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The ionization and fragmentation dynamics of acetylene and the hydrogen molecule driven by
strong short circularly polarized laser pulses are investigated within the framework of the Time—
Dependent Density Functional Theory coupled with the Ehrenfest dynamics. The effects of align-
ment are considered and the dynamics are compared to that driven by linearly polarized pulses. It is
found that the coupled ion-electron dynamics of both molecules driven by circularly polarized pulses
follow the enhanced ionization mechanism, as was found in previous theoretical studies with linearly
polarized pulses. A moderate localization asymmetry in the ionization dynamics of the hydrogen
molecule was also found, in qualitative agreement with previous experimental investigations.



I. INTRODUCTION

The interaction of molecules with strong short laser
fields involves the complex coupled dynamics of fast
moving electrons and slow moving nuclei[1-6]. There
are many important applications for strong short pulses,
e.g. ultrafast imaging[7, 8], high-harmonic generation[9—
11], and quantum control[12-14].  Of particular in-
terest is multi-electron ionization, the simplest case
being double ionization. Double ionization may be
broadly divided into two categories: sequential[l5, 16]
and nonsequential[17-21]. For sequential double ioniza-
tion (SDI) each electron is ejected one at a time, a process
well described by the single-active-electron model [22-
25]. In nonsequential double ionization both electrons
are ejected simultaneously, and the electron dynamics are
therefore highly correlated[26].

For a linearly polarized laser pulse, the dominant
mechanism for nonsequential double ionization is that
of electron recollision, where first an electron is ionized
and then upon reversal of the field the electron is driven
back to the parent molecule where the recollision leads
to excitation or ionization of a second electron [27, 28].

Previously it was expected that in a circularly polar-
ized laser field the recollision processes would be sup-
pressed since there is no reversal of the laser field. Xie et
al. [29] experimentally observed the CHj /H* fragmen-
tation channel of acetylene (C3Hs) induced by either a
linearly or circularly polarized laser pulse pulses. It was
found that H' ion kinetic energies greater than 4.5 eV
were suppressed for the circularly polarized pulse, despite
its similar intensity and duration to the linearly polarized
pulse. This was attributed to the suppression of nonse-
quential double ionization events such as recollision.

On the other hand, Non-Sequential Double Ionization
(NSDI) events have been experimentally observed for the
molecules NO and Os subjected to circularly polarized
pulses[30]. Theoretically, Tong et al.[31] used a clas-
sical ensemble approach to show that NSDI occurs for
Hs driven by a circularly polarized pulse. Furthermore,
they showed that the NSDI is due to a recollision pro-
cess where an electron localized at one ion site is driven
along an elliptical path to the other ion site. The first
electron then collides with and ionizes the second elec-
tron. This recollision process becomes more probable for
extended molecular geometries. Yuan et al.[11] solved
the two-dimensional time-dependent Schrodinger equa-
tion for HJ and showed that recollision electron dynam-
ics with extended molecular geometries may also be used
in the generation of high-order elliptically polarized har-
monics.

In addition to the dependence on bond length, the ion-
ization of molecules is also dependent on the alignment

of the molecule relative to the polarization vector. For
a linear molecule, the alignment is uniquely determined
by the angle between the molecular axis and the laser’s
polarization vector. Ionization is maximized when this
angle is zero[32, 33]. In a circularly polarized laser field,
angular streaking deflects the ionized electron. This an-
gular streaking occurs since the Coulomb potential pro-
duced by the nuclei of the molecule is not spherically
symmetric[34]. If the tunneling ionization time is instan-
taneous and the initial electron momentum is zero, then
the circularly polarized field deflects the ionized electron
by 90°. Hence for linear molecules, the peak of a mea-
sured photoelectron spectrum is typically perpendicular
to the molecular axis[35, 36]. However, measurements
of the ionization H;‘ give peak ionization angles between
15° and 45°[37, 38], implying a more complex electron
dynamics.

Bandrauk et al.[39] considered the effects of the en-
hanced ionization of H; driven by a circularly polarized
pulse with polarization vector always perpendicular to
the molecular axis. By solving the 3D Schrodinger equa-
tion for various extended bond lengths, they obtained
ionization rates as a function of bond length. They found
that the ionization rate increases and then plateaus as the
bond length is increased.

In this manuscript we present an in depth investiga-
tion of the coupled ionization and fragmentation dynam-
ics of Hy and CyoHs driven by circularly polarized strong
laser fields by performing Time-Dependent Density Func-
tional Theory (TDDFT) calculations coupled with the
Ehrenfest dynamics. We consider various intensities and
pulse durations typical in experiment[5, 29], two differ-
ent alignments, and compare the dynamics driven by a
circularly polarized pulse to linearly polarized pulses of
similar strength.

