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Suppression of ionization of heteronuclear diatomic molecules probed by intense lasers
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We theoretically investigate the ionization suppression of heteronuclear diatomic molecules and choose NO and
NH as examples. These molecules have antibonding molecular orbitals, and hence we expect that the dynamics
can be different from those, such as CO, with bonding molecular orbitals we have studied before [Ren and
Nakajima, Phys. Rev. A 82, 063410 (2010)]. Calculations are performed within the framework of strong-field
approximation. We find that NO generally exhibits a double-core feature at any laser intensity and hence the
ionization suppression is significant. However, it is not as significant as that of O2 because the interference
between the two electron wave packets arising from the N and O cores upon photoelectron ejection cannot be
as strong as that of O2 due to the fact that NO is a heteronuclear diatomic molecule. In contrast, NH exhibits a
single-core feature at any laser intensity, since the dominant contribution to ionization comes from the low-energy
photoelectron ejections which mainly take place from the neighborhood of the N core. These behaviors of NO
(always double-core feature) and NH (always single-core feature) are quite different from that of CO whose
ionization behavior gradually changes from the single- to double-core features as the laser intensity increases.
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I. INTRODUCTION

The interaction of strong laser fields with atoms and
molecules results in many different phenomena such as above-
threshold ionization (ATI), high-harmonic generation (HHG),
and nonsequential double ionization [1–4], etc. Compared
with atoms whose ionization dynamics in a strong laser field
are essentially determined by their binding energies and the
laser parameters, molecules have additional properties to be
considered such as the orbital symmetry, orientation of the
molecules with respect to the laser field polarization, and
interference of electron wave packets from the cores, which
may significantly alter the photoionization dynamics [5,6].

Earlier studies showed that the total ionization rates of some
diatomic molecules in intense laser fields are nearly equal to
those of reference atoms if they have similar ionization poten-
tials [7–9], while recent studies show that this is not always
true [10]. For example, it is found that the total ionization rate
of N2 remains comparable to that of the reference atom, Ar,
while the total ionization rate of O2 is much lower than that of
the reference atom, Xe. This phenomenon is termed ionization
suppression and results from the destructive interference of
electron wave packets from the two O cores. Motivated by
these experimental and theoretical findings, many studies for
ionization suppression of molecules have been performed for
homonuclear diatomic molecules such as N2, O2, D2, and
Cl2 at the laser wavelength of 0.8 μm [6,11–13]. When
we turn to the heteronuclear diatomic molecules, however,
there are only a few studies on the ionization suppression.
In our recent paper [14], we have investigated strong-field
ionization of CO which has a bonding molecular orbital, σg ,
and compared the ionization dynamics with those of N2 which
has the same orbital symmetry. We have found that CO shows
a double-core feature (and hence interference effects) only
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at higher laser intensities, while at low intensities it exhibits
a single-core feature (and hence almost no interference). In
contrast N2 always exhibits a double-core feature since it is
a homonuclear diatomic molecule. A natural question occurs:
How do the heteronuclear diatomic molecules with a different
orbital symmetry, i.e., antibonding molecular orbital, behave
in the strong laser field?

In this paper we carry out a more comprehensive study
on the ionization suppression of heteronuclear diatomic
molecules which have antibonding molecular orbitals such
as NO and NH, and compare their behaviors with that of CO
which has a bonding molecular orbital. The theoretical tool
we employ is strong-field approximation (SFA). The reason
why we have chosen two different molecules, NO and NH,
as examples arises from our speculation that, although both
molecules have antibonding molecular orbitals, their response
to the strong field may be different, since the physical sizes of
N and O are rather similar, while those of N and H are quite
different. In Table I we summarize the various properties of
molecules and reference atoms we investigate in this paper.

II. IONIZATION-RATE FORMULA

To theoretically study the photoionization processes of
atoms and molecules in intense laser fields, the SFA is widely
used [15–17]. In this treatment, the Coulomb interaction
between the electron and the core can be neglected compared
with the electromagnetic interaction between the electron and
laser field, and the state of the electron in the intense laser
field is described by the Volkov state [18]. Within the SFA, the
ionization-rate formula of photoelectrons with a fixed kinetic
energy in strong laser field is given by [6,17,19] (the units
c = h̄ = 1 are used throughout this paper)

dW

d�Pf

=
(
2m3

eω
5
)1/2

(2π )2

N∑
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× |Xn(Z,η)|2|�(Pf ,R)|2, (1)
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TABLE I. List of the orbital symmetry and ionization potential of
molecules and their reference atoms studied in this paper.

