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Nonsymmetric molecules driven by intense few-cycle laser pulses: Phase and orientation

dependence of enhanced ionization
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The ionization of nonsymmetric heteronuclear diatomic molecules by intense few-cycle laser pulses linearly
polarized along the internuclear axis has been investigated. It is found that enhanced ionization (EI) occurs in
nonsymmetric molecules and is accompanied by enhanced excitation (EE). We show that the nonsymmetric
distribution of the electron cloud between the two nuclei leads to a strong dependence of EI and EE on the
carrier envelope phase of few-cycle pulses, and on the orientation of the molecule parallel or antiparallel with
the peak electric field of the pulse. This effect is as strong as the pulse duration is short and disappears with
increasing pulse duration. The field ionization model, and mainly the “energy level crossing” mechanism, are
used to explain these phase effects. The newly proposed energy level crossing mechanism, which is relevant to
nonsymmetric molecules, occurs as the driving field moves the dressed ground and excited states closer to each
other until their energy levels cross, leading to an enhancement of excitation and ionization. A semiclassical
nonadiabatic model derived to interpret the level crossing mechanism also predicts the critical internuclear
distance R, at which EI, EE, and energy crossings occur as a function of charge asymmetry and laser intensity,

in good agreement with quantum-mechanical simulations.
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I. INTRODUCTION

The response of molecules to intense laser fields can be
starkly different from that of atoms. The most conspicuous
evidence of this is provided by the occurrence of enhanced
ionization (EI) in molecules, which has been predicted for
symmetric molecules and called charge resonance enhanced
ionization (CREI) [1-5]. Experiments have confirmed these
theoretical predictions of EI indirectly [6,7] and directly
[8.9]. EI is the sharp increase in the ionization rate of mol-
ecules when they stretch to reach a critical internuclear dis-
tance R.. Recent studies of symmetry effects on EI indicate
that it may occur only in molecular systems in which the
highest occupied molecular orbital is of o type, i.e., with the
electron cloud concentrated along the internuclear axis [10].
Although initially illustrated for symmetric diatomic mol-
ecules [1,2,4], EI has been observed in experiments involv-
ing complex molecules [11]. Furthermore, recent calcula-
tions suggest that EI also occurs in atomic clusters [12,13].
Therefore, the importance of EI extends well beyond the
field of molecular physics.

Thanks to recent developments in laser technology, ul-
trashort optical laser pulses having as few as one oscillation
cycle at the full width at half maximum (FWHM) can now
be generated [14]. For such few cycle pulses, the electric
field at the peak of the pulse depends strongly on the carrier-
envelopE phase (CEP). An important advantage is that when
subjected to such short pulses, atoms and molecules can ex-
perience the peak intensity of the pulse without being fully
ionized, thereby increasing the possibility of a nonlinear
electron response. In addition, few cycle pulses are short
enough to resolve the fastest atomic motions, which means
that such pulses could be used to take snapshots of nuclei in
molecules while they undergo a given dynamic process such
as Coulomb explosion [15].
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Atoms and homonuclear (symmetric) molecules such as
H,, O,, N,, etc., are invariant under the space inversion sym-
metry, and the electron cloud is evenly distributed among the
nuclei centers. As a consequence, when driven by a laser
field, the total ionization probability of such molecular sys-
tems is unchanged when they undergo a space inversion.
This remains true independently of the time duration and
intensity of the laser pulse. In this work, we show that the
situation is completely different for nonsymmetric molecules
such as CO, HCI, HeH", etc., which are characterized by an
electron cloud asymmetrically distributed among the nuclei,
resulting in a molecule possessing a permanent dipole. It
follows that orienting such a molecule such that the peak
electric field of the laser pulse is parallel or antiparallel with
the permanent dipole of the molecule (PDM) leads to differ-
ent outcomes for EI. Preliminary results on this orientation
dependence of EI have been discussed in Ref. [16] for HeH>*
molecule, which has been the subject of numerous experi-
mental and theoretical research (see, e.g., Refs. [16-21], and
references therein).

Our investigation focuses on the simplest case of a one
electron diatomic heteronuclear nonsymmetric molecules
(HeH?*) driven by a few cycle pulses, because an exact nu-
merical solution of the corresponding time-dependent
Schrédinger equation (TDSE) is possible, within fixed nuclei
and dipole approximations. This way we can investigate the
strongly nonsymmetric molecule HeH?*, but also, by assign-
ing noninteger effective charges to the nuclei, we can ap-
proximately mimic more realistic diatomic molecular models
for which the asymmetry in the electron cloud distribution is
in general weaker than in HeH?*. Our investigation shows
that for nonsymmetric molecules, there is a strong depen-
dence of EI on the CEP of few cycle pulses. This CEP sen-
sitivity is as strong as the few cycle pulse is short and is
essentially due to the nonsymmetric distribution of the elec-
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tron cloud between the nuclei. We show that a key mecha-
nism leading to the CEP sensitivity is the energy level cross-
ing, which occurs in nonsymmetric molecules as the driving
field moves the ground and excited states closer to each
other, until an avoided energy crossing occurs.

This paper is organized as follows. In Sec. II, we describe
the numerical approach used to solve the TDSE for an asym-
metric diatomic molecule, as well as the corresponding sta-
tionary Schrodinger equation, which leads to electronic po-
tential curves of molecules. The calculation of ionization and
excitation probabilities is also discussed in Sec. II. Orienting
HeH?* (or equivalently adjusting the laser CEP) such that its
permanent dipole is parallel or antiparallel with the laser
peak electric field has a strong influence on the ionization
and excitation of the molecule. These orientation effects are
discussed in Sec. III, and the physical mechanisms respon-
sible for these effects are investigated in Sec. IV. Section V is
devoted to the study of the general influence of the laser CEP
on EI In Sec. VI, we discuss how the orientation and phase
effects mentioned above are affected by the degree of asym-
metry in molecules in general. A conclusion summarizes our
results in Sec. VII. Unless otherwise stated, atomic units
(a.u.) are used throughout this work.