In section II we shall discuss the computational details
of the TDDFT simulations, and in section IIT we describe
the results of the simulations, and in section IV we give
a short discussion comparing our results with previous
theoretical and experimental investigations.

II. COMPUTATIONAL DETAILS

The electron dynamics in the simulations were mod-
eled using Time Dependent Density Functional Theory
(TDDFT)[40] on a real-space grid with real-time propa-
gation. Core electrons, which are difficult to handle com-
putationally, were represented using norm-conserving
Troullier-Martins pseudopotentials [41].

At the beginning of the TDDFT calculations the
ground state of the system is prepared by performing
a density functional theory calculation. Next, the time—
dependent Kohn—Sham orbitals, ¢ (r,t), are determined
by solving the time—dependent Kohn—Sham equation
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where k is a quantum number labelling the orbital. The
Hamiltonian above is given by
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Here p denotes the electron density, which is defined by
a sum over all occupied orbitals:

pr.t) = 3 20 (e ), 3)
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where the factor of 2 accounts for there being two elec-
trons in each orbital (via spin degeneracy).
Vi in eq. 2 is the Hartree potential, defined by
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and accounts for the electrostatic Coulomb interactions
between electrons. Vxc is the exchange—correlation po-
tential, whose exact form is a complicated functional of
the entire history of the electron density. This func-
tional was approximated use the adiabatic local-density
approximation (ALDA) with the parameterization of
Perdew and Zunger [42]. The last term in eq.2, Vext,
is the external potential, which includes the implicitly
time—dependent potential due to the ions, Vion, and the
explicitly time-dependent potential due to the electric
field of the laser Vjaser- Vion is @ sum of norm-conserving
pseudopotentials of the form given by Troullier and Mar-
tins [41] centered at each ion.

Vaser 18 described using the dipole approximation,
Viaser = T - E(t), with the time-dependent circularly po-
larized electric field given by,

+ Ky sin(wt + ;T)) . (5)
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The parameters a, tg, and F.x define the width, ini-
tial position of the center, and the maximum amplitude
of the Gaussian envelope, respectively. w describes the
frequency of the laser. k; and ks are orthogonal unit
vectors defining the polarization electric field.

In our calculations, the time—dependent orbitals are
propagated using a fourth-order Taylor expansion of the
propagator, so that the propagation of the Kohn-Sham
orbitals over a very short time step, dt, is given by,
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The operator is applied for N time steps until the fi-
nal time, tgna = N - 6t, is obtained. While the Taylor—
propagation is not unconditionally stable, for time steps

chosen to suitably small the propagation is very stable.
The advantage of the Taylor-propagation is that its sim-
ple form only requires the repeated action of the Hamil-
tonian on the wave function. A review and comparison of
the advantages and disadvantages of different time prop-
agating schemes in TDDFT can be found in Ref. [43].

In real space TDDFT the Kohn-Sham orbitals are rep-
resented at discrete points in real space. In practice these
discrete points are organized in a uniform rectangular
grid, and the accuracy of the simulations are controlled
by adjusting a single parameter: the grid spacing. At
the walls of the simulation cell we enforce the boundary
condition that the Kohn-Sham orbitals are zero at the
walls. When a strong laser field is applied, ioniation may
occur and the zero—boundary condition can lead to an
unphysical reflection of the wavefunction off the walls of
the simulation cell. To prevent this we implemented a
complex absorbing potential (CAP) with the following
form, given by Manolopoulos [44]:
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where x; is the start and x5 is the end of the absorbing
region, Ax = x9 — x1, ¢ = 2.62 is a numerical constant,
m is the electron’s mass and
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As the molecule is ionized by the laser field, electron
density will travel to the edge of the simulation box where
it is absorbed by the CAP. The total electron number,

N(t) = /V plr.t)d, (9)

where V is the volume of the simulation box, will there-
fore diverge from the initial electron number, N(0). We
interpret N(0) — N(t) as the total ionization of the
molecule.

Motion of the ions in the simulations were treated clas-
sically. Using the Ehrenfest theorem [45], the quantum
forces on the ions due to the electrons are given by the
derivatives of the expectation value of the total electronic
energy with respect to the ionic positions. These forces
are then fed into Newton’s Second Law, giving
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where M; and Z; are the mass and pseudocharge (va-
lence) of the i-th ion, respectively, and Nio,s is the total
number of ions.

The computational results presented in the next sec-
tion use the following parameters. The rectangular box



is given by L, = L, = L, = 34 A. The molecular axis
lies in the x direction. The grid spacing is 0.25 A in each
direction. The CAP is nonzero in a region 5 A from the
walls of the simulation cell. The time step for the propa-
gation of the wave function is ¢ = 0.0007 fs. The equa-
tion of the ionic motion (eq. 10) is solved with the Verlet
algorithm with time step 0.0028 fs. These parameters
lead to very well converged results. The calculated ion-
ization potential is 11.8 eV for CoHs, comparable with
the experimental value 11.4 eV [46].