Molecules Orbitals Ip (eV) Atoms Ip (eV)

CO Bonding (σg) 14.01 Kr 14.0
N2 Bonding (σg) 15.58 Ar 15.75
NO Antibonding (πg) 9.26 Be 9.32
NH Antibonding (σu) 13.50 Kr 14.0
O2 Antibonding (πg) 12.70 Xe 12.13

where d�Pf
= sin θf dθf dφf is a differential solid angle of

the photoelectron momentum, Pf , and θf and φf are the
polar and azimuthal angles of the outgoing photoelectron.
εb = Eb/ω is the molecular binding energy in units of
photon energy, ω, n is a number of photons absorbed, and
n0 = [up + εb]int + 1 is the minimum number of photons
needed to reach the ionization threshold. up = Up/ω is the
ponderomotive parameter of the laser fields and is defined as

up = e2I

2meω3
, (2)

with I and me being the laser intensity and electron mass,
respectively. In Eq. (1), we have employed a generalized
phased Bessel (GPB) function, Xn(Z,η), which was first
introduced in Ref. [20] and used in Refs. [21–24]. The GPB
function introduced in Eq. (1) is defined as

Xn(Z,η) =
+∞∑

k=−∞
Xn−2k(Z)Xk(η), (3)

where

Xn(Z) = Jn(r)einϕ with Z = reiϕ, (4)

in which Jn(r) is an ordinary Bessel function of order n. The
arguments Z and η in Eq. (3) are defined as

Z = e
√

2I

meω2
ε · Pf , η = −1

2
up cos ξ, (5)

where ε is a polarization vector of the laser field and ξ denotes
the degree of polarization: ξ = 0 and π/2 correspond to linear
and circular polarization, respectively.

In Eq. (1), �(Pf ,R) is the Fourier transformation of the
ground-state wave function of the molecule and is rewritten
as [16]

�(Pf ,R) =
∫

dr e−iPf ·r�i(r,R), (6)

where �i(r,R) is the ground-state wave function of the
molecule and |R| is the internuclear distance. The ground-state
wave functions of CO, NO, and NH we will study in this paper
are obtained by the Hartree-Fock-Roothaan method [25], and
are represented by the linear combination of the Slater-type
orbitals, which have the following forms [26]:
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FIG. 1. (Color online) (a) Coordinate system for heteronuclear
diatomic molecules (AB) in the ground state without a laser field.
(b) Coordinate system for heteronuclear diatomic molecules (AB)
upon photoelectron ejection, where ϑm has been chosen to be π/2.
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, (7)

where h is the A or B core of the heteronuclear diatomic
molecules, rh is a distance between the electron and the h

core, and θh, φh are the polar and azimuthal angles of the
electron in the polar coordinate with the z axis taken along the
molecular axis as shown in Fig. 1.

Because the function φ(2s∗) is nonorthogonal, it is more
convenient to transform it to the orthogonal function using the
following formula [27]:

φ(2s) = φ(2s∗) − Sφ(1s)

√
1 − S2

, (8)

where S is the overlap integral between φ(1s) and φ(2s∗).
Within the framework of SFA employed in this paper, the

internal structure of the target (atoms or molecules) plays a
very minor role during the ionization processes and hence may
be neglected. So here we only consider the outmost electrons
in the ground state. The ground-state wave function of CO is
given in Ref. [14]. Here we only give the ground-state wave
function of NO and NH in the following.

The ground-state wave function of NO is written as [28]

�NO
i = cNφ

(2pπ)
N + cOφ

(2pπ)
O , (9)
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TABLE II. List of the coefficients c
(l)
h and the orbital exponents

Z
(l)
h (h = N,H) for NH.

l = 1s l = 2s l = 2pσ

N c
(l)
N −0.03117 −0.59895 0.63603

Z
(l)
N 6.70 1.95 1.95

H c
(l)
H 0.55503

Z
(l)
H 1

where the coefficients ch (h = N,O) are 0.8781 and −0.6936,
respectively. The orbital exponents in Eq. (7) for NO are
Z

(2p)
N = 1.95 and Z

(2p)
O = 2.275.

The ground-state wave function of NH is written as [29]

�NH
i (r,R) =

∑
h=N,H

∑
l=1s,2s,2pσ

c
(l)
h φ

(l)
h (rh), (10)

where h is N or H. The coefficients c
(l)
h and the orbital

exponents Z
(l)
h in Eq. (7) for NH are listed in Table II. The

overlap integrals, S, in Eq. (8) for the atomic orbital of N is
SN = 0.2279.

