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When molecules are driven by intense laser fields linearly polarized along the internuclear axis, their
ionization rate vs the internuclear separation R is known to have a maximum at some critical intermediate
separation Rc. We show that such a maximum should occur only in molecules whose highest occupied mo-
lecular orbitals �HOMOs� are such that the electron cloud is concentrated along the internuclear axis �i.e.,
�-type HOMOs�. For molecular systems whose HOMO symmetry prevents electron probability distribution
along this axis, we find that the ionization rate increases monotonically with increasing R until saturation
occurs. In other words, for such molecular systems, there is no critical Rc at which molecular ionization is
maximum.
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As molecular systems stretch beyond their equilibrium in-
ternuclear separation, the ionization rate is enhanced, reach-
ing a peak rate at some critical internuclear separation Rc.
The peak rate is orders of magnitude larger than the rate at
either small or large internuclear separation �1,2�. This effect
is known as charge resonant enhanced ionization �CREI� and
occurs when the polarization of the external laser field is
parallel to the internuclear axis. EI has been predicted by
theoretical studies �1–7�, and confirmed by experiments
�8–12�. Although initially predicted for one-electron di-
atomic molecules, the occurrence of a critical Rc for maxi-
mum EI appears to be a quite universal phenomenon, since
experiments have found its signature not only in multielec-
tron diatomic molecules �8–10�, but also in more complex
molecules such as CO2 �13�. In addition, theoretical calcula-
tions also suggest the occurrence of EI in atomic clusters
�14,15�.

Theoretical investigations of EI have been done using
one-dimensional �1D� molecular models �2,4�, as well as re-
alistic 3D approaches for H2

+ �1,5,6�, HeH2+ �7�. On the
other hand, experiments have used Cl2 �8�, I2 �9�, I2

+ �10�,
H2

+ �11,12�, and D2
+ �12� molecules as targets. These mo-

lecular systems have one common feature: the highest occu-
pied molecular orbital �HOMO� or the initial state has a
�-type symmetry, i.e., the electron cloud in these HOMOs is
concentrated along the nuclei. In this paper, we investigate
EI in molecular systems whose electron cloud in the initial
state is not concentrated along the internuclear axis. This is
the case for molecules such as O2 and F2, which have �
ground state orbitals. For such molecules and the ones com-
monly used in experiments, theoretical studies of their inter-
action with intense laser fields can only be done using gross
approximations �16,17�. However, essential symmetry prop-
erties of most diatomic molecular orbitals can be reproduced
by appropriately chosen orbitals of the simplest molecule
H2

+, for which the 3D time-dependent Schrödinger equation
�TDSE� can be solved numerically. This means that insight
into symmetry-related effects involving HOMOs of complex
molecules can be gained by studying their symmetry analog
for H2

+ �18�. In this perspective we solve the 3D TDSE for
H2

+ driven by intense laser pulses linearly polarized along
the internuclear axis, using initial states �i.e., active orbitals�

having various symmetries. It is found that for active orbitals
having � and � symmetries the ionization probability in-
creases quasimonotonically with increasing internuclear dis-
tances, thereby suggesting that there is no critical Rc at which
EI is maximum. We show that this is due to the fact that
electrons in these orbitals are kept off the nuclei by symme-
try forces, so that electrons actually experience a Coulomb
potential that is almost atomiclike.

The electronic motion of H2
+ is described by the TDSE

i �
�t��r , t�= �p2 /2+V�r�+A ·p���r , t�, where p=−i� is the

electron momentum, V�r�=−1/ �r+R /2 �−1/ �r−R /2� is the
Coulomb attraction of the electron due to the nuclei. r
�r�x ,y ,z� is the electron distance relative to the center of
mass of the molecule, where �x ,y ,z� are the Cartesian coor-
dinates. We make the dipole approximation, and assume that
the nuclei are fixed along the z axis with internuclear dis-
tance R, i.e., R=Rez, where ez is the unit vector along the z
axis. A�t�= f�t�A0 sin��t�ez is the vector potential of the laser
pulse linearly polarized along the z axis. A0, f�t�, and �,
respectively, denote the maximum amplitude, the envelop,
and the frequency of the laser pulse. In this paper, we use a
cosine-squared laser pulse and its total pulse duration � is
given in units of the laser period T=2� /�. Unless stated
otherwise, atomic units �a.u.� are used.

