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We investigate the alignment dependence of the strong laser dissociation dynamics of molecule C2 H2+
2 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.
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1. Introduction
Recent advances in the production of extremely ultraintense laser pulse techniques have stimulated an increasing interest in the main problem of laser and matter
interaction. [1–17] Especially, complete control of molecular
dynamic and reaction is one of the central aims of photophysical and photochemical science. Recent progress in laser
technology has made time-domain observation of reaction dynamics available. In 2016, one study showed that the strong
laser fields can effectively manipulate the proton dissociation
molecular dynamics. [1] In Ref. [1], the authors combined midinfrared (mid-IR) laser-induced electron diffraction (LIED)
with single molecule C2 H2 coincidence detection in a reaction microscope and used an additional laser control field to
impulsively align the molecule: [1] first, a 1700-nm controlled
laser pulse used to orient the C2 H2 molecule parallel or per-

pendicular to the LIED field; then a 3100-nm LIED laser
field triggers the molecular ionization, dissociation, and images the structural snapshots of C2 H2 molecule. [1] In a theoretical simulation point of view, the three processes of orientation, ionization, and dissociation can be carried out independently. Furthermore, the mechanisms of orientation and ionization are well explained in Ref. [1], the authors in Ref. [1]
gave a briefly theoretical explanation and their simulation results matched well with the experimental data. However, the
role of the electron response in the proton dissociation dynamic is still unclear. Therefore, the objective of this paper 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 rearrangement 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. [18] To date, TDDFT have been employed to deal
with a lot of highly nonlinear phenomena, such as multiphoton ionization, [19] high harmonic generation (HHG) in gases
and solids, [20,21] as well as nonadiabatic molecular dynamics
simulations. [18] Comparing with the other NAMD methods,
such as Tully surface hopping, [22] multi configuration timedependent Hartree (MCTDHF), [23] directly solving TDSE, [24]
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 electron 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 parallel and perpendicular orientations are totally different. Meanwhile, 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 parallel orientation is larger than perpendicular orientation. There-

fore, the proton dynamics in parallel and perpendicular orientations 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 dissociation 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 TDDFTMD calculations were all performed using the OCTOPUS
code. [25–27] In the frame of TDDFT, all the physical processes
can be retrieved from the time-dependent electron density
Nσ

ρ (r,t) = ∑ ∑ |ψiσ (r,t)|2 ,

where σ , i, and Nσ are spin index, orbital index, and the number of electrons with spin σ , respectively. ψiσ (r,t) is the
time-dependent Kohn–Shan orbital, which satisfies the timedependent Kohn–Shan equation



∂ ψiσ (r,t)
1 2
i
= − ∇ +VN−e (r) +VH (r,t)+Vxc (r,t) +Vext (r,t) ψiσ (r,t) ,
∂t
2

where VN−e (r) is the nucleus–electron potential of the
Coulomb interaction between electron and nuclei, we employ the form given by Troullier and Martins centered at
each ion. [28] VH (r,t) is Hartree potential of electron–electron
Coulomb interaction. Vxc (r,t) is the exchange–correlation potential, In this article, this functional was approximated using the adiabatic local-density approximation (ALDA) with
the parametrization of Perdew and Zunger. [29] εxc is the
exchange–correlation energy density with functional dependence on the density ρ (r,t). Vext (r,t) describes the interaction between the molecule and the laser field. Using the dipole
approximation it is expressed as
Vext (r,t) = f (t) cos (ωt) ε̂ · r,

d2
Ra (t) = Fae−i + Fai−i + Faext−i ,
dt 2

(2)

where
Z

∂VN−e
ρ (r,t) dr,
∂ Ra
Za Zb (Rb − Ra )
Fai−i = ∑
,
|Rb − Ra |3
b
Fae−i

=−

Faext−i = Za E (t) ,

(5)
(6)
(7)

where Za and Ma 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 dt = 0.01. The parameters have been tested carefully.