III. NUMERICAL RESULTS AND DISCUSSION

As for the laser field we assume that it is linearly polarized
along the x axis throughout this paper, and it has a wavelength
of 0.8 μm unless otherwise mentioned. As for molecules,
we assume that the molecular axis R is in the xy plane,
i.e., ϑm = π/2 with arbitrary ϕm as shown in Fig. 1(b),
and calculate the differential ionization rates of molecules
using Eq. (1). We also carry out similar calculations for the
reference atoms. Without a loss of generality we can perform
the integration of Eq. (1) over the azimuthal angle, φf , and
all possible photoelectron energies with θf = π/2 to account
for ionization arising from the photoelectrons ejected within
the xy plane. Unless otherwise mentioned, the results in this
section are obtained by averaging the results over all possible
molecular orientations ϕm, from 0 to 2π .

A. Ionization suppression of NO and NH

As an extension of our previous study for CO which has a
bonding molecular orbital (for more detail, see Ref. [14]), here

FIG. 2. Valence electron distribution of the NO molecule in the
coordinate space.

FIG. 3. Valence electron distribution of the NH molecule in the
coordinate space.

we turn to the cases of NO and NH which have antibonding
molecular orbitals, and compare their behaviors with that of O2

which also has an antibonding molecular orbital. The valence
electrons of NO are almost equally distributed around both
N and O cores, as shown in Fig. 2, and we expect that its
behavior would be similar to that of O2, while those of NH
are mostly concentrated around the N core only, as we see in
Fig. 3. Therefore, although both NO and NH have the anti-
bonding molecular orbitals, their ionization dynamics will be
different.

In Fig. 4 we show the ratios of the total ionization rates
of NO versus Be, i.e., NO+:Be+, and O2 versus Xe, i.e.,
O+

2 :Xe+, as a function of laser intensity. We see that the
ionization suppression of O2 is always significant over the wide
range of laser intensities, although the value of O+

2 :Xe+ itself
becomes larger as the laser intensity increases. The explanation
of this result for O2 is similar to that of CO [14] except
for the fact that O2 is an antibonding orbital molecule and
hence the interference term is represented by a sine function,
sin(Pf · R/2) [6], instead of a cosine function, cos(Pf · R/2):
If the laser intensity is low the dominant contribution to
ionization comes from the low-energy photoelectron ejection,
and hence sin(Pf · R/2) � 1. This means that the ionization
suppression is significant at low intensities. As the laser
intensity increases there is additional contribution to ionization
from the high-energy photoelectron ejection, which means

FIG. 4. Ratios of the total ionization rates of NO and O2 as a
function of laser intensity. Molecules are assumed to be randomly
oriented in the xy plane.
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FIG. 5. (Color online) (a) Total ionization rates of NO and Be
with different molecular orientations as a function of laser intensity.
Photoelectron energy spectra of NO and Be for different molecular
orientations at the laser intensities of (b) 1014 and (c) 1015 W/cm2.
ϕm = 0 means that the molecule is oriented along the direction of
laser polarization.

that sin(Pf · R/2) < 1, and hence the ionization suppression
becomes less significant, i.e., the value of O+

2 :Xe+ becomes
larger but still far smaller than unity.

As for NO, it has an antibonding molecular orbital similar
to O2. From Fig. 4, we find that the ionization suppression of
NO is also very significant over the wide laser intensity range
from 1013 to 1015 W/cm2. The value of NO+:Be+, however, is
around 0.1–0.2, which is larger than that of O+

2 :Xe+. Only if
the laser intensity is above 4×1014 W/cm2 does the value
of NO+:Be+ become similar to that of O+

2 :Xe+. This is
somehow expected, since the valence electron distribution
of NO is almost equally distributed around both N and O
cores, as we have seen in Fig. 2, which implies that NO would
have a double-core feature irrespective of the laser intensity.
This explains why the ionization suppression (interference
effect) of NO is significant at any laser intensity. However,
the interference effect of NO is not as strong as that of O2,
since the former is a heteronuclear diatomic molecule. As the
intensity increases, the interference becomes stronger, since
the rate of photoelectron ejection from the neighborhood of
the O core becomes larger and comparable to that from the N
core. Recall that the O core has a bit higher electronegativity
than the N core. We point out that the above argument to
explain the intensity-dependent ionization suppression of NO
is similar to that for CO [14].