IL. SOLUTION OF SCHRODINGER EQUATIONS

A. The time-dependent Schrodinger equation

Assuming clamped nuclei, the TDSE for a one-electron
diatomic molecule driven by a laser pulse is

i%‘l’(r,t) =[H+A(t, ¢)-p|¥(r,1), (1)
where
2
H= P_ _ é _ é (2)
2 0 n

is the electronic Hamiltonian, p is the electron momentum, r
is the electron distance relative to the geometric center of the
nuclei, and R is the internuclear vector. r;=|r+R/2| and r,
=|r—R/2| are the electron distances relative to the nuclei 1
and 2, respectively. The Coulomb potential experienced by
the electron is

V(I‘)=—Zl/r1—Zz/r2, (3)

where Z, and Z, are the electric charges of the nuclei 1 and
2, respectively. We make the following three choices that are
convenient but do not impose any restriction on the system.
(i) the z axis is along the internuclear axis of the molecule,
(ii) the geometric center of the nuclei is taken as the origin of
coordinates, (iii) Z;=2,; e.g., Z;=2 and Z,=1 for HeH**.
Since r;=r+R/2 and r,=r-R/2, the choices (ii) and (iii)
above indicate that the nucleus 1 (i.e., the most electronega-
tive nucleus) is located on the negative side of the z axis. In
more realistic molecular systems such as CO, HCI, ..., etc.,
the charge asymmetry between the two centers is much less
pronounced than in HeH?*. In order to approximately incor-
porate this fact in our simulations, we will assume noninte-
ger effective charges Z; and Z,.
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The laser pulse is linearly polarized along the molecular
axis z, and its vector potential is given by A(¢, )
=Aof(t)sin(wr+ p)e.. Here A, is the maximum amplitude, »
is the laser frequency, ¢ is the CEP, and e, is the unit vector
along the laser’s polarization axis. The envelope f(¢) of the
pulse is a cosine squared given by

cos’(t/7) if —mwr2<t< w72,
A= 4)

0 otherwise.

The electric field of the laser pulse is derived from its poten-
tial vector A(z, ) as E(t,qb):—%, which ensures the zero
area theorem for electromagnetic pulses. The laser-molecule
interaction is described in the dipole approximation by the
Hamiltonians D;=E(z, ¢)-r=E(z, )z for the length gauge
and by Dy=A(r,¢)-p=A(z, gi))fZ for the velocity gauge. The
two gauges have been shown to agree well in the context of
the basis expansion approach used in this work [22].

For a nonsymmetric molecule characterized by nuclei Z;
# Z,, the electron cloud is asymmetrically distributed be-
tween the nuclei. The corresponding electronic potential V(r)
is invariant under the transformations x ——x and y — -y, but
it is not invariant under the transformation z— —z along the
molecular axis. Therefore, the Hamiltonian H in Eq. (2) is
not invariant under the inversion symmetry transformation
r — —r, which means that parity is not a good quantum num-
ber. It follows that, in contrast to homonuclear molecules
such as H, or H2+, the classification of the eigenstates of the
system as gerade or ungerade is no longer valid. However,
the projection L, of the electronic angular momentum along
the z axis is still conserved, since [L.,H]=0. Thus in the
absence of an external field, a nonsymmetric two-center mol-
ecule possesses an axial symmetry (z axis). In the presence
of a laser field linearly polarized along the molecular axis z
(as considered in this work), this axial symmetry is pre-
served, so that the field does not induce any change in the
angular momentum projection m. It follows that in this case,
the time-dependent wave function can be written as W(r,?)
=W"(r,1), where m denotes initial state angular momentum
projection along the z axis.

In order to solve the TDSE (1), we use spheroidal coor-
dinates (&, 7,¢), where é=(r;+r,)/R, p=(r;—r,)/R, and ¢
is the azimuthal angle. Expressions in spheroidal coordinates
of the operators H, z and d/dz can be found in Ref. [23]. We
also expand the time-dependent wave function in a complex
basis as

im¢
m e
V(g =2 dl (VUM V() =, (5)
MoV \'Q,’/'T
where a”ljv(t) are time-dependent coefficients and U’/(§) and

V7.(7) are basis functions that depend on Laguerre and asso-
ciated Legendre polynomials, respectively [22,24,25]. The
integer indices u and v take the values
=0, 1, 2, ... tmae and v=0, 1, 2, ..., Vp. Mmax and
Vmax determine the size of the basis. In principle, the accu-
racy of the results increases with increasing basis size (i.e.,
Mmax and v,...), and convergence of the results is achieved
when they become unchanged by increasing ., and vy,,.
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Throughout this work, we deal with o states (m=0). We use
exterior complex scaling to prevent reflections of the elec-
tron probability flux at the boundaries of the region described
by the wave function. Exterior complex scaling in spheroidal
coordinates consists of making the transformation (¢, 7, ¢)
—(e7%, 3, @) in the wave function W(&, 5, @) [26]. This is
equivalent to having a complex nonlinear parameter /3
=|Ble7"? (0 < §< 7r/2), which makes the basis function U, (£)
behave asymptotically as an outgoing wave [23].

A projection of the TDSE onto the basis expansion (5)
leads to a system of first order differential equations

i(%Sllf =[H+g(t)D, W, (6)

where S and H denote the overlap and atomic Hamiltonian
matrices, respectively. g(¢) is a scalar function that equals
E(t,¢) for the length gauge and —iA(z, @) for the velocity
gauge. D, is the matrix associated with the dipole operator z
or dz, depending on the gauge used. W is the vector repre-
sentation of the wave function. Since we are dealing with
laser fields linearly polarized along the internuclear axis z,
the dipole operators lead to selection rules Am=m'-m=0,
i.e., there are no dipole transitions between states with dif-
ferent electron angular momentum projection along the z
axis.

The TDSE (6) is notoriously stiff [22], especially with
increasing laser intensity and wavelength. The best way to
tackle this system of differential equations is to use implicit
methods, which are unconditionally stable [27], thereby al-
lowing the use of relatively large integration steps. However,
the price for this unconditional stability is that at each time
step one has to invert matrices of the same size as those
involved in Eq. (6). Explicit methods such as Runge-Kutta
do not require such matrix inversions, but require only
matrix-vector products instead. Unfortunately, the stability
domain of explicit methods is much smaller than that of
implicit methods. Moreover, with explicit methods, the stiff-
ness of the TDSE (6) translates into the requirement for an
increasingly smaller time step to maintain stability of the
integration, even though accuracy requirements allow for a
much larger time step [27]. With the very large size of ma-
trices involved in Ref. [22] for homonuclear diatomic mol-
ecules at arbitrary orientation relative to the laser polariza-
tion axis, we found an explicit Runge-Kutta method to be
more adequate. The reason for this is that due to the large
matrices involved, the time cost of performing matrix inver-
sions necessary for an implicit method surpasses that of per-
forming the multiple matrix-vector products necessary for
the explicit case. In addition, the fact that only gerade and
ungerade states are coupled by the dipole in the homonuclear
molecule case involved in Ref. [22] leads to much sparser
matrices, which in turn leads to faster matrix-vector products
with an appropriate algorithm. In the present work, we use a
semi-implicit Rosenbrock method [27], as the selection rule
Am=0 restricts the basis expansion (5) to a single m and
leads to much smaller basis sizes than in Ref. [22], thereby
permitting faster matrix inversions. The resulting extended
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FIG. 1. (Color online) Potential curves for the lowest energy
levels of HeH?*. The minimum (indicated by the vertical arrow) at
the internuclear distance Ry=3.9 a.u. for the 2po level indicates
that this state is stable [28,29].