(3)

where f (t), ω, and ε̂ 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 electrondensity distribution at each time step:
Ma

(1)

σ i=1

(4)

3. Results and discussion
Because the laser intensity is strong and the molecular structure is complex, there should be several ionization 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 direc2+
tion of C2 H2 , C2 H1+
2 and C2 H2 , respectively. There are
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two main ionization–dissociation pathways contribution to
C2 H2 → C2 H22+ → H+ + C2 H+ : [1,30] (i) the first one electron ionizes from σg -type highest occupied molecular orbital
(HOMO)-1 of the ground state (1σ2g 1σ2u 2σ2g 2σ2u 3σ2g 1π2u 1π2u ).
Then the second electron ionizes from the πu -type HOMO of
1+
the excited state 2 Σ+
g of C2 H2 , finally the molecule reaches
first dissociative excited singlet and triplet states 1 Πu and 3 Πu .
(ii) The first electron tunnels from the HOMO of the neutral
2
ground state 1 Σ+
g to the singly ionic doublet Πu state, then
the second electron tunnels from the HOMO of the singly ionic
3 Σ− , 1 ∆ , and 1 Σ+ states. For
ground state to one of C2 H2+
g
g
g
2
2+ 3 − 1
states
are nanosecthe lifetimes of C2 H2 Σg , ∆g , and 1 Σ+
g
3
−
[1]
ond level ( Σg lifetime is 108 nanoseconds ), thus, we are
only interested in the direct dissociate channel leading to proton loss, that is, the (i) pathway.
1

40

Pu

3

Firstly, we present our main results in Fig. 4, the time
evolution of different chemical bonds at parallel and perpendicular orientations. The laser parameters used here are the
same as those in Fig. 4 in Ref. [1]: the laser is linear polarization with a peak intensity of 6.5 × 1013 W/cm2 , 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 propagates along the molecular axis and the molecule gets its maximally distortion, which corresponds to a rapid elongation of
C–H1 bond, meanwhile, the C–H2 bond decreases slowly and
monotonously. The dynamics are different for the perpendicular orientation (Fig. 4(b)). We found that H1 ion does not go as
far as it in the parallel orientation (about 0.8 smaller). Meanwhile, C–H2 bond first decreases and then increases in perpendicular case. Our TDDFT simulation results match well with
the experiment results in Ref. [1].
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According to our analysis above, we set the initial state
of C2 H22+ molecule to be 3 Πu 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.
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Fig. 4. Time evolution of chemical band C–H, C–C in (a) parallel and (b)
perpendicular orientations.
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Fig. 3. The temporal profile of the electric field.

Fig. 1. The calculated relevant energy levels and two possible ionization–
dissociation pathways. The lowest line is the ground state of neutral ground
2
2 +
state 1 Σ+
g . The two green lines are the ground and excited states Πu , Σg
1+
2+
of C2 H2 . The upper six lines are the states of C2 H2 .
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9

Fig. 2. Schematic geometry and initial electron density distribution of the
C2 H2+
2 molecule.

Next, we will solve two questions: First, why the dynamics of C–H1 bonds are different in parallel and perpendicular
orientations? Second, why the dynamics of C–H2 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 H1 atom becomes
smaller with the time evolves in parallel orientation, which
causes the dynamic processes of H1 are strongly determined
by the force at the beginning time in this case; Meanwhile, for
the perpendicular orientation, the total force on H1 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 H1 and H2 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 H1 and H2
comes from the laser effect on the electrons, in other words,
the alignment dependence of electron dynamics dominates the
dissociation process.
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Fig. 6. (a) Time evolution of RCH1 with parallel (blue dash line), perpendicular (red solid line), and the laser-free case (black dash line). (b) The ratio
of the ionization yield between parallel and perpendicular orientations.
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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.
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For explaining Fig. 5, we go back to Fig. 2 to analyze
the initial density distribution of the 3 Πu 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 H2 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 H2 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.
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Fig. 7. Slice of the electron density distribution at t = 5.8 fs for (a) perpendicular and (b) parallel orientations.
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Figure 7 shows the slice of the density distribution of
C2 H22+ at t = 5.8 fs. It can be noticed from Fig. 7 that, in the
parallel case, the electron density of C2 H2+
2 is asymmetrical,
which makes the Fae−i is not equal to Fai−i . On the contrary,
the density distribution from the perpendicular case is hardly
changed. Thereby, the balance of Fae−i and Fai−i is not broken
up. These results shows why H2 in the perpendicular orientation 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 N2 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 calculations above, we can conclude that the alignment dependence of the photondissociation process is widespread in linear molecules.
2.4

