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Nonperturbative time-dependent density-functional theory of ionization and harmonic generation
in OCS and CS; molecules with ultrashort intense laser pulses: Intensity and orientational effects
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Molecular high-order harmonic generation (MHOHG) and molecular orbital ionization rates are calculated for
the nonsymmetric OCS and symmetric CS, molecules using numerical solutions of Kohn-Sham (KS) equations of
time-dependent density functional theory in the nonlinear nonperturbative regime of laser-molecule interactions
for different laser-molecule orientations and intensities. It is found that the ionization of inner-shell KS molecular
orbitals contributes significantly to the ionization and MHOHG processes for intensities 7 > 3.5 x 10'* W /cm?.
Ionization rate maxima correspond to the alignment of maximum KS orbital densities with the laser pulse
polarization instead of orbital ionization potentials. Furthermore, degeneracies of orbitals are removed as a
function of laser-molecule angle, thus affecting ionization rates, the MHOHG spectra, and their polarizations,

the latter allowing for identifying inner-orbital ionization.
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We report in this paper the nonlinear nonperturbative
response to short (few cycles) intense laser pulses of the
nonsymmetric OCS and symmetric CS, molecules. The time-
dependent density functional theory (TDDFT) Kohn-Sham
(KS) equation for each occupied molecular orbital (MO)
in these molecules was discretized in space using finite-
difference (FD) grid techniques as reported earlier for CO,
and other molecules [1,2]. We have used the Van Leeuwen and
Baerends [3] potential (LB94), which introduces a gradient
correction to the local density approximation exchange corre-
lation so as to reproduce correctly the Coulomb asymptotic
behavior of the potential. It reproduces KS MO negative
energies [1,4,5] nearly equal to the ionization potentials (IP)
obtained from photoelectron spectra, which are only accurately
given normally by many-body Dyson orbitals [6]. The bond
length has been set to its experimental [7—10] value, i.e., OCS
bonds length are CS = 0.156 nm, CO = 0.1157 nm, and CS =
0.155 nm for CS,, and these molecules are oriented along the
z axis. The time-dependent ionization probability P; ,(¢) of an
individual spin-orbital is calculated [2] as

Pio(t) =1— Niqs(0), D

where N;,(t) = (Y o(r,t)| ¥ o(r,t)) is the time-dependent
population (survival probability) of the i,oth spin population.
The number of electrons inside the grid of volume V and
remaining population are
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where n(r,0) =23 |, (,0)]> is the total number of
electrons in the initial state (without external field). The total
ionization yield probability y (¢), computed at the final time
t; of the propagation, is then obtained from the difference
between initial and final probability B(¢y) in Eq. (2) and
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tabulated in Table I for different laser-molecule angles 6 and
intensities.

The power spectrum of the dipole acceleration d.(¢) in a
given direction yields the predicted MHOHG spectra [11,12]
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Recent work has shown that the most accurate method for
generating the MHOHG spectra when dealing with molecular
systems [5,11,12] is to calculate the dipole acceleration
d.(t) from the exact time-dependent function according to
Ehrenfest’s theorem.