III. RESULTS
A. H

In this section we present the simulation results for the
Hs molecule. In the first subsection the molecular axis is
aligned parallel to one of the circularly polarized pulse’s
polarization vectors, and in the following subsection the
molecular axis is perpendicular to both of the circularly
polarized pulse’s polarization vectors.

1. Polarization vectors along the x and y azes

Columns (1-2) of Fig. 1 show the ionization and frag-
mentation of an Ha molecule driven by circularly polar-
ized laser pulse whose polarization vectors, k; and ko,
lie along the x and y axes respectively (see eq.5). The
linear molecule initially lies along the x axis. Two laser
intensities, and 4 - 10 and 14 - 1014%, and two full
width half maximum (FWHM) pulse widths, 4.5 and 25
fs, were considered for a total of four laser pulses. The
wavelength of all considered pulses is 790 nm. We also
compare these results to two separate simulations where
the dynamics are driven by linearly polarized pulses of
the same intensity and pulse width. We consider linear
polarizations aligned along either the x or y axis.

As shown in Fig. 1.a, a circularly polarized laser pulse
of intensity 4 - 104 c})nvz and pulse width 4.5 fs, ionizes
the molecule by 0.63 electron. The pulse is too weak to
break the H-H bond, and only a small oscillation is ob-
served (see Fig. 1.b). The Ehrenfest dynamics represent
an averaging of the possible fragmentation channels, and
the lack of bond breaking implies that the probability of
fragmentation is small. A linearly polarized pulse with
polarization vector aligned along the = axis ionizes 0.38
electrons, and one aligned along the y axis ionizes 0.32
electron. Since the circularly polarized pulse is simply
the sum of two orthogonal linearly polarized pulses with
phase shift 7, one asks if the ionization is simply the
sum of ionization from the two separate linearly polar-
ized pulses. In this case, the ionization driven by the
circularly polarized pulse is somewhat smaller than the
sum of the individual linear components.

At first glance, the simulations with linearly polarized
pulses seem to imply that the ionization rate induced by
the circularly polarized pulse will be greater along the z
axis than along the y axis. While the strongest ionization
does occur when the polarization vector of the pulse is
aligned with the x axis, angular streaking will occur and
the peak in the photoelectron spectrum will be at some
angle relative to the z axis[34-38].

In Fig. 1.e, the intensity is 410" Y; and pulse width
is 25 fs. The circularly polaried pulse induces an ion-
ization of 1.90 electrons. This large ionization causes
a Coulomb explosion and the two HT ions move apart
with trajectories that lie essentially along the x axis (see
Fig. 1.f). The corresponding parallel and perpendicular
linearly polarized pulses induce an ionization of 0.90 and
0.68 electron, respectively. Unlike the previous laser pa-
rameters, the sum of the ionization induced by the two
separate linear pulses, 1.58 electrons, is smaller than the
ionization induced by the circularly polarized pulse. The
key difference between the linearly and circularly polar-
ized pulses here is that the linearly polarized pulses do
not induce a Coulomb explosion. As the H-H bond length
increases the ionization efficiency also increases, a mech-
anism known as enhanced ionization. Since the enhanced
ionization mechanism occurs for the circularly polarized
pulse, its ionization is much more efficient than either of
its linear components alone.

At an intensity of 14 - 1014% and a pulse width of
4.5 fs, the circularly polarized pulse and two linearly po-
larized pulses all induce Coulomb explosion (see Fig. 1.j).
Enhanced ionization occurs for all three pulses and the
ionization induced by each of the two linearly polarized
pulses, 1.58 and 1.28 electrons for the z and y align-
ments respectively, sum to greatly exceed the ionization
of the circularly polarized pulse, which is 1.97 electrons
(see Fig. 1.i).

At an intensity of 14 - 10140\1}11\/—2 and pulse width of 25
fs, the linearly and the circularly polarized pulses all
have sufficient strength to ionize the molecule completely
(Fig. 1.m). The rate of ionization for the circularly po-
larized pulse is somewhat higher. All three pulses induce
Coulomb explosion (see Fig. 1.n). Typically, the fragmen-
tation dynamics drive HT ions along the x axis. However,
at this particular intensity and duration the circularly po-
larized pulse induces a small but non-negligible motion
in the y axis. This y axis is not observed for the linearly
polarized pulses even when the polarization vector lies
along the y axis.