N–N band length/a.u.

parallel
perpendicular

2.3

2.2

0

2

4
Time/fs

6

8

Fig. 8. Time evolution of N–N band length with parallel (red line) and perpendicular (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 dynamics of C2 H2 testified in a strong laser field. Our TDDFT
MD results show that the two C–H chemical bands in C2 H2+
2
exhibit different dissociation behaviors with different orientation 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 perpendicular orientation, therefore, the forces from the electron
on the proton are different, which leads to a different dissociation dynamics. We also perform a calculation on N2 neutral 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 molecular dynamics at a electron-level.
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G and Agostini P 2001 Science 292 1689
[8] Martin J M, Bade S, Dubosclard W, Khan M A, Kim S, Garraway B M
and Alzar C L G 2019 Phys. Rev. Appl. 12 014033
[9] Hentschel M, Kienberger R, Spielmann C, Reider G A, Milosevic N,
Brabec T, Corkum P, Heinzmann U, Drescher M and Krausz F 2001
Nature 414 509
[10] Guan J, Behrendt V, Shen P, Hofsass S, Muthu-Arachchige T, Grzesiak
J, Stienkemeier F and Dulitz K 2019 Phys. Rev. Appl. 11 054073
[11] Drescher M, Hentschel M, Kienberger R, Uiberacker M, Yakovlev V,
Scrinzi A, Westerwalbesloh T, Kleineberg U, Heinzmann U and Krausz
F 2002 Nature 419 803
[12] Schiffrin A, Paasch-Colberg T, Karpowicz N, Apalkov V, Gerster D,
Muhlbrandt S, Korbman M, Reichert J, Schultze M, Holzner S, Barth
J V, Kienberger R, Ernstorfer R, Yakovlev V S, Stockman M I and
Krausz F 2013 Nature 493 70
[13] Zhao Y, Ma S, Jiang S, Yang Y, Zhao X and Chen J 2019 Opt. Express
27 34392
[14] Zhao X, Wei H, Wu Y and Lin C D 2017 Phys. Rev. A 95 043407
[15] Zhao X, Wei H, Yu W W, Wang S J and Lin C D 2020 Phys. Rev. Appl.
13 034043
[16] Griesser H P, Perrella C, Light P S and Luiten A N 2019 Phys. Rev.
Appl. 11 054026
[17] Luo Y and Zhang P 2019 Phys. Rev. Appl. 12 044056
[18] Haruyama J, Hu C and Watanabe K 2012 Phys. Rev. A 85 062511
[19] Russakoff A and Varga K 2015 Phys. Rev. A 92 053413
[20] Telnov D A and Chu S I 2009 Phys. Rev. A 80 043412
[21] Le Breton G, Rubio A and Tancogne-Dejean N 2018 Phys. Rev. B 98
165308
[22] Tully J C and Preston R K 1971 J. Chem. Phys. 55 562
[23] Meyer H D, Manthe U and Cederbaum L S 1990 Chem. Phys. Lett. 165
73
[24] Xue S, Du H, Hu B, Lin C D and Le A T 2018 Phys. Rev. A 97 043409
[25] Andrade X, Alberdi-Rodriguez J, Strubbe D A, Oliveira M J T,
Nogueira F, Castro A, Muguerza J, Arruabarrena A, Louie S G and
Aspuru-Guzik A 2012 J. Phys.: Condens. Matter 24 233202
[26] Casto A, Appel H, Oliveira M, Rozzi C A, Andrade X, Lorenzen F,
Marques M A L, Gross E K U and Rubio A 2006 Phys. Status Solidi B
243 2465
[27] Marques M A L, Castro A, Bertsha G F and Rubio A 2003 Comput.
Phys. Commun. 151 60
[28] Troullier N and Martins J L 1991 Phys. Rev. B 43 1993
[29] Perdew J P and Zunger A 1981 Phys. Rev. B 23 5048
[30] Doblhoff-Dier K, Kitzler M and Gräfe S 2016 Phys. Rev. A 94 013405
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