We have investigated the time evolution of some relevant
KS orbitals illustrated in Fig. 1 for zero field. Three angular
orientations of the molecular z axis with respect to laser
polarization are considered: & = 0°, 45°, and 90°. Results
using two laser intensities ranging from lower 3.5 x 10'
to higher 1.4 x 10" W/cm? are displayed in Fig. 2(a) for
the CS, molecule and in Fig. 2(b) for the OCS molecule.
Evidence of a strong dependence of the KS remaining orbital
population N; ,(¢) with the laser intensity is observed. It
emerges as expected that, in general, the KS MO ionization
is most important for CS, due to its lower IP as compared
to OCS. When 6 = 0° (laser and molecule parallel to the z
axis), for symmetry reasons the two components of each w
orbital have the same behavior as they are degenerate. For
the lower laser intensity I, = 3.5 x 10'* W/cm?, one sees
that the highest occupied molecular orbital (HOMO) shows as
expected the dominant response to the laser field. It is followed,
respectively, by the inner-shell orbitals 30 /30, (HOMO-1
for OCS and HOMO-2 for CS, respectively). As the laser
intensity increases, it emerges that the HOMO does not remain
the most affected by the external laser field. Instead, our
DFT/LB94 calculation shows that the ionization of the inner
30 /30, molecular orbital dominates so that it exceeds that of
the HOMO and, thus, can become the dominant response to
the field. This behavior of the 7 antibonding HOMOs under
high laser intensity is related to their symmetry, which has a
nodal plane containing the molecular axis. This gives rise to a
low ionization yield when aligned parallel to the laser electric
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TABLE I. Computed total ionization yield (%) y (¢;) Eq. (2) for selected values of 6 and laser intensities. Values are given in percentages.

I, =3.5 x 10" W/cm?

I=14x10" W/cm?

0 0° 45°
CS, 5.5 6.3
OCS 2.9 32

90° 0° 45° 90°
49 8.8 10.8 6.3
2.7 6.1 7.2 52

field, while the 30, /30 MO (for OCS and CS, respectively)
has the right symmetry (MO shape) to interact with the laser
field as its density is maximum parallel to the field. One
notes also that the ionization of the inner bonding 1w, /17
MO is increasing with the laser intensity. At angles 6 = 45°
and 90°, the symmetry behavior of the different components
of the 7 orbital is broken (degeneracy is removed) and we
have renamed them as following: components of the 1m,
of CS, are lm,x, lm,y and those of the 1 m of the OCS
are lmx, 1 mwy perpendicular to the molecular z axis. When
6 = 45°, independently of the laser intensity applied on
the two molecules, evidence of the ionization enhancement
(compare to § = 0° case) of the HOMO is clearly visible
for the two molecules. The high ionization of the HOMO
is followed by that of the inner lm,/l7 and 30,/30c MO
orbitals. The enhanced ionization of the HOMO is the result
of the additional effects of its lower IP and its alignment
along the laser polarization axis at 8 = 45° as found earlier
for the one electron H,* [13]. The total orbital ionization
yield is found to be higher for CS, than for OCS. Finally,
when 6 = 90°, once again, one finds that the KS MOs
of CS, ionize more than that of OCS. One finds also that
independently of the laser intensity, the HOMO remains the
most affected by the field. For the high laser peak intensities
14 x 101 W/cmz, a net difference is noticeable on the
inner KS MOs ionization behavior of the two molecules.
For the CS, case [Fig. 2(a)], the ionization rate of the 17w,y
component of the HOMO is followed by that of the inner
bonding 1 w,y component of the HOMO-1. At high laser
intensity, the ionization rate of the 1m,y gets closer to that
of the HOMO 1 ¢y because its density is maximal along the
laser polarization. In the case of OCS [Fig. 2(b)], one notes by
comparison with the CS, case that, as the laser is increasing,
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FIG. 1. (Color online) DFT/LB94 images of the KS molec-
ular orbitals of OCS and CS,. Only the three highest relevant
occupied molecular orbitals, HOMO, HOMO-1, and HOMO-2,
are shown with their energy Exs and ionization potential IP
(in the brackets). Equilibrium geometries parameters have been
used.

the two components of the HOMO (2ry, 2mx) present the
dominant response to the laser field. This is because the HOMO
and the HOMO-2 of the OCS have almost the same shape
(density), therefore, the HOMO ionizes faster due to its lower
IP.