2. Polarization vectors along the y and z azes

Columns 3 and 4 of Fig. 1 show the ionization and frag-
mentation dynamics when the laser pulse’s polarization
vectors, ky and ko, lie along the z and y axes respectively
(see eq.5). We only consider linear polarization aligned
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FIG. 1. (Color online) Ionization and H* ion positions of Ha under the influence of a circularly polarized laser pulse. The Ha
molecule initially lies along the x axis. The circularly polarized pulse consists of two orthogonal linearly polarized pulses with
a phase difference of 7 between them. The polarization vectors of these composite linear pulses lie along the z and y axes in
columns (1-2) and along the y and z axes in columns (3-4). Columns (1) and (3) show the total ionization of the molecule and
columns (2) and (4) show the position of the H* ions. For comparison, in each panel the total ionization and ion positions
due to a single linearly polarized pulse is shown. The wavelength of all considered pulses is 790 nm. For panels (a-h) the laser

. s 14 W
intensity is 4 - 107" 5

in panels (e-h) and (m-p) the FWHM pulse width is 25 fs.

along the y axis since, by symmetry, a linearly polarized
pulse aligned along the z axis would produce the same
ionization and fragmentation as one along the y axis.

As shown in Fig. 1.c, a circularly polarized laser pulse
of intensity 4 - 1014% and pulse width 4.5 fs ionizes the
molecule by 0.54 electron, which is smaller than the cor-
responding ionization induced when the alignment of the
polarization vectors lie along the x and y axes. Since the
ionization is even smaller at this alignment it is unsur-
prising that the H-H bond remains unbroken and only
a small oscillation is observed (see Fig.1.d). The corre-
sponding linearly polarized pulse aligned along the y axis
ionizes 0.32 electron, and the ionization due to the cir-
cularly polarized pulse is smaller than the sum from two
corresponding linearly polarized pulses.

At an intensity of 4 - 1014% and a pulse width of
25 fs, the circularly polarized pulse ionizes the molecule

and in panels (i-p) it is 14 - 1014%. For panels (a-d) and (i-m) the FWHM pulse width is 4.5 fs, and

by 1.13 electrons (see Fig.1.g). The linearly polarized
pulse ionizes 0.68 electron. No bond breaking is observed
for any of the pulses (see Fig.1.h). Hence, unlike the
previous alignment, there is no enhanced ionization and
the circularly polarized pulse induces less ionization than
the sum from two corresponding linear pulses.

The dynamics of the remaining two pulses (Fig. 1.k and
1.0) are qualitatively quite similar for either alignment
and we do not remark on them any further.

B. C:H;

In this section we present the simulation results for
the CyHy molecule. We again break down the results
into two subsections according to alignment.
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FIG. 2. (Color online) Ionization and H' ion positions of C2Hz under the influence of a circularly polarized laser pulses. The
molecule initially lies along the x axis. The circularly polarized pulse consists of two orthogonal linearly polarized pulses with
a phase difference of 7 between them. The polarization vectors of these composite linear pulses lie along the z and y axes in

columns (1-2) and along the y and z axes in columns (3-4).

Columns (1) and (3) show the total ionization of the molecule,

and columns (2) and (4) show the position of the HT ions. For comparison, in each panel the total ionization and ion positions
due to a single linearly polarized pulse is shown. The wavelength of all considered pulses is 790 nm. For panels (a-h) the laser

intensity is 4 - 1014
in panels (e-h) and (m p) the FWHM pulse width is 25 T,

1. Polarization vectors along the x and y azxes

Columns (1-2) of Fig. 2 show the ionization and frag-
mentation dynamics of a CoHs molecule driven by a cir-
cularly polarized laser pulse whose polarization vectors,
Ky and k2, lie along the x and y axes respectively (see
eq.5). As with Ho, the linear CoHs molecule initially lies
along the x axis.

As shown in Fig.2.a, a circularly polarized pulse of
intensity 4 - 1014% and pulse width 4.5 fs ionizes the
molecule by 1.41 electrons. This pulse is too weak
to break the C-H bond (see Fig.2.b).A linearly polar-
ized pulse aligned along the x axis ionizes 0.95 electron,

¥, and in panels (i-p) it is 14 - 10"* Y, For panels (a-d) and (i-m) the FWHM pulse width is 4.5 fs, and

and y axis alignment induces an ionization of 1.04 elec-
trons, and the circularly polarized pulse induces ioniza-
tion smaller than the sum from two corresponding linear
pulses.