The TDSE is solved in spheroidal coordinates �� ,� ,	�
using the following expansion of ��r , t�:

�m��,�,	,t� = �

�

a
�
m �t�U�

m���V

m���

eim	

�2�
, �1�

where �= �r1+r2� /R, �= �r1−r2� /R, and 	 is the azimuthal
angle. m is electron’s angular momentum projection along
the z axis. a
�

m �t� are time-dependent coefficients, and the
basis functions U�

m��� and V

m��� involve Laguerre and Leg-

endre polynomials, respectively. For more details on the ba-
sis expansion see Refs. �20–22�. The TDSE is solved using a
semi-implicit Rosenbrock method �7,19�. This ab initio ap-
proach yields stationary eigenvalues and eigenvectors of
H2

+, as well as their ionization probability and harmonic
spectra with high accuracy �7,18,20–22�. Since the laser is
linearly polarized along the z axis, the dipole operator does
not couple states having different m values, i.e., m is con-
served throughout the time propagation of the TDSE. This
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justifies the label m in the wave function �1�.
Figure 1 shows the wave functions ��y ,z����x

=0,y ,z� of 1s�g and 1s�u states �m=0� of H2
+ vs the elec-

tron Cartesian coordinates �x ,y ,z�, as well as the R depen-
dance of the ionization probability obtained using each of
these states as the initial state for propagating the TDSE. As
Fig. 1 shows, the electron cloud in both states is concentrated
along the internuclear axis z, and the antibonding character
of the 1s�u leads to a vanishing wave function along the axis
perpendicular to the z axis through the origin. The initial
state 1s�g is used for results in Fig. 1�c�, with laser frequen-
cies �=0.057 a.u. ��=800 nm� and �=0.114 a.u. ��
=400 nm�. Figure 1�d� shows similar results, but for the ini-
tial state 1s�u, with laser frequencies �=0.057 a.u. and �
=0.043 a.u. ��=1064 nm�. As expected �1–6�, one sees that
EI occurs for both 1s�g and 1s�u initial cases, as the ioniza-
tion probability increases drastically when R reaches some
intermediate value. In addition, there is a critical internuclear
distance Rc at which EI is maximum. This critical distance,
which depends on the laser intensity and frequency, is Rc
	10 a.u. and Rc	8 for the respective frequencies �
=0.057 a.u. and �=0.114 a.u. when the initial state is 1s�g.
For the 1s�u initial state, Rc	9 a.u. and Rc	8 for �
=0.043 a.u. and �=0.057 a.u., respectively. In addition, the
antibonding character of 1s�u and the fact that this state is
not the lowest level of H2

+ are irrelevant to the occurrence of
EI and the existence of Rc for maximum EI.

The electronic wave functions for 2p�u �m=1� and 3d�g

�m=2� are illustrated in Figs. 2�a� and 2�b�. The ionization
probability obtained using these as initial states is shown in

Figs. 2�c� and 2�d�, respectively. These figures indicate that
for small R’s the ionization probability depends only slightly
on R. But as R increases to reach some intermediate value,
the ionization probability increases drastically and keeps in-
creasing as the molecule stretches further, until saturation
occurs, so that there is no critical Rc for which EI is maxi-
mum. This is in stark contrast with the case of � initial states
in Fig. 1 where there exist a Rc beyond which stretching the
molecule decreases the ionization rate.

The 2p�u and 3d�g orbitals share a common feature that
distinguishes them from � orbitals in Figs. 1�a� and 1�b�.
This feature is the presence of a nodal axis along the inter-
nuclear axis z where the wave function vanishes. Note that
we have recently showed the ionization rate is suppressed
�compared to other molecular orientations� when the laser
polarized along this axis �18�, leading to an image of the
molecular orbital. This nodal symmetry constraint forces the
electron cloud to be concentrated away from the z axis. Even
in a laser field linearly polarized along this z axis, electrons
are still kept away from the internuclear axis. Indeed, Fig. 3
shows a snapshot of the electron probability distribution
��c�y ,z��2 at the end of the laser pulse for initial states 1s�g

and 2p�u. All bound states have been removed from the final
wave function �c�y ,z�, which therefore describes the ion-
ized electron. It appears that for the 1s�g initial state in Fig.
3�a�, the electron is concentrated along the internuclear axis;
this feature is observed for all � states. In contrast, for the
2p�u state in Fig. 3�b�, the electron cloud is kept off the
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FIG. 1. �Color online� Left plots show the wave function ��y ,z�
and the corresponding contour plot for the following eigenstates of
H2

