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We investigate the alignment dependence of the strong laser dissociation dynamics of molecule CzH%jL in the frame of
real-time and real-space time-dependent density function theory coupled with nonadiabatic quantum molecular dynamics
(TDDFT-MD) simulation. This work is based on a recent experiment study “ultrafast electron diffraction imaging of bond
breaking in di-ionized acetylene” [Wolter et al, Science 354, 308-312 (2016)]. Our simulations are in excellent agreement
with the experimental data and the analysis confirms that the alignment dependence of the proton dissociation dynamics
comes from the electron response of the driving laser pulse. Our results validate the ability of the TDDFT-MD method to
reveal the underlying mechanism of experimentally observed and control molecular dissociation dynamics.

Keywords: strong field physics, molecular dynamics, TDDFT, attosecond science, ultra fast optics

PACS: 32.80.Rm, 42.50.Hz, 42.65.Ky

1. Introduction

Recent advances in the production of extremely ultra-
intense laser pulse techniques have stimulated an increas-
ing interest in the main problem of laser and matter

=171 Especially, complete control of molecular

interaction.
dynamic and reaction is one of the central aims of photo-
physical and photochemical science. Recent progress in laser
technology has made time-domain observation of reaction dy-
namics available. In 2016, one study showed that the strong
laser fields can effectively manipulate the proton dissociation
molecular dynamics. 11 Tn Ref. [1], the authors combined mid-
infrared (mid-IR) laser-induced electron diffraction (LIED)
with single molecule C,H, coincidence detection in a reac-
tion microscope and used an additional laser control field to
impulsively align the molecule:!! first, a 1700-nm controlled

laser pulse used to orient the CoH, molecule parallel or per-
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pendicular to the LIED field; then a 3100-nm LIED laser
field triggers the molecular ionization, dissociation, and im-
ages the structural snapshots of C;H, molecule.!! In a theo-
retical simulation point of view, the three processes of orien-
tation, ionization, and dissociation can be carried out indepen-
dently. Furthermore, the mechanisms of orientation and ion-
ization are well explained in Ref. [1], the authors in Ref. [1]
gave a briefly theoretical explanation and their simulation re-
sults matched well with the experimental data. However, the
role of the electron response in the proton dissociation dy-
namic is still unclear. Therefore, the objective of this pa-
per is to understand the effect of the electron response on
the strong laser proton dissociation dynamic. As we know,
strong laser pulses may cause fast molecular structural re-
arrangement during the interaction between the laser pulse
and the molecule, thus, adiabatic molecular dynamics model
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is no more valid in this case. Therefore, it is necessary to
take into account nonadiabatic molecular dynamics (NAMD)
scheme. The TDDFT-MD simulation is a promising method in
this respect.!'®! To date, TDDFT have been employed to deal
with a lot of highly nonlinear phenomena, such as multipho-
ton ionization,!!”! high harmonic generation (HHG) in gases

and solids, 20211

as well as nonadiabatic molecular dynamics
simulations.!'® Comparing with the other NAMD methods,
such as Tully surface hopping,*?! multi configuration time-
dependent Hartree (MCTDHF), >3] directly solving TDSE, *4!
TDDFT-MD scheme has several advantages: it has favorable
system-size scaling, and its efficiency allows calculations on
large systems for even picoseconds; besides, TDDFT provides
an efficient way to describe the strong laser field assisting elec-
tron response (ionization, excitation), which is the key part
in this work. This is the reason why we choose TDDFT-MD
method in this work.

In this paper, the potential energy curve, laser-assisted
ionization, and dissociation dynamics is studied using DFT,
TDDFT, and TDDFT-MD methods, respectively. Our results
reveal that, the dynamics of one of the C—H band from paral-
lel and perpendicular orientations are totally different. Mean-
while, another C—H band in parallel and perpendicular cases
undergoes a similar dynamics. Our calculation and analysis
show this difference comes from the ionization yield in paral-
lel orientation is larger than perpendicular orientation. There-

fore, the proton dynamics in parallel and perpendicular ori-
entations are different. Our results validate the ability of the
TDDFT-MD method to reveal the underlying mechanism of
experimentally molecular dissociation dynamics.