stability allows us to deal with laser intensities as high as
10'® W/cm?,

B. The stationary Schrodinger equation

The propagation of the TDSE requires the initial wave
function W(r, ;) =®Py(r), obtained by solving the stationary
Schrodinger equation H®(r)=E®(r), which is equivalent
with the expansion (5) to solving the generalized eigenvalue
problem

H® =ESD. (7)

The solution of this eigenvalue problem yields discrete elec-
tronic energies E, and the corresponding wave functions ®@,,.
These results are illustrated in Fig. 1, which shows the ener-
gies of few low-lying eigenstates of HeH?** vs the internu-
clear distance R. Results are in very good agreement with ab
initio potentials in Refs. [28,29]. In particular, we recover the
attractive character of the first excited 2po state of HeH?",
with its equilibrium internuclear distance at 3.89a,. Figure 1
also illustrates the repulsive character of the ground state 1so
of HeH>*. Note that with the electron in the 2pc, the mol-
ecule dissociates into a He?* and H (corresponding to a
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charge transfer), whereas with the electron in the lso, the
molecule dissociates into a He™ and H*. This kind of asym-
metry in the dissociation product is expected to occur in all
nonsymmetric molecules.

To illustrate the asymmetry (relative to the plane perpen-
dicular to the z axis at its origin) in the electron cloud distri-
bution characterizing nonsymmetric molecules, we plot in
Fig. 2 the wave functions ® of the two lowest eigenstates for
various effective nuclear charges Z,=1, Z;=1.1, Z;=1.4, and
Z,=2, for fixed Z,=1 and R=3q,. Note that fractional
charges can be the result of electron transfer in molecular
systems. The two lowest states 1so, and 1so, of H," plotted,
respectively, in Figs. 2(a) and 2(b), illustrate a symmetric
electron distribution between the nuclei centers. For the case

(b) Z,=Z,=1

® Z,=1.4;Z,=1
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FIG. 2. (Color online) Wave
functions of the ground state (left
plots) and of the first excited state
(right plots) of a one-electron di-
atomic molecule for various com-
binations of nuclear charges Z;
and Z,. (a) and (b) 1so, and 1so,
states of H} for Z;=Z,=1; (c) and
(d) Iso and 2po states for Z;
=1.1 and Z,=1; (e) and () lso
and 2po states for Z;=1.4 and Z,
=1; (g) and (h) 1so and 1so states
of HeH?* for Z;=2 and Z,=1. In
all cases R=3 a.u. The nuclei are
located along the z axis at z
=+R/2.

73 0 1 23
z (a.u.)

2 3

Z,=1.1 and Z,=1 in Figs. 2(c) and 2(d), the rather small
difference between Z; and Z, translates into a breakdown of
the inversion symmetry along the z axis, and one sees that
the electron cloud is no longer symmetrically distributed
among the two nuclei. Figure 2 clearly shows that this asym-
metry in the electron distribution increases with the differ-
ence Z,—Z, in nuclear charges between the two centers. Note
also that for ground-state wave functions 1so plotted on the
left in Fig. 2 [i.e., Figs. 2(c), 2(e), and 2(g)], the electron
cloud is increasingly localized on the most electronegative
nucleus located on the left (i.e., on the nucleus with the larg-
est effective charge) as the charge asymmetry between the
nuclei increases. The same situation occurs for the first ex-
cited state 2pa, but here the electron is increasingly localized
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on the right, around the nucleus with the smallest electric
charge.

A further analysis of wave functions indicates that with
increasing internuclear distance R (for fixed nuclear charges
Z, and Z,), the electron in the ground state is increasingly
localized on the nucleus with the largest charge, whereas for
the first excited state the electron is increasingly localized on
the nucleus with the smallest charge. This corroborates the
results in Fig. 1 for HeH?* that in the dissociating limit, the
Iso state leads to He*+H* whereas the 2po state leads to
He*+H.

C. Ionization and excitation probabilities

Electronic states ®, having negative energies (E, <0) ob-
tained from solving Eq. (7) are located below the ionization
threshold and correspond to “bound” electronic states, and
positive energy states (E, > 0) correspond to discretized con-
tinuum states. The total ionization probability at the end of
laser pulse is

> (P |V (), (8)

n(E,<0)

Pion=1-

where W(f,,q) is the time-dependent wave function at the end
of the laser pulse, and where the summation runs over all
“bound” states. The excitation probability P, i.e., the prob-
ability for finding the system in all excited states is obtained
as the probability for finding the system at the end of the
laser pulse in all “bound” states except the initial state, i.e.,

Poe= 2 KPP (1) = KPP (100> (9)

n(E,<0)

Typical basis parameters used in our time-dependent calcu-
lations are w,,=35 and v,,,=80, which corresponds to
2916 basis functions. The nonlinear parameter is $=0.2, and
the complex rotation angle is #=0.1. Our results are fully
converged, as they are almost insensitive to a change in basis
parameters. The initial state for time propagation is consid-
ered throughout this work as the ground state 1so.

III. ORIENTATION EFFECTS IN ENHANCED IONIZATION
AND EXCITATION

In the interaction of a nonsymmetric molecule with a few
cycle pulse linearly polarized along the molecular axis, there
are two possible orientations for the molecule. The molecule
could be oriented such that its permanent dipole is antiparal-
lel (i.e., the A orientation) with the electric field at the peak
of the few cycle pulse as shown in Fig. 3(a), or parallel (i.e.,
the P orientation) as in Fig. 3(b). In this section, we focus on
the influence of these two orientations on the ionization of
HeH?*. Note that for atoms and molecules, which are inver-
sion symmetric and which do not possess a permanent di-
pole, the ionization is unchanged when the system is rotated
by 180°, independently of the laser intensity, pulse duration,
and frequency.

