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a b s t r a c t

We theoretically study ionization of the N2 and O2 molecules and focus on the ionization suppression at
various wavelengths. We find that the ionization rate of the N2 molecules is not significantly suppressed
over a wide range of laser wavelengths. The ratio of the ion yields of N2

þ to that of Arþ , however, slightly
decreases as the laser wavelength increases, and this ratio for the low laser intensity is slightly larger
than that for the high laser intensity. The interference effect greatly modulates the photoelectron energy
spectra: an interference valley appearing in the photoelectron energy spectra. For the O2 molecules, the
ionization suppression is always significant, and clearly depends on the laser wavelength and the laser
intensity. The ratio of the ion yields of O2

þ to that of Xeþ becomes larger as the laser wavelength
(intensity) increases under given laser intensity (wavelength). Overall photoelectron energy spectra of
O2 are suppressed, especially for the low-energy range.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The ionization of atoms and molecules in strong laser pulses is
an important strong field process. Compared with atoms whose
ionization dynamics in a strong laser field are essentially deter-
mined by their binding energies and the laser parameters, mole-
cules have additional parameters to be considered, such as the
orbital symmetry, orientation of the molecules with respect to the
laser field polarization, which may also have strong influences on
the photoionization dynamics [1–5]. The ionization suppression is
one of the most fundamental differences between a molecule and
the atom with similar binding energy. Earlier studies indicated
that the total ionization rates of some diatomic molecules in
intense laser fields are nearly equal to those of reference atoms
with similar binding energy [6–8], while recent studies show that
this is not always true [9]. For example, the ionization rate of N2

molecule remains comparable to that of Ar atom, while the
ionization rate of O2 molecule is lower than that of Xe atom by
more than one order of magnitude. Motivated by these experi-
mental and theoretical findings, many studies for the ionization
suppression have been performed [5,10–12]. When we turn to the

ionization suppression of diatomic molecules, however, there are
only a few studies on the dependence of ionization suppression on
the laser wavelength. In recent studies, Durá et al. [13] and Lin
et al. [14] experimentally and theoretically investigated the ioniza-
tion suppression of molecules in strong laser field with different
laser wavelengths. They found that the ionization rate of N2

molecule is almost identical to that of Ar atom, irrespective of
laser wavelength. In contrast, the ionization rate of O2 molecule is
distinctively suppressed compared to Xe atom, and the suppres-
sion is more obvious at laser wavelength of 0:8 μm. In Ref. [13],
Durá et al. had discussed the wavelength dependence of the
suppressed ionization of N2 and O2 at laser intensity of 1014 W/cm2,
and in Ref. [14], Lin et al. had discussed the suppressed ioniza-
tion of N2 and O2 at two special laser wavelengths of 0:8 μm and
2:0 μm.

In order to show the ionization suppression of N2 and O2 in the
different wavelength laser fields and at the different laser inten-
sities, and to get deep insight into the ionization suppression, in
this paper, we follow the treatment in Ref. [15] to investigate the
wavelength-dependence of ionization suppression of O2 and N2

molecules under different laser intensities. We perform compre-
hensive calculations on the ionization rates and the photoelectron
energy spectra by a linearly polarized laser field.

This paper is arranged as follows: we introduce the ionization
rate formula used in this paper in Section 2, and the results and
discussions are in Section 3. In Section 4, we conclude.
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2. Ionization-rate formula

In the theoretical study on the photoionization processes of atoms
and molecules in intense laser fields, the strong-field approximation
is widely used [17–19]. In this approximation, the Coulomb attraction
of the parent ion to the ionized electron is neglected. In order to treat
the influence of the Coulomb attraction, a correction is made on the
continuum state of the electron in the laser field [16]. Within this
correction, the ionization-rate formula of photoelectrons with a fixed
kinetic energy in strong laser field is given by [16,19–21] (the units
c¼ ℏ¼ 1 are used throughout this paper)