The remainder of this paper is organized as follows. In
Section 2, the TDDFT-MD method used to simulate the laser
reaction dynamics are described. In Section 3, the proton dis-
sociation dynamics, alignment-dependent electron ionization
associating with the classical particle force analysis are given.
Finally, a summary is given in Section 4. Atomic units (a.u.)
are used throughout this article unless mentioned.

2. Theory and methods

In the present simulation, the DFT, TDDFT, and TDDFT-
MD calculations were all performed using the OCTOPUS

[25-27

code. 1 Tn the frame of TDDFT, all the physical processes

can be retrieved from the time-dependent electron density

No
p(rt) =YY lvic (nt)], (1)
o =1

where 0, i, and Ns are spin index, orbital index, and the num-
ber of electrons with spin o, respectively. s (r,7) is the
time-dependent Kohn—Shan orbital, which satisfies the time-
dependent Kohn—Shan equation

Vs (1t 1
1% = —§V2 + Wnee (7) + Vi (1, 1) +Vae (1,8) + Vexe (1 t)} Vs (1), )
\
where WN_e(r) is the nucleus—electron potential of the  where
Coulomb interaction between electron and nuclei, we em- : oVN_
. . : Fel=— [ = =p (r1)dr, )
ploy the form given by Troullier and Martins centered at JdR,
each ion.?8 Vi (r,1) is Hartree potential of electron—electron Fii ZaZy (Rp — Ry) ©)
Coulomb interaction. Vi (r,¢) is the exchange—correlation po- ¢ > |Ry—RJ®
tential, In this article, this functional was approximated us- F-i_z | (t) (7
a I

ing the adiabatic local-density approximation (ALDA) with
the parametrization of Perdew and Zunger.[*”! g, is the
exchange—correlation energy density with functional depen-
dence on the density p (r,7). Vex (r,f) describes the interac-
tion between the molecule and the laser field. Using the dipole
approximation it is expressed as

Vext (1) = f (t)cos (@t) € -7, 3)

where f(f), ®, and & denote the temporal profile, the carrier
frequency, and the polarization direction, respectively.

We describe the ion dynamics by Ehrenfest method where
the forces acting on ions are evaluated from the electron-
density distribution at each time step:

d2

Mo g Ra (1) = By B 4 4)

where Z, and M, are the electric charge and mass of ion a.
The computational results presented in the next section use the
following parameters. The spherical box is given with a radius
10. The molecular axis lies in the x direction. The grid spacing
is 0.2. The time step for the propagation of the wave function
is dr = 0.01. The parameters have been tested carefully.

3. Results and discussion

Because the laser intensity is strong and the molec-
ular structure is complex, there should be several ioniza-
tion pathways contributing to the C—H dissociation. These
pathways can be distinguished from potential energy curve
(PEC) calculation. Figure 1 is the PEC along C-H direc-
tion of CoH», C2H§+ and C2H2+, respectively. There are
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two main ionization—dissociation pathways contribution to
C,H, — C2H§+ — Ht + CHT:[130 (3) the first one elec-
tron ionizes from og-type highest occupied molecular orbital
(HOMO)-1 of the ground state (103103205203305 173 1717).
Then the second electron ionizes from the 7,-type HOMO of
the excited state ZZ;,L of C2Hé+, finally the molecule reaches
first dissociative excited singlet and triplet states 'TT, and *TT,,.
(i1) The first electron tunnels from the HOMO of the neutral
ground state 'S to the singly ionic doublet *T1, state, then
the second electron tunnels from the HOMO of the singly ionic
ground state to one of CoH3" 3Zg’, 'Ag, and IZ; states. For
the lifetimes of C2H%+ 3Zg_ s lAg, and IZ; states are nanosec-
ond level (3Zg lifetime is 108 nanoseconds[!), thus, we are
only interested in the direct dissociate channel leading to pro-
ton loss, that is, the (i) pathway.