In conclusion, we find that the KS HOMO ionization
increases for both the OCS and CS, from 6 = 0° and reaches a
maximum when the molecule is aligned at an angle around
45° with respect to the direction of the laser polarization
(along the z axis), and then decreases at larger angles towards
90°. To see how the molecular orientation as well as each
KS orbital contributes to the total molecular ionization, we
display in Table I the total molecular ionization yield [see
Eq. (2)] as a function of the laser intensity and molecular
orientation 6.
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FIG. 2. (Color online) Orbital population N;,(¢) of CS, and
OCS at different laser intensities and for fixed angles 6 between
the molecular z axis and the laser polarization direction. Only the
relevant KS orbitals that possess an important response to the laser
field are shown with their label.
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FIG. 3. (Color online) MHOHG spectra of CS, for fixed angles
6 = 0°, 45°, and 90° between the molecular z axis and the laser
polarization direction. Laser pulse duration, eight optical cycles,
peak intensity I, = 3.5 x 10'* (a) and 1.4 x 10" W/cm? (b) and
wavelength 800 nm. Minima are shown by arrows.

In general, the CS; ionizes more than the OCS molecule
due to its lower IP. The ionization is significantly enhanced
at higher laser intensity in the case 8 = 0° than the case of
6 = 90°. This is attributed to the KS MO geometry of the linear
molecule. In fact, at & = 0°, the molecular ionization yield is
high due to the fact that the two components of the HOMO
behave in the same manner (same ionization rate) and due to
the additive contribution played by the inner 30, /300 MO, the
densities of which are aligned along the laser polarization axis,
whereas for 6 = 90°, only one component of the HOMO as
well as HOMO-2 is very active in the presence of the laser
field.

We have illustrated above the importance of inner-orbital
(inner-shell) ionization as laser intensities are increased
[Figs. 2(a) and 2(b)]. This inner-orbital ionization first iden-
tified in Cy;Hy [14] and N, [15] has been recently explored
to confirm interferences in MHOHG of N, [12,16,17] and
CO, [18]. Examination of the MHOHG spectral intensities
of CSrat I =3.5 x 10 W/cm? and I = 1.4 x 105 W/cm?
[Figs. 3(a) and 3(b)] shows for parallel orientation 8 = (°
a minimum at harmonic orders N =~ 21, N ~ 31. For 0 =
45°, the y and z components (perpendicular and parallel to
the molecular axis) of the MHOHG spectral have the same
shape and a minimum is observed near the harmonic order
N = 31. When the laser polarization is perpendicular to
the molecular z axis 6 = 90°, a more diffuse spectrum is
obtained. The symmetric CS, as for CO, can be treated
as a two-center ionization and recombination system with
emitter interference for one photon recombination [11,19-24]
due to recollision of the ionized electron. An important
factor in describing the recollision (recombination) ampli-
tude is the gauge formulation, which, due to approxima-
tions in the strong-field approximations (SFA) [23], gives
inequivalent recombination amplitudes in different gauges
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[11,19,25]. We use in this work the acceleration gauge
Eq. (3), which provides the most consistent comparison
with one electron TDSE numerical result [11,12]. Thus,
for sums of atomic orbitals, bonding molecular orbitals of
symmetry o, and m,, both ionization and recombination
amplitudes [12,25] will have two-center interference pattern
modulations proportional to cos(p,.R/2) whereas antibonding
antisymmetric atomic orbital combinations of symmetry o,
and m, produce a sin(p..R/2) interference for electron
momentum p, = 2w /A, (a.u.) at internuclear distance R.
In Fig. 3(a), we present the MHOHG spectra for the
symmetric CS, where electron recombination is expected
to occur to the antibonding 7, HOMO as illustrated in
Fig. 1. Maximum MHOHG intensities should therefore be
generated for electron momentum p, parallel to R, i.e.,
0 = 0°. Figure 3(a) shows the MHOHG at the lowest
laser intensity 7 = 3.5 x 10" W/cm?. A clear minimum
occurs for & = 0° at harmonic order N =~ 21 for which the
recombining electron momentum p, = (2Nw)!/? = 1.62 a.u.
corresponding to a wavelength A, = 0.2 nm. At 6 = 45°,
where the ionization is maximum due to the symmetry
of the orbital (Table I), the minimum is shifted to larger
harmonic order N ~ 30, for which p, = 1.84 au. and
Ae = 0.18 nm. The effective recombination wavelength is
now A./+/2 = 0.13 nm. The latter satisfies approximately
the destructive interference criteria sin(R/A.+/2) ~ 0 since
R = 2Rcs = 0.31 nm. Finally, at & = 90°, a broad spectrum
is obtained with no significant minimum as compared to
the & = 45° orientation where a decrease by three orders
of magnitude is observed in the MHOHG intensities at
N ~ 30. At the higher intensity / = 1.4 x 10" W/cm?
[Fig. 3(b)], minima occur for parallel orientation 6 = 0°, at
orders N & 35, 95. The corresponding recombination electron
wavelengths are A, = 0.17 and 0.10 nm, thus satisfying
again the destructive interference criterion sin(wr R/A.) =~ 0.
At 6 = 45°, the separate field components E, and E,
behave differently. The E, component parallel to the molec-
ular axis exhibits three minima at orders N ~ 30, 60,
and 115, whereas the E, component has no minimum
but rather a maximum at I = 1.4 x 10 W/cm? at
N = 115. The E, minima correspond to effective electron
recombination wavelengths A,/./2 = 0.13, 0.1, and 0.06 nm,
thus satisfying the destructive interference criterion for cen-
trosymmetric 7 , orbitals sin(7 R/A.+/2) ~ 0. The maximum in
E, at N~ 115 suggests contribution from the bonding HOMO-
1, i.e., the , orbital for which cos(wR/A.+/2) =~ 1, and its
ionization rate is 50% of the w, HOMO. This result should
be measurable as elliptically polarized harmonics around
N=115.