Figure 4 shows results obtained using a three cycle pulse
of frequency wy=0.114 a.u. (400 nm), with a time duration
of 1.5 laser periods (or laser cycles) at the FWHM, which
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FIG. 3. (Color online) The two configurations along which a
nonsymmetric molecule (e.g., HeH>*) can be aligned relative to a
static electric field F. The direction of the permanent dipole D of
the molecule is also shown. (a) The A orientation; (b) the P
orientation.

corresponds to a total duration of 4 fs. The electric field
E(t,¢) of this laser pulse for the peak intensity 5X 103 is
illustrated in Fig. 4(a) for the two CEPs ¢=0 and ¢= . Note
that changing the phase from ¢=0 to ¢=7 (and vice versa)
is equivalent to changing the sign of the electric field of the
laser pulse. Also, for the CEP ¢=0 the electric field at the
peak of the pulse is negative and is therefore antiparallel with
the dipole moment [see, e.g., Fig. 3(a)], whereas for ¢p=1
the peak electric field is positive and parallel to the dipole
moment [see, e.g., Fig. 3(b)].

The ionization probability of HeH?>* vs the internuclear
distance R is plotted in Figs. 4(b)-4(d), respectively, for the
laser peak intensities 5 X 10'%, 3 X 105, and 10" W/cm?. In
all cases, the laser pulse duration and frequency used are the
same as in Fig. 4(a). In this figure and in subsequent ones,
dots are the calculated data, and lines are just drawn to guide
the eye. For each intensity, the ionization probability is plot-
ted for the two CEPs ¢=0 and ¢=. It appears that EI
occurs in all cases shown, as the ionization probability un-
dergoes a sharp increase when some critical internuclear dis-
tance is reached (i.e., about 3, 4, and 5 a.u. for peak intensi-
ties 35X 10 W/em?2, 3x 105 W/ecm?, and 10 W/cm?2,
respectively). In other words, the critical internuclear dis-
tance R, at which EI is maximum decreases with increasing
laser peak intensity. Another interesting feature that arises
from Fig. 4 is the fact that EI is much stronger for ¢»=0 than
for ¢=m, independently of the peak intensity of the laser.
Since changing the phase from ¢=0 to ¢= (and vice versa)
is equivalent to rotating the molecule by 180°, this asymme-
try in EI is not only a phase effect, but also an orientation
effect.

The excitation probability in Fig. 5 shows features similar
to those of the ionization probability in Figs. 4(b)-4(d): the
excitation probability is enhanced approximately at the same
critical internuclear distance R, as the ionization probability
in Fig. 4, and this R, also tends to decrease with increasing
laser peak intensity. Another similarity with the ionization
probability in Fig. 4 is that the excitation probability is stron-
ger for ¢»=0 than for ¢=. This means that EI is accompa-
nied by enhanced excitation (EE) of the molecule.

Figure 6 shows the R dependence of the ionization prob-
ability of HeH?* driven by laser fields with the same peak
intensity 5% 10'> W/cm?, but having increasing time dura-
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FIG. 4. (Color online) (a) Electric field E(z, ¢) of a laser pulse
for ¢=0 and ¢=m. The pulse has a cosine square envelope, a
frequency wy=0.114 a.u. (400 nm), a total pulse duration of three
laser cycles, and a peak intensity /=5 X 10" W/cm?. Time is given
in units of the laser cycle (i.e., laser period) Ty=27/wy=1.3 fs.
The ionization probability of HeH** by laser pulses with CEPs ¢
=0 and ¢=m are plotted for various peak intensities: (b) I=5
X 10" W/em?; (¢) I=3 X 10" W/cm?; (d) I=10'° W/cm?.

tions. The ionization probability shown on each right plot of
this figure is obtained with the laser pulse plotted on the
corresponding left plot. One sees that the critical internuclear
distance at which EI occurs is independent of the laser pulse
duration, and that the asymmetry (i.e., $=0 vs ¢=m) in El is
as strong as the pulse duration is short. The strength of this
EI asymmetry decreases with increasing laser pulse duration
and becomes negligible when the laser pulse contains more
than about six laser cycles (14 fs). In particular, Fig. 6(b)
indicates that for an incident half cycle pulse with a positive
electric field (i.e., and electric field parallel to the PDM) no
EI occurs, whereas it occurs strongly for a half-cycle pulse
with a negative electric field [see solid lines in Fig. 6(b)]
which is antiparallel to the PDM. This suggests that EI is
almost entirely induced by a half cycle with a negative elec-
tric field (i.e., antiparallel with the PDM).
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FIG. 5. (Color online) Total excitation probability for HeH>* for
the same laser frequency and pulse durations as in Fig. 4(a). The
same peak intensities as in Fig. 4 are considered: (a) I=5
X 10 W/em?; (b) =3 X105 W/cm?; (c) I=10" W/cm?. For
each intensity, results for the two CEPs ¢=0 and ¢= are shown.

Adding a period to this half-cycle pulse leads the pulse in
Fig. 6(c), and the corresponding ionization probability in Fig.
6(d) clearly shows not only a strong EI for ¢»=0 as expected,
but also an onset of EI peak for ¢=. This feature, super-
imposed with results in Fig. 6(b) for a half-cycle pulse, also
indicates that the occurrence of EI in Fig. 6(d) for ¢p= is
due to the presence of two half-cycles with a negative elec-
tric field in the corresponding pulse [dashed lines in Fig.
6(c)]: one near the turn-on and the other near the turn-off of
the pulse. However, as shown in Fig. 6(d), the ¢=0 orienta-
tion (for which the peak electric field is negative) leads to a
much stronger EI than the ¢=m orientation for which the
peak electric field is positive. With increasing pulse duration
[see Figs. 6(e) and 6(g)], the =0 case still dominates [see
Figs. 6(f) and 6(h)], but the strength of the asymmetry in EI
decreases rapidly. In other words, the asymmetry in EI de-
creases with increasing pulse duration. The reason is that by
increasing the number of oscillations in the pulse, one also
increases the number of half-cycles with a negative electric
field of the ¢=1r pulse, which boosts EI and thereby allows
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EI for ¢= to “catch up” on the EI for ¢=0.

A similar pattern is found for the excitation probability
shown in Fig. 7, where a strong EI is obtained using a half-
cycle pulse with the electric field oriented antiparallel to the
PDM (¢=0), whereas there is no EE obtained with a half-
cycle pulse having an electric field parallel to the PDM (¢
=1r). Also, for the same reasons as above for EI, this figure
illustrates the decreasing EE with the laser pulse duration. It
appears from the above results and discussions that EI is
always accompanied by EE, and that the orientation asym-
metry in EI and in EE decreases with the laser pulse time
duration. In the next section, we investigate the mechanisms
responsible for this asymmetry in EI and EE.