T T T T T T T T T T T T T T T T T
OF 1 ]
35} x
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Fig. 1. The calculated relevant energy levels and two possible ionization—
dissociation pathways. The lowest line is the ground state of neutral ground
state ]Zg, The two green lines are the ground and excited states T, 22;

of CZH?. The upper six lines are the states of C2H%+.

According to our analysis above, we set the initial state
of C2H§+ molecule to be 3I1, before the time propagating.
The all-electron density distribution of the molecule is shown
in Fig 2, as we can see, the electron density distributes most
along the molecular axes.

I0.3000

initial state

[1.732x107

|1.000><10 7

z/a.u.

Fig. 2. Schematic geometry and initial electron density distribution of the
CZH?r molecule.

Firstly, we present our main results in Fig. 4, the time
evolution of different chemical bonds at parallel and perpen-
dicular orientations. The laser parameters used here are the
same as those in Fig. 4 in Ref. [1]: the laser is linear polariza-
tion with a peak intensity of 6.5 x 10'3 W/cm?, a wavelength
of 3100 nm and duration of 10 fs, which is shown in Fig. 3.
For the parallel orientation (Fig. 4(a)), the electric field propa-
gates along the molecular axis and the molecule gets its max-
imally distortion, which corresponds to a rapid elongation of
C-H; bond, meanwhile, the C-H; bond decreases slowly and
monotonously. The dynamics are different for the perpendicu-
lar orientation (Fig. 4(b)). We found that H; ion does not go as
far as it in the parallel orientation (about 0.8 smaller). Mean-
while, C—H; bond first decreases and then increases in perpen-
dicular case. Our TDDFT simulation results match well with
the experiment results in Ref. [1].
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Fig. 3. The temporal profile of the electric field.
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Fig. 4. Time evolution of chemical band C-H, C—C in (a) parallel and (b)
perpendicular orientations.

Next, we will solve two questions: First, why the dynam-
ics of C—H; bonds are different in parallel and perpendicular
orientations? Second, why the dynamics of C—H, bonds are
similar in parallel and perpendicular orientations?

To answer these questions, a classical force analysis is

exhibited in Fig. 5. The force on an ion can be separated
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to three parts as shown in Eq. (4): other ions, the electrons,
and the laser field, respectively. Two features can be obtained
from Fig. 5: First, the total force on the H; atom becomes
smaller with the time evolves in parallel orientation, which
causes the dynamic processes of H; are strongly determined
by the force at the beginning time in this case; Meanwhile, for
the perpendicular orientation, the total force on H; decreases
to zero and then increases in the opposite direction at a similar
magnitude. Second, We can see from this figure that before
5 fs, the total forces on both H; and H, have an oscillation
in the parallel case and the oscillation is similar as the force
from electrons. However, the perpendicular case does not have
this phenomenon, the total forces in perpendicular case are
smooth. This result indicates that the dynamics of H; and H,
comes from the laser effect on the electrons, in other words,
the alignment dependence of electron dynamics dominates the
dissociation process.

1.8 (a) parallel 1.8 (b) perpendicular
1.2 1.2
0.6
0 .
—0.6 = .
-2y — F-total ~ =-=Flaser] 1.2 ™
_18 ---.F—elect.ron - -F.ion 18 ) ) )
1.8 (c) parallel 1.8 (d) perpendicular
12 e L2
o6f 0.6
0 0 ===
-o0.6p .- —0.6 P
—1.2fcamem=="""" —1.2f----""
—1.8 —1.8
0 2 4 6 8 0 2 4 6 8

Fig. 5. Force analysis of H; [(a) and (b)] and H; [(c) and (d)] with parallel
[(a) and (c)] and perpendicular orientations [(b) and (d)]. The red line, green
dash dot—dot line, blue dash—dot—dash line, and black dash line are the total
force, electron force, laser force, and ion force, respectively.