dW
dΩPf

¼meω2

ð2πÞ2
∑
N

n ¼ n0
ðn�upÞ2 Pf j

��

�jXnðZ;ηÞj2jΦðPf ;RÞj2; ð1Þ

where dΩPf
¼ sin θf dθf dϕf is the differential solid angle of the

momentum of photoelectron Pf , θf and ϕf are its emission and
azimuthal angles, respectively; εb ¼ Eb=ω is the molecular binding
energy in the unit of laser-photon energy ω, n is the number of the
photon absorbed, and n0 ¼ ½upþεb�intþ1 is the minimum number of
photon absorbed during ionization; up ¼ Up=ω is the ponderomotive
parameter of the laser fields defined as

up ¼
e2I

2meω3

with I being the laser intensity. In Eq. (1), we use a generalized
phased Bessel (GPB) function, which was introduced in Ref. [22] and
used in the following papers [23–26]. By means of the phased Bessel
function Xn(Z) which relates to the ordinary Bessel function as

XnðZÞ ¼ JnðrÞeinφ; Z ¼ reiφ;

the GPB function is defined as

XnðZ;ηÞ ¼ ∑
þ1

k ¼ �1
Xn�2kðZÞXkðηÞ: ð2Þ

The two arguments in Eq. (2) are defined as follows:

Z ¼ e
ffiffiffiffiffi
2I

p

meω2ε � Pf ; η¼ �1
2
up cos ξ; ð3Þ

where ε is the polarization vector of the laser field, and ξ denotes the
degree of the polarization, such that ξ¼ 0 and π=2 correspond to the
linear and the circular polarization, respectively.

In Eq. (1), ΦðPf ;RÞ is the molecular wave function in momen-
tum space which reads

ΦðPf ;RÞ ¼
Z

dr expð� iPf � rÞΦðr;RÞ; ð4Þ

where Φðr;RÞ is the initial wave function of O2 and N2 molecules
and R� jRj is the internuclear distance. According to the linear
combination of atomic shell theory [16,27], the initial wave
function of O2 and N2 molecules has the following form:

Φðr;RÞ ¼ΦiðrþR=2Þ7Φiðr�R=2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð17SðRÞÞ

p ; ð5Þ

where ΦiðrÞ are the initial atomic wave function of the valence
electron. The minus sign on the right-hand side corresponds to an
antibonding valence orbital (1πg for O2), whereas the plus sign
corresponds to a bonding valence orbital (3sg for N2). The atomic
orbital overlap integral S(R) is defined as

SðRÞ ¼
Z

drΦiðrþR=2ÞΦiðr�R=2Þn; ð6Þ

which varies with the internuclear distance R� jRj. The Fourier
transform ofΦðr;RÞ; i.e., the wave function in momentum space, is

worked out to be analytically [16]

ΦO2 ðPf ;RÞ ¼
CðκÞ26pf ðπa7Þ1=2

ða2þp2f Þ3
sin ðPf � R=2Þ sin ðφpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ð1�SðRÞÞ
p ;

ΦN2 ðPf ;RÞ ¼
CðκÞ26pf ðπa7Þ1=2

ða2þp2f Þ3
cos ðPf � R=2Þ cos ðφpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ð1þSðRÞÞ
p ; ð7Þ

where φp is the polar angle of photoelectron momentum with
respect to the molecular axis, a¼ α2Eb is the Bohr radius and α is
the fine structure constant, and pf ¼ jPf j. The quantity CðκÞ ¼
ð2κEb=EÞκ

� 1
is the Coulomb correction factor, and κ¼1=a, and E

is the peak field strength of the incident laser.

3. Numerical results and discussion

In our calculations, the wavelength of laser field varies from
0:8 μm to 2:0 μm and the laser fields are linearly polarized. The
laser intensity varies from 5�1013 to 1014 W/cm2. As for the
molecules, we have supposed that the molecular axis R is in the
xy plane, that is, θm ¼ π=2. According to Eq. (1), we calculate the
ionization rates of molecules and atoms from the photoelectrons

Fig. 1. (a) Ratio of the ion yields of Nþ
2 to that of Arþ as a function of the laser

wavelength under two laser intensities. Molecules are assumed to be randomly
oriented in the xy plane. (b) Value of the interference factor, j cos ðPf R=2Þj, as
functions of laser wavelength and photoelectron energy. The molecular axis is
supposed to be along the laser polarization vector.
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