In Fig. 2.e, the intensity is 4- 1014
25 fs. The circularly polarized pulse 1nduces an ionization
of 3.86 electrons. In this case the ionization is sufficient
to cause a Coulomb explosion, and the two H™ move
apart essentially along the molecular axis (z axis) with a
very small separation along the y axis (see Fig. 2.f). The
corresponding linearly polarized pulses aligned along the
x and y axes induce an ionization of 1.93 and 1.58 elec-
trons, respectively, but do not induce Coulomb explosion.
Just as for Ho, at this pulse strength the circularly polar-
ized pulse benefits from enhanced ionization as the C-H
bonds increase, leading to a highly efficient ionization




2 2 2 i 2
2 3 3|30, 3
bl bl B | SENT bl
© S © kit ©
g g g g
= =] =] =]
4 Z Z Z
20 40 60 2040 60 2040 60 2040 60
Time (fs) (a) Time (fs) (b) Time (fs) (c) Time (fs) (d)
»2 —T ) A2 — ' )
= N = 2| =20 =
o @] @] g @]
= =] =] - 20 =
3 s 3 3 3G 3
2 & 2 2 2
ol ol B, ol
° o o uyz ©
£ = £ £
= = = =
Z Z Z Z
20 4 60 =20 a0 0. O 20 a0 o0 . 20 a0 60
Time (fs) (e) Time (fs) () Time (fs) (9) Time (fs) (h)
m2 N ! n »2F T S— ) i .
: || 2 : ¢ —
3 3 3 3
ol ol | b | op|
o o o o
g £ £ £
= =] =] =]
Z Z Z Z
20 40 60, O 2040 60 O 20 a0 6. O 20 40 60
Time (fs) (i) Time (fs) (j) Time (fs) (k) Time (fs) (
2 — ‘ ‘ ‘ ‘ 2 ‘
o @] @] g ]
=] =] =] - 20 =]
Q Q Q u Q
3 8 8 | |30, 8
b bl ol | SESTIN =1
© o o uyz ©
£ \ £ £ g
5 5 5 5
Z Z Z Z
% %0 20 40 60 20 40 60 20 40 60
(m) Time (fs) (n) Time (fs) (o) Time (fs) (p)

FIG. 3. (Color online) Ionization of the time-dependent Kohn-Sham orbitals of CoHz under the influence of a circularly or
linearly polarized laser pulse. The linear molecule initially lies along the x axis. Columns (1-2) show the orbital ionization due
to a circularly polarized laser pulse, which consists of two orthogonal linearly polarized fields, which lie along the = and y axes
in column (1) and along the y and z axes in column (2), with a phase difference of 7 between them. For comparison, columns
(3-4) show the orbital ionization due to a linear laser pulse whose polarization vector lies along the z axis in column (3) and

the y axis in column (4). The wavelength of all considered pulses is 790 nm. For panels (a-h) the laser intensity is 4 - 1
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and in panels (i-p) 14 - 10'* 25, For panels (a-d) and (i-m) the FWHM pulse width is 4.5 fs, and in panels (e-h) and (m-p)
the FWHM pulse width is 25 fs. For ease of comparison to the other panels, the plots in panels (c¢),(d),(k), and (1) have been
shifted such that the peak of the laser’s Gaussian envelope occurs at 50 fs.

which surpasses the sum of the two individual linearly
polarized pulses.

In Fig. 2.i, where the intensity is 14 - 10140% and pulse
width is 4.5 fs, a circularly polarized pulse induces an ion-
ization of 4.07 electrons, while the corresponding linearly
polarized pulses aligned along the x and y axes induce an
ionization of 3.37 and 2.40 electrons, respectively. The
circularly polarized pulse and the linearly polarized pulse
aligned along the z axis are of sufficient strength to in-
duce Coulomb explosion (see Fig. 2.j). When the linearly
polarized pulse is aligned along the y axis the C-H bond
does not break. While only the z aligned linear pulse ex-
periences enhanced ionization, this is sufficient to insure

that the ionization induced by the circularly polarized
pulse is smaller than the sum of the two linearly polar-
ized pulses.

A circularly polarized pulse with intensity 14-104 CYXQ

and pulse width 25 fs ionizes 6.90 electrons (see
Fig.2.m). Meanwhile corresponding linearly polarized
pulses aligned along the x or y axis ionize the molecule
6.38 and 4.37 electrons, respectively. The sum of the
two individual pulses would exceed 10 electrons, the to-
tal number of valence electrons, but the circularly polar-
ized pulse induces only somewhat more ionization than
just the x axis aligned linearly polarized pulse. All three
pulses have sufficient strength to induce Coulomb ex-
plosion (see Fig.2.n). For the circularly polarized pulse




there is a significant amount of motion in the y direction.

The CoHy molecule has five Kohn—Sham (KS) orbitals
and hence the ionization dynamics are much more com-
plex than that of Hy, which only has one KS orbital. For
the remainder of this section we consider the ionization
from individual KS orbitals induced by the circularly and
linearly polarized pulses.