IV. MECHANISMS RESPONSIBLE FOR ASYMMETRIES
IN EI AND EE

The results discussed in the previous section suggest that
a half cycle with a negative electric field (i.e., a field that is

4 6 8 10 12 14
R (a.u.)

antiparallel to the PDM) is almost entirely responsible for the
occurrence of enhanced ionization. Therefore, investigating
the interaction of the molecule with a static electric field
having the same sign and intensity as the half-cycle would
help uncover the mechanism behind the EI and EE asymme-
tries. To explain the asymmetry in EI, we study HeH?* in a

static field F , which can be oriented parallel (P) or antipar-
allel (A) with the PDM. Using the complex basis (5), we
diagonalize the Hamiltonian

Hg=H+Fz (10)

of the system in the static field F=F e., for the two possible
orientations >0 (i.e., the P orientation) and F <0 (i.e., the
A orientation). The resulting eigenvalues (the so-called
quasienergies) are complex: their real parts are the energies
of the system dressed by the field and their imaginary parts
are the ionization rates of the corresponding states in the
static field [30].
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A. The field ionization mechanism

A tunnel ionization based interpretation for the asymme-
try in EI illustrated in Figs. 4 and 6 can be provided by the
so-called field ionization model, which has been used to ex-
plain EI for the case of homonuclear molecules [1-4]. For
this purpose we plot in Fig. 8 a restriction along the z axis of
the combined Coulomb potential V(r) added to the molecule-
static field interaction Hamiltonian Fz. For each internuclear
distance selected, we show results for F<0 (A orientation)
on the left column, and those for F>0 (P orientation) on the
right column. Needless to say, for homonuclear molecules
the left and right plots in Fig. 8 would be identical. We have
also shown in this figure the energies of the two lowest
dressed states 1so™ and 2po™ of HeH>*. Note that the star in
the exponent is added to indicate that we refer to correspond-
ing states in the presence of the external static field, i.e.,
energies of these states are eigenvalues of the Hamiltonian in
Eq. (10).

For the small internuclear distances illustrated in Figs.
8(a) and 8(b), the ground-state 1so™ energy level is deep in
the potential, but well above the maximum of the inner bar-
rier between the two wells. Needless to say, excited states are
also well above this inner barrier between the two wells.
Therefore, the ground state, as well as excited states effec-
tively experience a single well potential. It follows that for
such small internuclear distance, the ionization is atomiclike
and identical for the A and P orientations of the molecule.

As the nuclei move apart, the static field acts over a larger
distance and is more effective in lowering or raising the po-
tential barrier (via Fz coupling). At some critical internuclear
distance R, the ionization rate of the molecule is enhanced
because the electron can tunnel across or escape above the
narrow inner barrier [ 1-3] into the continuum [see, e.g., Figs.
8(c) and 8(d)]. Even if the ground-state level is not above the
inner potential barrier between the two wells, a strong cou-
pling of the ground state with excited states in higher levels
populates the latter [see, e.g., Figs. 8(d)], and thus provides
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FIG. 8. (Color online) Restriction along the internuclear axis z
of the combined Coulomb and static field potentials V(r)+Fz of
HeH?*, for various R’s (R=1, 4, and 14 a.u.) and for various orien-
tations of an external static field I’;=FEZ of strength |F|=0.29 a.u.
(I=3X 10 W/cm?). Left plots correspond to the A orientation
(F<0) and right plots to the P orientation (F>0). Energy levels of
the field-dressed 1so™ (solid lines) and 2po™ (dashed lines) states
are shown.

an indirect and easier path into the continuum via tunneling
through the narrow inner barrier from the populated excited
states [1]. This mechanism occurs at some intermediate in-
ternuclear distance R. and is well established as the main
mechanism for enhanced ionization in homonuclear
molecules [1-3].

This mechanism also occurs at a critical internuclear dis-
tance in our nonsymmetric case for both A and P orientations
of the molecule, justifying the occurrence of EI in each case.
However, a characteristic feature for nonsymmetric mol-
ecules is that the electron cloud is asymmetrically distributed
among the nuclei. As illustrated in Fig. 2, the electron cloud
in the lso state is localized on the He?* nucleus (left poten-
tial well in Figs. 8 and 9), whereas the electron cloud in the
2po state is localized on the proton (right potential well in
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FIG. 9. (Color online) Coulomb potential V(z) for a diatomic
nonsymmetric molecule (e.g., HeH?*) along the internuclear axis z
(solid line) and the Hamiltonian Fz (dashed lines) of the interaction
of the electron with the static field F =Fe.: (a) F=+0.29 a.u. cor-
responds to F parallel to the permanent dipole of the molecule
(PDM); (b) F=-0.29 a.u. corresponds to F antiparallel with the
PDM. The energy levels of the field-free states 1so and 2po are
indicated with horizontal lines. The arrows indicate the displace-

ment of the two energy levels by the applied field F.

Figs. 8 and 9). For the A orientation (F <0), increasing |F| or
R raises energy level of the left localized ground-state elec-
tron, while lowering the right potential barrier [see Fig.
9(b)]; thus the electron can tunnel through or escape above
the narrow internuclear potential straight into the continuum
[see Fig. 8(c)], thereby boosting the ionization rate. In con-
trast, for the P orientation (F > 0) the energy level of the left
localized ground-state electron is lowered while the right po-
tential barrier is raised [Fig. 9(a)]. Here ionization is hin-
dered because the electron has to tunnel through a much
wider left potential barrier to reach the continuum [see Fig.
8(d)]. This provides a first explanation of stronger EI for the
A orientation than for the P orientation, and consequently
provides a justification for a stronger ionization probability
for ¢=0 than for ¢=r.
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As ions further move apart beyond the critical internu-
clear distance R, [see, e.g., Figs. 8(e) and 8(f)], electrons are
increasingly localized on one or the other ions as the inner
barrier between the two wells raises and widens. This sup-
presses tunneling between the two wells, and with the de-
creasing influence of the Coulomb field of each nucleus on
the electron in the neighboring well, the ionization rate of the
molecule decreases at R > R,.. Thus for R> R, the ionization
rate becomes atomiclike and identical for F<<0 and F>0.

B. The energy crossings (avoided) mechanism

The field ionization mechanism described in Sec. IV A
does not explain the fact that EI is accompanied by a strong
EE illustrated in Figs. 5 and 7 for various intensities and
pulse durations. In particular, this mechanism does not ex-
plain the strong EI and EE observed for negative half-cycle
pulses in Figs. 6(b) and 7(b), which contrasts with the ab-
sence of EI and EE for the positive HCP in the same figures.
This suggests the contribution of another mechanism in ad-
dition to field ionization, which we discuss below.