Figure 5(a) shows the total ionization rates of NO with
different molecular orientations as a function of laser intensity.
For comparison the total ionization rate of Be is also shown.
It is clear that the total ionization rate of NO depends
on the molecular orientation, and moreover, the ionization

FIG. 6. (Color online) PADs of NO for three different photoelec-
tron energies at the laser intensity of 1014 W/cm2. The photoelectron
energies are (a) 0.26, (b) 1.76, and (c) 18.25 eV, respectively. NO is
assumed to be oriented along the x axis; that is, ϑm = π/2 and ϕm=0,
where the N and O cores are described by the circles filled with blue
(left) and red (right), respectively.

suppression is significant at any molecular orientation. We
also notice that the total ionization rate of NO takes the largest
value at ϕm = π/4. This is because the valence electrons of
NO approximately locate along the two diagonals in the xy

plane like a butterfly, as shown in Fig. 2. The photoelectron
energy spectra of NO also depend on the molecular orientation,
as shown in Figs. 5(b) and 5(c) for 1014 and 1015 W/cm2,
respectively. Compared with Be the photoelectron energy
spectra of NO at different molecular orientations are very much
suppressed due to the destructive interference effect. For NO
with ϕm = π/2, the overall photoelectron energy spectrum is
located lower than those with ϕm = 0 and π/4. This is because
the nodal plane of NO in terms of valence electron distribution
is perpendicular to the molecular axis, as we see in Fig. 2.

Figure 6 presents the photoelectron angular distributions
(PADs) of NO for three different photoelectron energies at
the laser intensity of 1014 W/cm2. Generally speaking, the
PADs of NO are nearly fourfold symmetric about the molecular
axis and its vertical axis at any photoelectron energy. There
is no photoelectron ejection parallel and perpendicular to the
molecular axis simply because there are two nodal planes for
the valence electron distribution, as we see in Fig. 2. Figure 6
also confirms that NO generally shows a double-core feature
at any photoelectron energy.

NH also has an antibonding molecular orbital. But its
electronic state is in the σu symmetry. As we have seen in Fig. 3
the valence electrons of NH are mostly concentrated around the
N core and along the molecular axis, which is quite different
from that of NO and O2. In this sense the valence electron
distribution of NH is rather similar to that of CO. There is,
however, an important difference. There is a nodal plane in
NH (Fig. 3), while it is absent for CO (Fig. 2 of Ref. [14]).
Therefore we can expect that the ionization dynamics of NH
in strong laser fields may show some new interesting features
which may be different from those of NO and CO.

Figure 7 presents the ratio of the total ionization rates of
NH and Kr as a function of laser intensity. Although NH has an
antibonding orbital, the ratio of NH+:Kr+ is around 0.6, which
is larger than that of NO+:Be+ and O+

2 :Xe+, indicating that
the ionization suppression of NH is not as significant as that
of NO and O2. This is somehow expected, since the valence
electrons of NH are mostly distributed in the neighborhood of
the N core. That is, NH shows a single-core feature, which is
similar to the case of CO. Examination of PADs can shed more

023403-4



SUPPRESSION OF IONIZATION OF HETERONUCLEAR . . . PHYSICAL REVIEW A 85, 023403 (2012)

FIG. 7. Ratio of the total ionization rates of NH and Kr as a
function of laser intensity. Molecules are assumed to be randomly
oriented in the xy plane.

light on the similarity as well as the difference between NH and
CO. In Fig. 8, we present the PADs of NH for three different
photoelectron energies at the laser intensity of 1014 W/cm2.
At the photoelectron energy of 0.96 eV, the photoelectrons
ejection mainly takes place from the neighborhood of the N
core and the PAD is not inversion symmetric, which is similar
to CO. However, this single-core feature of NH remains even
for higher photoelectron energies as we see in Figs. 8(b) and
8(c), while the single-core feature of CO gradually disappears
as the photoelectron energy increases (Figs. 5(b) and 5(c)
of Ref. [14]). In other words, NH has a stronger single-core
feature than CO.

Orientation dependence of the ionization rate of NH further
reveals the difference between NH and CO. Recall that,
although both CO and NH have a single-core feature rather
than a double-core feature at low laser intensities, their valence
electron distributions are quite different as we have seen in
Fig. 3 of Ref. [14] and Fig. 3. The most important difference
is that the valence electron distribution of NH has a nodal
plane. This explains why the ionization rate of NH is so small
at ϕm = π/2 [Fig. 9(a)], regardless of the laser intensities
[Figs. 9(b) and 9(c)]. Note that the orientation dependence
of the ionization rate of CO is rather weak, in particular, at the
laser intensity below 1014 W/cm2 (Fig. 10(b) of Ref. [14]).