Fig. 3.a shows the ionization of the KS orbitals induced
by the circularly polarized pulse of intensity 4 - 10 Y, mZ
and pulse width of 4.5 fs. The ionization due to linearly
polarized pulses aligned along the x and y axes are shown
in Fig.3.c and 3.d, respectively. The orbital ionization
induced by the circularly polarized pulse shares many
of the features seen for the linearly polarized pulses. In
particular, the ionization of most of the KS orbitals in
Fig. 3.a qualitatively similar to the ionization observed in
Fig. 3.c. However the circularly polarized pulse induces a
very large ionization of the 1m,, orbital, comparable to
the ionization observed in Fig. 3.d.

Fig. 3.e shows the orbital ionization due to a circularly
polarized laser pulse with intensity 4 - 10™*-YY; -z and pulse
width 25 fs. Interestingly, the 20, and 30, orbitals show
a very large ionization which is not observed for either
linearly polarized pulse (see Fig.3.g and 3.h). The ion-
ization of these two orbitals exceeds the ionization of the
1m,, orbital. The 1m,, orbital is one of the two highest
occupied molecular orbitals (HOMO) prior to the appli-
cation of the laser, which breaks the orbital’s symmetry
with the 1m,, orbital. The increased ionization of the
inner o orbitals is indicative of an enhanced ionization
mechanism, where the ionization of the inner orbitals be-
comes more efficient as the C-H bond length is increased
[5, 33]. Indeed, as was noted above the circularly po-
larized pulse induces bond breaking while the individual
linearly polarized pulses do not. This explains the qual-
itative differences in the ionization of the 20, and 3o,
orbitals.

Fig. 3.1 shows the orbital ionization due to a circularly
laser pulse with intensity 14 - 1014% and pulse width
4.5 fs. Since the bond breaking and enhanced ionization
occur for both the circularly polarized pulse and the lin-
early polarized pulse aligned along the x axis (Fig. 3.k),
the ionization induced by these two pulses of the inner
20, and 304 orbitals are qualitatively similar.

At intensity 14 - 1014% and pulse width 25 fs, the cir-
cularly polarized pulse and the linearly polarized pulses
all induce bond breaking (see Fig. 2.m, 2.0, and 2.p). One
might expect that for the circularly polarized pulse the
ionization of each of the KS orbitals would be strictly
greater than that of either linear pulse alone. However,
the ionization of the 20, and 1m,, orbitals induced by the
circularly polarized pulse (see Fig.3.m) is significantly
less than that of the linearly polarized pulse aligned along
the z axis (see Fig. 3.0). The orbital ionization dynamics
here are very complex compared to the previous cases
and cannot be explained simply by either the presence
or absence of enhanced ionization.

In the enhanced ionization model as is usually de-
scribed [47], the C-H bond length increases to a criti-
cal separation and then the ionization proceeds instanta-
neously at a fixed C-H bond length. However, the ioniza-
tion does not occur instantaneously and the bond length
changes even as the ionization proceeds. The ionization
efficiency will therefore depend on the exact trajectories
of the H* ions. As shown in [48], the enhanced ioniza-
tion mechanism affects the KS orbitals of CoHs differ-
ently if the ionization occurs in a state of very large C-
H bond lengths relative intermediate C-H bond lengths.
For instance it was shown that for a linearly polarized
pulse with polarization along the z axis, as the C-H bond
length is increased from equilibrium up to about 3 A the
ionization efficiency of the 304, and 20, orbitals both in-
crease and are nearly identical. However, as the bond
lengths are increased further the ionization efficiency of
the 30,4 increases while the ionization efficiency of the 20,
decreases. Fig. 2.n shows that for the circularly polarized
pulse the HT ions move more quickly, and therefore some
fraction of the ionization time occurs while the C-H bond
lengths are large. Meanwhile, for the linearly polarized
pulse aligned along the x axis the ionization occurs at
intermediate bond lengths. Hence the ionization of the
30, is greater in Fig. 3.m than in Fig. 3.0, while the ion-
ization of the 20, is smaller. Similarly, at very large C-H
bond lengths the ionization efficiency of the 17, orbital
decreases explaining why the ionization of this orbital is
smaller in in Fig. 3.m than in Fig. 3.0.

2. Polarization vectors along the y and z azes

Columns (3-4) of Fig. 2 show the ionization and frag-
mentation of a CoHy molecule due to a circulgrly polqr—
ized laser pulse whose polarization vectors, k; and ko,
lie along the z and y axes respectively (see eq.5).

As shown in Fig. 2.c, a circularly polarized laser pulse
of intensity 4-10'* Y, and pulse width 4.5 fs ionizes the
molecule by 1.47 electrons The linearly polarized pulse
pulse ionizes 1.04 electrons. Neither pulse breaks C-H
bond (see Fig.2.d and 2.h), and since enhanced ioniza-
tion does not occur for either pulse the ionization of the
circularly polarized pulse is smaller than the sum induced
by two linearly polarized pulses of the same intensity and
duration.