[
0.3000
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1.732Xx10*

For explaining Fig. 5, we go back to Fig. 2 to analyze
the initial density distribution of the *IT, state. We can see
from this figure that the density distribution is almost along
the molecular axis, which indicate that the ionization yield
should be larger at parallel case, this alignment dependence
of the ionization yield is studied in many other works. For
further supporting our results, we calculate the bond dynamics
of Hy with and without the laser pulse for the perpendicular
case (the left panel of Fig. 6), and the ratio of the ionization
yield between the parallel and perpendicular case (the right
panel of Fig. 6). As we expected, the ionization yield from the
parallel case is much bigger than that from the perpendicular
case. In the perpendicular case, the Hy atom dynamic from
laser-free is almost the same as that from the with-laser one.
This is because in the perpendicular case, the ionization by the
laser is weak, therefore, the effect from laser on the electrons
is neglectful, as a result, the dynamics from the perpendicular
orientation is all most the same with the laser-free case.

—T 5 T
(a) (b)
6 F -
—with laser perpendicular 0
ey
— - laser free =
— - with laser parallel =
3 ] )
35 71 %
~ ~
2 5
O ;::Q
< Q
=
4 F
=}
[}
=
j
3 F -
PR TPRR TR B Ol o oy
0 2 4 6 8 0 2 4 6 8 10

Time/fs Time/fs

Fig. 6. (a) Time evolution of Rcy, with parallel (blue dash line), perpendic-
ular (red solid line), and the laser-free case (black dash line). (b) The ratio
of the ionization yield between parallel and perpendicular orientations.

 —
1.000%x10°7

perpendicular

parallel

z/a.u.

z/a.u.

Fig. 7. Slice of the electron density distribution at # = 5.8 fs for (a) perpendicular and (b) parallel orientations.
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Figure 7 shows the slice of the density distribution of
CgH%Jr att = 5.8 fs. It can be noticed from Fig. 7 that, in the
parallel case, the electron density of CgH%+ is asymmetrical,
which makes the F¢ is not equal to F,~\. On the contrary,
the density distribution from the perpendicular case is hardly
changed. Thereby, the balance of Fa‘H and F;’i is not broken
up. These results shows why Hj in the perpendicular orienta-
tion does not elongate as rapid as that in the parallel case.

In order to investigate the alignment dependence of the
photondissociation process from other linear molecules, we
perform the TDDFT calculations on N; neutral molecule. The
laser parameters are totally same as that in Fig. 5. The results
are shown in Fig. 8: we can see from this figure N-N band in
parallel case elongates faster than that in perpendicular case.
This can be understood directly from our analysis above: in the
parallel case, the ionization yield is larger, then the molecule
becomes more unstable and dissociate quicker. From the cal-
culations above, we can conclude that the alignment depen-
dence of the photondissociation process is widespread in lin-
ear molecules.

2.4

—— parallel

— - perpendicular

N
w

N-N band length/a.u.

2.2 N 1 N 1 N 1

Time/fs

Fig. 8. Time evolution of N-N band length with parallel (red line) and per-
pendicular (blue dash line) orientations. The laser parameters are the same
as those in Fig. 5.

4. Conclusion

In this work, we numerically investigated the proton dy-
namics of CyH, testified in a strong laser field. Our TDDFT
MD results show that the two C—H chemical bands in CZH%+
exhibit different dissociation behaviors with different orien-
tation laser fields, which matches well with the experiment
results. This results can be explained as the molecule in the
parallel orientation has a larger ionization rate than in the per-
pendicular orientation, therefore, the forces from the electron
on the proton are different, which leads to a different disso-
ciation dynamics. We also perform a calculation on Nj neu-
tral molecule, an alignment dependence of the photondisso-

ciation process can be found as well, we can conclude that
the alignment dependence of the photondissociation process
is widespread in linear molecules. The calculations enables
quantitative understanding of laser-induced ultrafast molecu-
lar dynamics at a electron-level.
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