Fig. 2.

Recently, experimental probes of molecular dynamics have entered the attosecond time scale. In the so-

called “molecular clock” experiments, the nuclear dynamics of H+
2 (D+

2 ) after the first electron has been ionized

away by the external field is studied because of the fast speed of its nuclear vibrational wave packet, and

all excited states of H+
2 (D+

2 ) will be directly dissociated.[31−34] To identify the channel of interest, one must

recognize which dissociation channel the protons come from. According to our calculation, measuring the

orientation-dependent single ionization probability of the molecular ion can provide important information

about identifying which excited state the ion stays in after the excitation. Moreover, it is noteworthy that

the current calculation can also be extended to the cases of more complicated molecules like N2, O2 and even

polyatomic molecules provided that the wavefunctions of their electronic states are given.
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4. Conclusion

The alignment-dependent single ionization probabilities of diatomic molecular ions H+
2 from different initial

states 1sσg, 1sσu, 2pπu and 2pπg in a linearly polarized laser field are investigated by S-matrix theory. Our

results show that the alignment-dependent single ionization rates for different active orbitals are different, and

they are greatly dependent on the symmetry and the electron density distribution of the active molecular orbital.

Therefore, one can deduce the distribution of electron cloud density of the initial state of molecular ions, namely

the excited state while the ion is dissociated, from the alignment-dependent single ionization probability, which

can provide important information about the molecular dynamics in an intense laser field.
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