At an intensity of 14-10" Y, and a pulse width of 4.5
fs, the circularly polarized pulse induces an ionization of
3.2 electrons, while the corresponding linearly polarized
pulse induces an ionization of 2.40 electrons (see Fig 2.k).
Only the circularly polarized pulse is sufficiently strong
to induce Coulomb explosion (see Fig. 2.1). However, the
bond length only increases significantly after the ioniza-
tion has already completed and very little enhanced ion-
ization occurs. Hence, the ionization of the circularly
polarized pulse is much smaller than the sum of the ion-
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FIG. 4. (Color online) Time evolution of the electron density of Hz subjected to a 4.5 fs pulse with a peak intensity of
14 - 10"W/cm? which is circularly polarized with linear components along the x and y axes. The Hz molecule initially lies
along the x axis. (a-g) Snapshots of the electron density of Hy for various times (h) Plot of the electric field of the two linear
components of the circularly polarized laser pulse and of the total number of electrons. Violet vertical lines indicate the times
of the snapshots in panels (a-g). The electric field of the circularly polarized pulse rotates clockwise in the z — y plane. As
the electric field increases the electron density develops an extended tail, indicating excitation and ionization, which rotates
clockwise, lagging somewhat behind the electric field. At 16 fs the ionization rate begins to slow and the Coulomb well of the
H™" ion nearest to the tail recaptures some of the electrons. By 19 fs the electron density localized to the right H* ion is visibly
greater than that of the left H' ion. The molecule dissociates more quickly than the electron density can equilibrate between

the two ions, and this asymmetric charge distribution persists until the end of the simulation.

ization from two individual linearly polarized pulses.

In Fig. 2.0, the intensity is 14 - 10" %3 and the pulse
width is 25 fs. The circularly polarized pulse induces
an ionization of 5.43 electrons, and the linearly polarized
pulse produces an ionization of 4.37 electrons. Both the
linearly polarized and circularly polarized pulses cause
Coulomb explosion (see Fig.2.p), and hence the ioniza-
tion of the circularly polarized pulse is much smaller than
the sum of the ionization from two individual linearly po-
larized pulses.

We now turn our attention to the ionization of the
individual KS orbitals. Column 2 of Fig.3 shows the
ionization induced by the circularly polarized pulses and
Column 4 shows the ionization due to the linearly po-
larized pulses with polarization aligned along the y axis.
Due to the symmetry about the molecular axis, the ion-
ization induced by linearly polarized pulses aligned along

the z axis would look exactly the same except that the
ionization of the 1m,. and lm,, orbitals would be ex-
changed. Unlike the alignment presented in the previ-
ous subsection, the orbital ionization induced by the cir-
cularly polarized pulses is qualitatively very similar to
the ionization induced by linearly polarized pulses of the
same pulse strength. The only notable difference between
the circularly and linearly polarized pulses is that the cir-
cularly polarized pulse nearly exactly preserves the sym-
metry between the 1m,. and 1m,, orbitals. The time-
dependent ionization of these orbitals would be exactly
identical if not for the 5 phase difference between the two
linearly polarized laser pulses that compose the circularly
polarized pulse (eq. 5). The qualitative similarity of the
orbital ionization induced by the circularly and linearly
polarized pulses may be attributed to the fact that they
do not induce different enhanced ionization dynamics for
any of the intensities or durations considered.
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FIG. 5.

(Color online) Time evolution of the electron density of CoHa subjected to a 4.5 fs pulse with a peak intensity of

14 - 10"*W/cm? which is circularly polarized with linear components along the x and y axes. The molecule initially lies along

the x axis.

(a-g) Snapshots of the electron density of CoHz for various times (h) Plot of the electric field of the two linear

components of the circularly polarized laser pulse and of the total number of electrons. Violet vertical lines indicate the times

of the snapshots in panels (a-g).

The electric field of the circularly polarized pulse rotates clockwise in the z — y plane. As

the electric field increases the electron density develops an extended tail, indicating excitation and ionization, which rotates

clockwise, lagging somewhat behind the electric field.

C. Discussion and Summary

The usual mechanism for nonsequential ionization
driven by a linearly polarized pulse is the recollision
of electrons with its parent molecule. In this model,
the laser pulse first ionizes the electron from the par-
ent molecule and then when the electric field reverses
direction it drives the electron back towards its parent
molecule. The recolliding electron ionizes additional elec-
trons bound to the parent molecule.