+ for R=2 a.u.: �a� 1s�g; �b� 1s�u. Right plots show the ioniza-
tion probability vs R obtained using the initial state shown on the
left plot. The laser pulses used have the peak intensity 1014 W/cm2,
the frequency � shown and a total time duration �=3T. Dots rep-
resent the calculated data, and lines are shown to guide the eye.

-4-2 0 2 4 -4 -2 0 2 4

-0.1

0

0.1

y (a.u.)

z (a.u.)

(a) 2pπu

Ψ
(x
,y
)

-8-4 0 4 8 -8 -4 0 4 8

0

0.02

0.04

y (a.u.)

z (a.u.)

(b) 3dδg

Ψ
(x
,y
)

10-6

10-4

10-2

100

0 4 8 12 16

Io
n
iz
at
io
n
p
ro
b
.

R (a.u.)

(c) 2pπu

10-8

10-6

10-4

10-2

100

0 4 8 12 16

Io
n
iz
at
io
n
p
ro
b
.

R (a.u.)

(d) 3dδg

FIG. 2. �Color online� ��y ,z� as in Fig. 1 for the following
eigenstates of H2

+ for R=2 a.u.: �a� 2p�u; �b� 3d�g. Right plots
illustrate the R- and intensity dependence of the ionization probabil-
ity obtained using the initial state shown on the left: �c� 2p�u initial
state, �=0.02 a.u., �=3T, for peak intensities I=1013 W/cm2

�squares�, I=41012 W/cm2 �triangles�, I=21012 W/cm2

�circles�; �d� 3d�g initial state, �=0.01 a.u., �=3T, for I
=1012 W/cm2 �squares�, I=51011 W/cm2 �triangles�, I
=1011 W/cm2 �circles�.
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nuclei, and concentrated along an axis parallel to the inter-
nuclear axis near y	2. This is also the case for the 3d�g
initial state, and more generally for any wave function for
which m�0. This can be shown by considering the fact that
any function ��r , t� of an arbitrary vector r�r ,� ,	� in
spherical coordinates can be expanded in a series of spherical
harmonics Y�

m�� ,	� as �23�: ��r , t�=��,m��m�r , t�Y�
m�� ,	�.

Since the z axis corresponds to having �=0 and since Y�
m��

=0,	�=0 for any m�0 �see, e.g., Eqs. �5.2.2� of Ref. �23��,
then �m�r ,�=0,	 , t�=0 for m�0. In other words, all elec-
tronic wave functions for which m�0 vanish along the
quantization axis z. Similarly, one can show using bipolar
spherical harmonics that this property also holds for systems
with two active electrons in L-S coupling.

It follows that throughout the laser excitation electrons in
� states are concentrated along the internuclear axis z, while
those in other states �m�0� remain off the internuclear axis.
In order to understand how this situation is responsible for
the difference in EI in Figs. 1 and 2, we plot in Fig. 4 the
combined potential W�y ,z��V�x=0,y ,z�+Fz experienced
by the electron in a static field F for various R’s. For fixed y,
W�y ,z� gives a 1D illustration of the effective potential ex-
perienced by an electron along the z axis at a distance y from

this axis. Each plot in Fig. 4 shows W�y ,z� for y=0 a.u., y
=1 a.u., and y=2 a.u. Therefore, � states concentrated along
the z axis see the effective potential W�y=0,z�, whereas �
states whose electron cloud is concentrated parallel to the z
axis at the distance y	2 a.u. experience the effective poten-
tial W�y=2,z�.