Figure 4 illustrates the MHOHG spectra of the nonsym-
metric OCS at intensities 7 = 3.5 x 10'* W/cm? [Fig. 4(a)]
and 1.4 x 10" W/cm? [Fig. 4(b)]. As illustrated in Fig. 1,
the 20 HOMO is now mainly concentrated at the O
and the S atoms with a node at C with total internu-
clear distance Rps = 0.27 nm. At the lower intensity I =
3.5x10" W/cm? [Fig. 4(a)], one observes two minima in
the MHOHG spectrum at harmonic order N = 15 and 37.
The corresponding recombining electron wavelengths are
Ao = 0.26 and 0.16 nm, corresponding to R and R/2 in OCS.
This satisfies the maximum interference (minimum intensity)
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FIG. 4. (Color online) MHOHG spectra of OCS for fixed angles
6 = 0°, 45°, and 90° between the molecular axis and the laser
polarization direction. Laser pulse duration, eight optical cycles, peak
intensity I, = 3.5 x 10'* (a) and 1.4 x 10" W/cm? (b). Minima are
shown by arrows.

criteria sin(w R/A.) ~ 0. Clearly, the density node in the
OCS 27 HOMO at the C atom, which results in the phase
change at the O and the S atoms, is a major consequence
of the negative interference in the recombination amplitude.
At 90°, where negligible interference is expected since p,
is perpendicular to R, a slight minimum is observed at
N = 25, reflecting perhaps the neglect of field corrections
to both continuum and bound-electron wave functions since
electron recombination at low harmonic order generally occurs
in the nonzero field for multicenter systems [11,12]. This
minimum at 90° is intensified and shifted to higher order
N ~ 30 at the higher intensity 1.4 x 10'> W/cm?, whereas
for the parallel configuration # = 0°, two minima occur at
N =~ 40 with A, = 0.16 nm and at N = 100 with A, = 0.1
nm, which again correspond approximately to R/2 and R/3,
thus satisfying approximately the simple rule sin(wR/A,)
~ ( for minimum intensity due to two-center interference.
We note that, at 6§ = 45° in Fig. 4(b) for OCS, the E,
and E, field components of harmonics behave differently
compared to CS, [Fig. 3(b)]. The E; component in OCS
has two identifiable minima at N = 40 and 80 with effec-
tive recombination wavelengths ./,/2 = 0.11 and 0.08 nm
satisfying the destructive interference rule sin(m R/A.+/2) &
0. The E, component of OCS has no clearly discernible
minimum as compared to CS; [Fig. 3(b)], where a minimum
in the E, component at N = 115 becomes a maximum in
the E, component. In CS,, this is attributed to an increas-
ing contribution of the bonding w7, HOMO-1 [Fig. 2(a)],
resulting to an enhancement of elliptically polarized
harmonics [26].