For a circularly polarized pulse there is no reversal of
the field. However recollision may occur when the elec-
tron is driven along an elliptical path which recollides
with the parent molecule [49]. In particular, for a di-
atomic molecule an electron bound to one nucleus may
be driven to the other nucleus where it collides with and
ionizes an electron localized at that site. This process is
dependent on the internuclear distance, R. [31]

Xie et al. [29] experimentally observed the CoHT /HT
fragmentation channel of CoHs induced by a circularly

. . . . 14 W
polarized pulses with intensity 310"~

polarized pulse with intensity 4-10 Cvmvz . Both pulses had
sub-5fs duration. They find that the yield of high-energy
fragments are suppressed for circular polarization, which
is attributed to suppression of nonsequential double ion-
ization. At higher intensities (> 7-1014 W2 and pulse
widths (> 10fs), they find that the hlgh energy frag-
ments are suppressed already for linear polarization. At
intensities and pulse durations where sequential ioniza-
tion is probable for a linearly polarized pulse one would
expect to see a suppression of the ions’ kinetic energy. At
4. 1014 oz intensity and 4.5 fs pulse duration fragmen-
tation does not occur in our simulations for either Hy or
CyHy (see Fig.1 and 2). We therefore cannot compare
the ion kinetic energy due to linear and circular polar-
izations in the regime where nonsequential ionization is
probable. At higher intensities and pulse durations, the
sequential ionization regime, our simulations show that
circular polarization leads to greater ion kinetic energies




as compared to linear polarization (see Fig. 1 and 2). At
low intensity and pulse duration, our simulations do not
show a fundamental difference in the the ionization dy-
namics of CoH, for either circularly and linearly polarized
pulses.

Wu et al. [50] employed a two-particle coincidence ex-
periment to investigate the dynamics of the ions and elec-
trons of Hy under the influence of a circularly polarized
pulse (35-fs, 790 nm, 1.2-10'4 Y, ). They found a moder-
ate asymmetry in the angle-resolved H yield, indicating
that electron localization is more probable on one nuclei
than the other. In our simulations we observe a small
electron localization for Hy for the two medium strength
pulses when the polarization vectors lie on the x and y
axes. Fig. 4 shows dynamics of the electrons and ions for
various times for the pulse with intensity 14'1014% and
pulse width 4.5 fs. By calculating the integrals fm>0 pdix

and fa:<0 p d>z at t=35 fs, long after the ionization has
completed and the molecule has dissociated, we obtain
a measure of the number of electrons localized to each
ion. For pulse intensity 14-10' Y5 and pulse width 4.5
fs, after ionization there are 0.042 electrons remaining
with 0.035 electrons localized on the right HT ion and
0.007 electrons localized on the left HT ion. At intensity
4-10" Y and pulse width 25 fs, there are 0.011 elec-
trons remaining after ionization with 0.095 electrons on
the right ion and 0.011 electrons on the left ion. This
moderate asymmetry is in qualitative agreement with the
results of Wu et al.

Fig. 5 shows snapshots of the ionization and fragmenta-
tion of CoHj for the same pulse and alignment considered
in Fig.4. The dynamics proceed similarly except in the
final few panels. While the asymmetry in the electron
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localization is not strictly zero, the effect is much smaller
compared to the Hy molecule and cannot be distinguished
by sight.

In summary, using TDDFT simulations coupled with
the Ehrenfest dynamics we have presented an in depth
investigation of the coupled ionization and fragmenta-
tion dynamics of Hy and CyHy for a variety of strong
circularly and linearly polarized laser pulses and con-
sidered two alignments of the molecular axis relative
to the laser polarization. We found that the coupled
electron-ion dynamics driven by a circularly polarized
pulse of sufficient strength follow the Enhanced Ioniza-
tion mechanism[47, 51-54] where the pulse stretches the
molecule to extended geometries and then the ionization
proceeds with greater efficiency. Furthermore we found
that the increased of the C-H bond lengths in acetylene
leads to greater ionization efliciency of the inner 3o, and
20, molecular orbitals, a signature of Enhanced Ioniza-
tion, in qualitative agreement with the experimental find-
ings of Gong et al. [5]. We also found that the ionization
dynamics of the Kohn—Sham orbitals in CoHs depend on
the rate at which the C-H bond length increases. Finally,
we found that a circularly polarized pulse leads to mod-
erate asymmetric electron localization in the fragmented

Hs molecule, in qualitative agreement with the results
of Wu et al.[50]. The present work investigated the in-
teraction of small linear molecules and strong short laser
pulses and capture many of the features of interactions
with more general molecules. Topics for future work in-
clude an investigation of nonlinear or large molecules.
The predictions of the present work may be used to mo-
tivate future experiments which consider the effects of
aligned molecules interacting with strong fields.
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