Before investigating this mechanism, let us recall that the
Coulomb potential experienced by the electron due to the
two asymmetric nuclei is nonsymmetric with respect to the
plane that intersects perpendicularly with the internuclear
axis at the geometric center of the molecule. It follows an
asymmetric distribution of the electron cloud between the
nuclei along the molecular axis. Figure 9 shows a restriction
along the molecular axis z of the Coulomb potential V(r)
[given by Eq. (3)] experienced by the electron, as well as the
Hamiltonian Fz for the interaction of the electron with a
static field. The electron cloud in the lso state is predomi-
nantly localized around the He?* nucleus on the left in Fig. 9,
and this localization on He?" is increasingly pronounced as
the internuclear distance increases. In contrast, the 2po elec-
tron is increasingly localized around the proton on the right
plots in Fig. 9, as the internuclear distance increases. Figure
9(a) for the P orientation (F>0) clearly indicates that with
increasing R or with increasing |F|, the influence of the static
field is to move the lowest and left localized level 1so down,
while moving the highest and right localized level 2po up, so
that the two levels never cross each other. In contrast, for the
A orientation (F<0) illustrated in Fig. 9(b), the action of the
static field is to move the ground level 1so up, while bring-
ing the excited level 2po down, so that a crossing eventually
occurs with increasing R or with increasing |F|. Note that the
occurrence of this crossing requires that in the absence of
external field, the two lowest levels of the nonsymmetric
molecule be predominantly localized in different wells. In
other words, the two levels involved must not be degenerate
in the dissociating limit.

This picture is corroborated by quantum-mechanical cal-
culations in which we have computed the energies for the
two lowest 1so™ and 2po* states of HeH?* dressed by the

static field F, for various R values. The resulting potential
curves (i.e., the eigenvalues of the Hamiltonian Hg in Eq.
(10) vs R for the two dressed states 1s¢™ and 2po™ are plot-
ted in Fig. 10 for the A orientation (F<0), and for various
values of the field strength |F|. All plots in Fig. 10 indicate
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FIG. 10. Solid lines show energies of 1so™ and 2pc™ states of
HeH?* dressed by a static field F=F e. for negative field (i.e., F
<0 or F antiparallel to the PDM) shown: (a) F=-0.38 a.u. (5
X 105 W/cm?), where the inset is a zoom illustrating the avoided
crossing at R, between the two energy levels; (b) F=-0.29 a.u.
(3% 10" W/cm?); () F=-0.12 a.u. (5X 10" W/cm?). The left
and right energies given by Eqgs. (11) and (12) are represented by
circles and squares, respectively.

that with increasing R, the energy of the dressed ground state
1so™ is lifted up and undergoes an avoided crossing with the
energy of the first excited state which is moving down. An-
other important feature is that the internuclear distances at
which these avoided crossings occur increase with decreas-
ing field strength (the same pattern as EE and EI discussed in
the previous sections). In all cases these are truly avoided
crossings, as illustrated in the inset of Fig. 10(a), which is a
zoom in the vicinity of the crossing between the two energy
levels. In contrast, for the P orientation (F>0), the energy
of the dressed ground state 1so™ moves downward with in-
creasing R, so that there is no crossing with excited states.
The avoided crossings involving the ground state 1so™ in
Fig. 10 appear to have a stronger influence (compared with
the field ionization mechanism discussed in Sec. IV A) on
the asymmetries in EI and EE displayed in Figs. 4-7. Indeed,
the fact that the ground state moves up to undergo an
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avoided crossing with excited states strengthens the coupling
between the ground state and these excited states by the field,
resulting in an enhancement of the excitation probability (see
Figs. 5 and 7), as more population is easily pumped into
excited states. This enhancement of the excitation probability
is also due to the fact that fewer photon transitions are nec-
essary to transfer population from the ground state to excited
states near the avoided crossing. These strongly populated
excited states are closer to the ionization threshold than the
ground state, so that ionization is much easier via tunneling
or multiphoton processes. In other words, the avoided cross-
ings of the ground state with excited states for the A orien-
tation enhance the ionization rates via a two step mechanism:
(a) population of excited states and (b) tunnel and/or multi-
photon ionization from these excited states. For the P orien-
tation where the ground state moves away from excited
states with increasing R, the absence of this two step mecha-
nism leads to an absence of EI and EI for the half-cycle
pulses in Figs. 6(b) and 7(b), respectively. For more conven-
tional laser pulses EI and EE are stronger for ¢=0 than for
¢=m [see Figs. 4(b)-4(d), 5, 6(c)-6(h), and 7(c)-7(h)],
thanks to the absence of this two-step mechanism at the peak
of electric field for ¢=m (the corresponding peak half cycle
corresponds to F>0 or P orientation). As discussed earlier,
with increasing pulse duration, more and more half-cycles
corresponding to the A orientation occur in the pulse, thereby
allowing the ionization for ¢»=0 and ¢= to coalesce.

We now attempt to derive an approximate analytical for-
mula for the internuclear distance R, at which the crossings
between the two lowest levels are expected to occur, using an
approach similar to one used previously for homonuclear
molecules for over-barrier ionization [4]. Our derivation is
based on two assumptions. (i) In the dissociating limit (as-
ymptotically large R), the energies of the two crossing levels
are nondegenerate. These energies tend to the ionization po-
tentials of the residual atoms or ions in which the electron is
left. (ii) R, is large enough that it is fairly accurate to say
that the electron in each of the two crossing levels is local-
ized predominantly on one of the two wells. Indeed, for
small internuclear distances as illustrated in Figs. 8(a) and
8(b), the inner electronic potential barrier is so far below the
low lying states that the assumption (ii) that electrons are
predominantly localized in left or right potential wells is no
longer invalid.

As illustrated in Fig. 1, with increasing R the 1so energy
level tends to the ionization potential —/ 1=—Z%/ 2 of He",
whereas the 2po energy level tends to the ionization poten-
tial —I,=—Z3/2 of H. If the assumption (ii) is valid, then the
field-free energy of the electron in the left well (1so state) in
Fig. 9(b) is approximately —I;—Z,/R, where —Z,/R is the
Coulomb attraction due to the neighboring ion H*. In the
presence of the static field 7' <0, the energy of the electron in
this left well is lifted up by |F|R/2 to become

E; =—1,—Z,/R + |F|R/2. (11)
Using a similar approach, one can show that the energy of

the electron in the right well [2po state in Fig. 9(b)] in the
presence of the static field F <0 is approximately given by
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FIG. 11. (Color online) Magnitude of the static field F,, (the
corresponding intensity is shown in W/cm? on the right side of the
vertical axis) above which no crossing occurs between the two low-
est levels of a nonsymmetric diatomic molecule vs the electric
charges Z; and Z, of the nuclei (here, Z,=1). According to the
nonadiabatic model, level crossings occur only for molecule and
laser parameters below the curve.