FIG. 8. (Color online) PADs of NH for three different photoelec-
tron energies at the laser intensity of 1014 W/cm2. The photoelectron
energies are (a) 0.96, (b) 2.52, and (c) 14.91 eV, respectively. NH
is assumed to be oriented along the x axis, that is, ϑm = π/2 and
ϕm = 0, where the N and H cores are described by the circles filled
with blue (left) and red (right), respectively.

FIG. 9. (Color online) (a) Total ionization rates of NH and Kr
with different molecular orientations as a function of laser intensity.
Photoelectron energy spectra of NH and Kr for different molecular
orientations at the laser intensities of (b) 1014 and (c) 1015 W/cm2.
ϕm = 0 means the molecule is oriented along the direction of laser
polarization.

B. Wavelength dependence of ionization suppression

In earlier works [6,10,11,14,19] about ionization suppres-
sion the Ti:sapphire laser wavelength, 0.8 μm, has been em-
ployed. In this section we consider the wavelength dependence
of ionization suppression. Figure 10 shows the variation of the
ratios of ionization rates of N2 and CO compared with their
reference atoms, Ar and Kr, i.e., N+

2 :Ar+ and CO+:Kr+, as a
function of laser intensity for three different laser wavelengths.

FIG. 10. Ratios of the total ionization rates of (a) N2 versus Ar
and (b) CO versus Kr as a function of laser intensity for three laser
wavelengths: 0.8, 2.0, and 3.0 μm. Molecules are assumed to be
randomly oriented in the xy plane.
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FIG. 11. Ratios of the total ionization rates of (a) O2 versus Xe
and (b) NO versus Be as a function of laser intensity for three laser
wavelengths, 0.8, 2.0, and 3.0 μm. Molecules are assumed to be
randomly oriented in the xy plane.

From Fig. 10(a) we can see that the ionization suppression
of N2 has no obvious wavelength dependence in this intensity
range. In contrast, as shown in Fig. 10(b), the ionization
suppression of CO appears to become more significant for
the longer laser wavelength. In order to understand this
tendency we recall that, as we have clarified in Ref. [14], CO
shows a double-core feature only if the photoelectron ejection
from the neighborhood of the O core becomes comparable
to that from the neighborhood of the C core, and this will
take place if the photoelectron energy is large. Moreover,
provided with the fixed laser intensity, strong-field ionization
by the laser with a longer laser wavelength results in the
production of photoelectrons with higher energy due to the
larger ponderomotive energy. The above arguments explain
why the ionization suppression is more significant for the
longer laser wavelength under the same laser intensity.

Figure 11 shows similar results for O2 and NO. The
wavelength and intensity dependence shown in Fig. 11(a)
can be easily explained from the arguments we have made
in Sec. III A in terms of the interference term, sin(Pf · R/2).
For the longer laser wavelength the photoelectron momentum
Pf becomes larger at the same laser intensity, and hence the
ionization suppression becomes less significant at the longer
laser wavelength. As for NO, Fig. 11(b) shows that there is no

obvious wavelength dependence, which is quite different from
the case of CO, and it is because NO has a double-core feature
at any laser intensity and any laser wavelength. Therefore we
cannot make a simple argument as in the case of CO to explain
the results for NO.

IV. CONCLUSIONS

In conclusion, we have theoretically studied the ionization
suppression of heteronuclear diatomic molecules through the
comparisons of valence electron distributions, total ionization
rates, photoelectron angular distributions, and photoelectron
energy spectra for the NO and NH molecules as examples
and compared with those for CO [14]. To briefly summarize
the difference and similarity among NO, NH, and CO, we can
say the following: NO and NH have the antibonding molecular
orbitals and their valence electron distributions show the nodal
planes. The essential difference between NO and NH in terms
of strong-field ionization comes from the fact that NO shows
a strong double-core feature at any laser intensity since the
photoelectron ejection takes place from the neighborhood of
both N and O cores at any photoelectron energy and laser in-
tensity, as we can expect from its valence electron distributions
(Fig. 2). In contrast NH shows a single-core feature as we can
imagine from Fig. 3 and most of ionization takes place from
the neighborhood of the N core, and accordingly the ionization
suppression of NH is less significant compared with NO. In
this sense NH is similar to CO which also shows a single-core
feature at low laser intensities [14]. There is, however, a big dif-
ference between them. The valence electron distribution of NH
has a nodal plane which is absent for CO, and this explains why
the orientation dependence of the ionization rate and hence the
ionization suppression of NH is seen at any laser intensity, if
the ionization rate is averaged over all molecular orientations.
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