The nonlinear nonperturbative TDDFT calculations pre-
sented in this paper for symmetric CS, and nonsymmetric OCS
tri-atoms address MHOHG occurring from MO ionization at
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high laser intensities. The results reveal a strong dependence
on molecular orientation and laser intensities. In general,
MHOHG with the highest signal intensities are obtained when
the laser polarization axis is along a major axis of electron
density in the MOs, and those with the lowest signal intensities
occur when the laser polarization axis is parallel with a nodal
plane in the MO. The difference in the MHOHG spectrum
of the two molecules between the orientation 6 = 90° and 0°
is found arising from the ionization of inner-shell MOs and
the nature of the two nuclei in the presence of the laser field.
In fact, for CS,, two sulfur nuclei experience differently the
laser field (potential energy difference) at & = 0°, whereas at
0 = 90°, they experience the same tunneling ionization and the
resulting wave packets are driven by the laser, thus, not leading
to significant destructive interference. For OCS, the HOMO
located on the oxygen and the sulfur nuclei behaves as in CS;
for & = 0°, whereas at 6 = 90°, the two nuclei experience
a different tunneling ionization due to their electronegativity
difference. Ionization is found higher for CS, than for OCS
due to their IP difference. In addition, molecular ionization
is found lower when the molecular axis is perpendicular
to the laser-electric-field polarization as compared to the
parallel case for the molecules CS; in agreement with single
continuum-bound recombination amplitude in the acceleration
gauge. Furthermore, the MHOHG spectra show in the plateau
region at different molecular orientation that intensity of
harmonics can be weak. In general, for intensities above
I = 3.5 x 10'* W /cm?, inner-shell orbitals, i.e., lower highest
occupied molecular orbitals (HOMO-1 and HOMO-2) with
larger ionization potentials than the highest occupied orbital
(HOMO) can contribute considerably to total ionization.
The main reason is that these inner-valence orbitals have
fewer nodes than the HOMO and, therefore, for certain laser
polarization, the density of these lower (but higher IP) orbitals
at the laser-molecule angle 6 is much larger than the HOMO.
At angle 6 = 45°, the degeneracy of m orbitals is removed
by the laser, resulting in different MHOHG polarization
components E, and E.. This should result in enhanced
elliptically polarized harmonics. As a general rule, we note
that the ionization is generally enhanced as the molecule is
aligned along the major axis of the electron distribution in
the active molecular orbital. It should be emphasized that,
while the LB94 potential in the present TDDFT calculation
yields good molecular orbital ionization potentials IP, further
study of MHOHG including the nuclear separation distance
effects such as recently reported [27] for H, and using more
accurate exchange potentials based on long-range—short-range
corrected models [28,29] offer scope for future accurate
characterization of MHOHG processes in large molecules.
We note, finally, that OCS and CS, are highly polarizable
molecules and require dipole and polarizability Stark correc-
tions to tunneling [30] and SFA theories [31]. Interference be-
tween dipole and polarizabiliy effects in strong fields has been
earlier suggested as a means of controlling transition states in
chemical reactions [32,33]. Such nonlinear effects will depend
on carrier envelope phase (CEP) for ultrashort pulses in non-
symmetric molecules [34] and offer further scope for studying
MHOHG and polarization of the harmonics in multicenter
molecules.
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