ER:—[Z—ZI/R—|F|R/2. (12)

We shall discuss the accuracy of formulas (11) and (12) later.
A level crossing occurs when E; =Fjy, i.e., when

|FIR>= (I, - )R+ (Z,-Z,) =0. (13)

As expected, this equation is meaningful only if Z;#Z,
(i.e., for nonsymmetric molecules). In addition, Eq. (13) has
real (physical) solutions if

(I, - 1)’

=4|F 14
77, =4 (14)

or, equivalently, if (using 1 i=ZJZ-/ 2,j=1,2)
(Zy=2))(2,+2,)* = 16]F|. (15)

This indicates that for a diatomic molecule with nuclear
charges Z, and Z, there is a field magnitude |Fmax|
=(Z1-272)(Z1+Z2)2/16 above which no energy crossing
occurs even if F<0. Figure 11 shows |F,,,| for various
values of Z;, with a fixed Z,=1. It appears that the larger
the charge asymmetry in the molecule, the larger is |F,y-

When the conditions in Eq. (14) or (15) is satisfied,
then Eq. (13) has two mathematical solutions
R.=[(I,=1,) £\(I,-1,)>—4|F|(Z,~Z,)]/2|F|, which are plot-
ted in Fig. 12. As shown in Fig. 12, the solution R_ leads to
internuclear distances smaller than 1 a.u., which violates the
assumption (ii). In other words, the molecule is atomiclike
for such small internuclear distances [see, e.g., Figs. 8(a) and
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FIG. 12. (Color online) Mathematical solutions R_ and R, of the
quadratic Eq. (13), vs the static field strength |F|. The only physical
solution R, =R given by Eq. (16) is the internuclear distance at
which a crossing between the two lowest energy levels of HeH>*
occurs. The solution R_ is unphysical because it leads to very small
internuclear distances, for which the two wells of the diatomic mol-
ecule coalesce into a single well. Dots are the quantum-mechanical
values of R, obtained from the eigenvalues of the dressed Hamil-
tonian Hg in Eq. (10).

8(b)]; thus the concepts of left- and right-localized electrons
leading to Egs. (11) and (12) are completely meaningless.
Therefore, we discard R_ and retain only the larger R, solu-
tion as the physically acceptable internuclear distance at
which crossings are expected to occur, i.e.,

(I, = L) + (I — 1> = 4|F|(Z, - Z,)
2|F)

Ryos =R, = . (16)
Note that the above equation was misprinted in Ref. [16]
without the exponent 2 in the first term in the square root.
Equation (16) indicates that R, decreases with increasing
field strength |F|, and eventually violates the condition (ii)
when |F| becomes larger than F,,,. Finally, it is clear again
from Eq. (16) that these crossings occur only in nonsymmet-
ric molecules for which I, # I, and Z, # Z,.

The quantum-mechanical values of internuclear distances
R0 at which energy crossings occur [obtained from the ei-
genvalues of Eq. (10)] are compared with the predictions of
Eq. (16) in Fig. 12. One sees that the Eq. (16) agrees well
with quantum-mechanical results over a wide range of inten-
sities. It appears that the internuclear distance at which cross-
ings occur increases with decreasing laser intensity similarly
to EI and EE, which supports our interpretation that these
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crossings are responsible for EI and EE as illustrated in Figs.
4-7. As a matter of fact, the internuclear distances R, at
which EI and EE are maximum are very close to R.

The good agreement between the values of R, obtained
from Eq. (16) and from quantum-mechanical calculations al-
ready provides insight into the accuracy of the approximate
formulas (11) and (12). We further illustrate this accuracy in
Fig. 10, where we plot the potential curves for the dressed
Iso™ and 2po™ against the left and right energies given by
Egs. (11) and (12). One sees that at small internuclear dis-
tances for which the molecule is atomiclike, Egs. (11) and
(12) are quite inaccurate. This is expected because in this
case the condition (ii) is not satisfied. However, with increas-
ing R, for which the condition (ii) holds, the left energy E; in
Eq. (11) agrees very well with the energy of the left localized
Iso* state of HeH?*, while the right energy Ey in Eq. (12)
agrees with the energy of the right localized 2pc™ state of
HeH?*.

V. INFLUENCE OF THE CARRIER-ENVELOPE PHASE

So far, we have discussed the asymmetry in enhanced
ionization for the P and A orientations of the molecule,
which correspond only to the two carrier envelop phases ¢
=0 and ¢=mr, respectively. In this section, we perform a
more extensive analysis of the influence of the laser CEP on
EL Results are summarized in Fig. 13 where EI for HeH?* is
shown for various pulse durations and for CEPs ¢=0, ¢
=m/2, ¢=m, and p=37/2.

The much stronger EI for the CEP ¢=0 relative to ¢=1
has been shown in previous sections to be due to a negative
peak electric field in the pulse for ¢=0, as opposed to a
positive peak electric field for ¢p=. These two CEPs lead to
the maximum magnitude for the peak electric field achiev-
able for a given pulse duration, a maximum that occurs at the
center of the pulse. Thus, as illustrated in Figs. 13(a) and
13(c), the maximum peak electric field achieved in the pulse
for other CEPs is lower in magnitude compared to ¢=0 and
¢=1r. Therefore the strongest EI is obtained for ¢=0 and the
weakest EI for ¢=m [see in Figs. 13(b) and 13(d)], for a
given pulse duration.

Let us now consider results for the two pairs of CEPs ¢
=1/2 and ¢=37/2 which are also a phase 7 apart. This is a
quite interesting case, because for each CEP the correspond-
ing electric field [see Figs. 13(a) and 13(c)] has two domi-
nant peaks with the same absolute magnitude; one negative
and the other positive. The only difference between ¢
=m/2 and ¢=3m/2 is the timing of occurrence of the nega-
tive and positive peak half-cycles. Yet, substantial differ-
ences in EI are seen in the results, where the ionization rate
is much stronger for ¢=/2 than for ¢=3m/2. For ¢
=31/2, the first maximum of the electric field is positive,
i.e., it corresponds to a positive half-cycle which leads to
very negligible EI and EE, as discussed previously. During
the next half-cycle the electric field is negative, leading to a
strong EI and EE. However, for the ¢=7/2, the first maxi-
mum of the electric field is negative, leading to a strong EI
due to the field ionization mechanism and mostly the energy
crossing mechanism, which strongly populates excited states.
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The next peak of the electric field is positive and corresponds
to a positive half-cycle, which in this case (and in contrast to
the ¢=3m/2 case) also yield significant ionization arising
from excited states (easier to ionize via tunneling or multi-
photon processes) generated during the first peak of the elec-
tric field. This results in a stronger EI for ¢=1/2 than for
¢=3/2, a feature that is sustained for various pulse dura-
tions [see Figs. 13(c) and 13(d)].