Let us revisit the origin of Rc for � states in the context of
tunnel ionization �24�, which is based on nonadiabatic local-
ization �1–3,5� of the electron wave function in the rising
well �i.e., left wells in Fig. 4�. Electrons in � states see the
effective potential W�y=0,z� represented by solid dark lines
�SDL� in Fig. 4. At small R �see SDL in Fig. 4�a��, the inner
barrier of the double well potential is so low that electrons in
� states do not fully experience the double well nature of the
potential. In this case, the rate of ionization is similar to that
of the united atom. At some intermediate R �see SDL in Fig.
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FIG. 3. �Color online� Snapshots of the probability distribution
��c�y ,z��2 of the ionized electron at the end of the laser for the
states 1s�g and 2p�u. Laser parameters are �=0.057 a.u., I
=1014 W/cm2, and �=3T for �a�, and �=0.02 a.u., I
=1013 W/cm2, and �=5T for �b�.
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FIG. 4. �Color online� Combined Coulomb and static field po-
tentials W�y ,z�=V�x=0,y ,z�+Fz for �a� R=2 a.u.; �b� R=8 a.u.;
�c� R=14 a.u. In each case, W�y ,z� is plotted for y=0 a.u. �dark
solid lines at bottom�, y=1 a.u. �dashed lines�, y=0 a.u. �red solid
lines at top�. In all cases, F=0.038 a.u. �i.e., I=51013 W/cm2�.
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4�b�� near the critical Rc, the ionization is enhanced because
the electron can tunnel across or fly above the narrow inner
potential barrier into the continuum. As the molecule
stretches further to a larger internuclear distances �see SDL
in Fig. 4�c�� electrons are increasingly localized on one or
the other well, due to the raising and widening inner barrier
between the two wells. This hinders tunneling between the
two wells, leading a decrease in the ionization at large R’s,
approaching the separated atom limit.

Electron clouds in molecular systems with m�0 are lo-
calized at some distance y�0 from the internuclear axis, and
therefore do not experience the full strength �the singularity�
of the Coulomb attraction, which is maximum near the nu-
clei. Therefore, as illustrated in Fig. 2, significant ionization
of such molecules occurs at fairly low intensities. Electrons
localized at y�0 experience a quite different effective po-
tential in the vicinity of the nuclei. As y increases in Fig. 4,
one sees that while the effective potential at large z is un-
changed, its depth near the nuclei rises quickly. At small R’s
�see dashed lines and red solid lines in Fig. 4�a��, the effec-
tive potential has a single well, and the ionization is atomi-
clike. With increasing R, the inner potential barrier rises and
so does the minimum of the rising left potential well �this
feature is absent in � states�. At some intermediate R, the
rising minimum of the left potential becomes higher than the
right potential barrier, leading to a strong enhancement of
molecular ionization. Here, electrons can tunnel through the
thin inner potential well directly into the continuum. In ad-
dition, any electron wave packet localized on the left poten-
tial well is also above the right potential well, which further
boosts the ionization rate. In contrast to the � states where
the rising inner potential well hinders ionization, the raising

minimum of the left well for m�0 states prevents or mini-
mizes electron localization on either well. Even at large R in
this case, any electron wave packet �for bound or excited
state� localized on the left well is automatically above the
right potential well. Such a wave packet can easily tunnel
through the inner potential barrier and fly above the right
barrier directly in the continuum. In other words even at
large R, tunnel ionization of electron wave packets from both
wells remains strong, leading to a steady increase of ioniza-
tion with increasing R, until saturation occurs. The mecha-
nism discussed here �i.e., off-axis electron charge density and
strong field driving along the laser polarization� can also
explain the decreasing strength of EI with increasing angle
between the molecular axis and the laser polarization, ob-
served for � states in Ref. �25�.

Our ab initio calculations for H2
+ in a laser pulse linearly

polarized along the internuclear axis indicate that the orbital
symmetry strongly influences enhanced ionization in mol-
ecules. Enhanced ionization for � states is known to peak at
a some internuclear distance. We find that this peak in the
ionization rate can only occur for � states. Indeed, for mo-
lecular systems with other orbital symmetry �m�0�, we
have shown that enhanced ionization occurs, but with no
critical Rc for maximum ionization, i.e., the ionization rate
increases steadily until saturation. This is due to the fact that
for molecular systems having nonzero angular momentum
projection along the internuclear axis, the wave function van-
ishes along this axis, leading to a distortion of the effective
potential experienced by orbital electrons. We expect this
effect to occur also in more complex molecules such as O2,
whose HOMO also has a nodal axis along the internuclear
axis.
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