Note also that with increasing internuclear distances, as
the electron becomes increasingly located on one nucleus,
the molecule becomes atomiclike, leading to identical ioniza-
tion rates for a 180° rotation of the molecule, i.e., results for
¢=0 are identical to ¢= at large R, and similarly for ¢
=m/2 and ¢=3m/2. Furthermore, as expected, the phase de-
pendence of EI increasingly disappears with increasing pulse
duration (see Fig. 13).

VI. INFLUENCE OF THE NONSYMMETRIC ELECTRON
DISTRIBUTION

Due to the strong charge asymmetry Z,—Z, between the
nuclei in HeH?*, the Coulomb repulsion between the two
nuclei makes this molecule unstable in its ground state.
Therefore, it is not a realistic representation of stable non-
symmetric molecules which are potentially good candidates
for experiments, and which have a much weaker charge
asymmetry. However, such molecules can be simulated in
the first approximation by adjusting effective charges Z; and
Z, on each nucleus, to reproduce the lower effective charge
asymmetry of nonsymmetric two-center molecules. In this
section we investigate the influence of the charge asymmetry
Z,—Z, on the phase dependence of EI illustrated in previous
sections.

probability of HeH>* vs R is
=0 — | shown on the right plots for the
laser pulses on the left: (b) and (d).
In all cases, the laser peak inten-
sity is 5X 10> W/cm? and the
frequency is w=0.114 a.u.

10 12 14 16

Internuclear distance R (a.u.)

Results are summarized in Fig. 14 for the two CEPs ¢
=0 vs ¢=r, where the ionization probability for a diatomic
molecule vs internuclear distance R is shown for increasing
charge asymmetry between the two nuclei, starting from the
H,* case (Z,=Z,=1). These results indicate that except for
the homonuclear molecule case in Fig. 14(a) where identical
results are obtained for the two CEPs, there is a strong phase
dependence of EI on the nuclear charge asymmetry Z;—2,.
Identical results for ¢=0 and ¢=m is expected, as a 180°
rotation of the homonuclear molecule leaves ionization un-
changed. Therefore, the asymmetry in EI for ¢=0 vs ¢=17is
solely due to charge asymmetry between the nuclei.

Note, however, that for a charge asymmetry as small as
10% in Fig. 14(b) (i.e., Z;=1.1 and Z,=1), results show a
significant phase dependence of EI. This clearly suggests that
the dependence of EI on CEP can be expected in more stable
nonsymmetric molecules (which are also most possible can-
didates for experiments) which have a weaker nuclei charge
asymmetry than HeH?*, such as alkali-metal hydrides LiH*
and halogen compounds such as HCI* [31]. In general, Fig.
14 illustrates that the asymmetry in EI for ¢=0 vs ¢=m
increases with increasing charge asymmetry Z,—Z,, with
stronger EI for ¢=0 as found for HeH*".

VII. SUMMARY AND CONCLUSIONS

Using an ab initio approach involving the solution of the
three-dimensional time-dependent Schrodinger equation for
diatomic molecules interacting with intense ultrashort laser
pulses, we have shown that heteronuclear (nonsymmetric)
molecules exhibit a strong sensitivity of EI on the laser CEP,
a sensitivity that is absent in homonuclear (symmetric) mol-
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FIG. 14. (Color online) Phase
dependence of EI for various
charge asymmetries between the
two nuclei: (a) for Z;=Z,=1; (b)
for Z,=1.1 and Z,=1; (c) for Z,
=1.6 and Z,=1; (d) for Z;=2 and
Z,=1. In each case, two molecular
orientations (i.e., two CEPs ¢=0
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and ¢=1r) are considered. The la-
ser pulse used in all cases has a
frequency w=0.114 a.u., and a to-
tal duration of three laser cycles.
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ecules. Our investigation first focused on HeH?* with two
CEPs ¢=0 (for which the peak electric field of the pulse is
antiparallel with the dipole of the molecule) and ¢=1 (for
which peak electric field is parallel with the dipole). EI is
found to be substantially stronger in general for ¢=0 than
for ¢=1r, and to be accompanied by a strong EE. This EI
asymmetry (¢=0 vs ¢=m) is shown to be solely due to the
nonsymmetric distribution of the electron cloud among the
nuclei. We also show that in addition to the field ionization
mechanism, the level crossing mechanism contribute
strongly to this EI asymmetry (¢=0 vs ¢=1r). The level
crossing mechanism is proposed as a new physical mecha-
nism relevant to nonsymmetric molecules, whereby a level
crossing occurs between the energy levels of the ground and
the excited states when the electric field of the laser pulse is
antiparallel with the permanent dipole of the molecule
(¢=0). This level crossing leads to a strong population of the
excited states, which in turn boosts EI.

This mechanism also nicely explains the sensitivity of EI
and EE for other values of the CEP, as well as the fact that
the strength of these CEP effects increases for increasingly
short pulses and decreases with increasing laser pulse dura-
tion. We have also proposed a semiclassical nonadiabatic
model, which explains the level crossing mechanism, and
yields the internuclear distance at with EI, EE, and the en-
ergy level crossing occurs with good accuracy.

Internuclear distance R (a.u.)

The strong nuclear charge asymmetry in HeH?* leads to
an unstable ground state, so that HeH?* is quite different
from realistic molecules which usually have a weaker charge
asymmetry and which can possibly be used in experiments.
To account for this, we performed simulations by assigning
non-integer effective charges to the nuclei, leading to a
weaker charge asymmetry. The results show that the sensi-
tivity of EI to the laser CEP remains strong even for non-
symmetric molecules with a very weak charge asymmetry.
This indicates that the nonsymmetric distribution of the elec-
tron cloud among the nuclei is critically responsible for the
CEP sensitivity of EL

The strong orientation and CEP dependence of EI as
shown in the present simulations for one-electron nonsym-
metric molecular systems could find applications in the con-
trol of the ionization of complex molecules [32], in the laser
assisted population inversion in heavy ion collisions for
x-ray laser production [33], and finally in the imprinting of
nanostructures in heteroatomic lattices with ultrashort
intense few cycle pulses [34].
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