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We analyze the alignment-dependent dissociative and nondissociative ionization of acetylene, C2H2. Numerical
models describing the yield of the singly and doubly charged ions (C2H2

+, C2H2
2+) and several fragmentation

and isomerization channels (C2H+ + H+, CH+ + CH+, CH2
+ + C+) as a function of the relative alignment angle

between the laser polarization axis and the molecular axis are presented. We apply and compare two different
approaches. The first is based on time-dependent density functional theory. The second is a quasi-single-particle
approach using the Dyson orbitals. We find good agreement between the results of both methods. A comparison
of our theoretical predictions with experimental data allows us to show that the alignment-dependent yield of
most reaction channels is described to high accuracy assuming sequential ionization. However, for some of the
fragmentation channels, namely, CH+ + CH+ and C2H+ + H+, we find non-negligible influence of recollisional
ionization.
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I. INTRODUCTION

Ultrashort and intense infrared laser fields induce strong
nonlinear processes in atoms and molecules. Tuning chemical
reactions using such laser fields is a promising field of research:
For diatoms and small hydrocarbons (e.g., Refs. [1,2]), it
has been experimentally demonstrated that reaction control
is possible and that different pulse parameters such as the
carrier-envelope phase (CEP) and also the relative alignment
between the laser polarization direction and the molecular
axis allow control of molecular fragmentation. The aim of
this paper is to improve the understanding of the alignment
dependence of processes that lead to dissociation and that
can be exploited in fragmentation control. This necessitates
theoretical modeling of the laser-triggered coupled electronic-
nuclear dynamics and, thus, processes on a wide range of
time scales ranging from the fast electronic response to the
molecular vibrational and rotational dynamics.

On the electronic level, the molecular alignment relative to
the laser polarization direction has been shown to constitute an
important control parameter: The strong-field ionization yield
depends on the molecular alignment (e.g., Refs. [3–5]) and
within the tunneling regime, the yield has been shown to reflect
the orbital structure [3,6–9]. Furthermore, the characteristics
of high-order harmonic radiation emitted by molecules depend
on the angle between the laser polarization direction and
the molecular axis (e.g., Refs. [10–12]). Scanning through
different alignment angles has allowed the tomographic
reconstruction of molecular orbitals in N2, CO2, and other
small molecules [13,14].

Since the electronic response depends sensitively on the
laser polarization direction, it might be possible to exploit
this sensitivity to control molecular reactions with intense,
ultrashort pulses. Recently, it has been demonstrated exper-
imentally [15] that reaction control of small molecules is
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indeed possible by aligning them with respect to the laser
polarization direction. In this experiment, acetylene molecules
(C2H2) were impulsively aligned using a weak pump pulse. A
few-cycle infrared probe pulse from a Ti:sapphire laser system
with an intensity around 4 × 1014 W/cm2 was used to induce
multiple ionization and fragmentation of the molecules. All
fragmentation products were measured in coincidence. The
relative yields of several reaction channels, namely, ionization
to C2H2

+ and C2H2
2+ and fragmentation into C2H+ + H+,

CH+ + CH+, and CH2
+ + C+, where shown to depend on the

delay time between the alignment pulse and the probe pulse.
Due to the rotational wave-packet motion, this corresponds to
different alignments of the molecules.

In this paper we provide a detailed theoretical analysis of
these experimental results. The models discussed in this paper
provide an interpretation and a deeper understanding of the
fundamental physical processes determining the control.

We start our discussion with a comprehensive analysis of the
electronic potential landscape of acetylene. This will allow an
investigation of the possible nuclear rearrangement channels
and allows one to relate specific nuclear fragmentation
reactions to the population of specific electronic states. The
dynamic response of electrons and nuclei to the laser field
and their alignment dependence is discussed in Secs. III A and
III B. In Sec. IV, the results from the theoretical analysis are
compared to the experimental values, providing further insight
into the reaction mechanisms.

II. QUANTUM CHEMICAL CALCULATIONS
ON ACETYLENE

A. Potential landscape of acetylene

We have calculated selected cuts through acetylene’s
potential landscape using the program package MOLCAS [16].
We use the information derived from the potential energy
surfaces to discuss which states allow fragmentation reactions
and which support the formation of nonfragmenting ions and
dications.
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FIG. 1. The C-H stretching mode of linear acetylene. Dicationic
states, SA-CAS(8,9) [SA-CAS(8,10) for � states]; neutral and
cationic states, CAS(8,8). Basis set: aug-cc-pVTZ. C-C = 1.2 Å,
other C-H = 1.06 Å. The symbols H+ and H denote dissociation into
C2H+ + H+ and C2H2+ + H, respectively. The gray bar indicates
the Franck-Condon region. Dashed lines indicate regions of state
crossings with higher excited states.

Figures 1 and 2 show the results along the C-H and the C-C
stretching modes of acetylene in the neutral, the ionic, and
the dicationic manifold.1 The calculations were performed
using a state-averaged complete active space approach with
m electrons in n active orbitals [SA-CAS(m,n)] as given
in the figure captions. The calculations were performed in
the C2v subgroup. The state average was performed over all
states belonging to one irreducible representation. The present
calculations are in agreement with values available in the
literature [17–21].

In the cationic manifold, the electronic ground state is
bound. In the dication, the triplet ground state (3�−

g ) and the
first two singlet states are metastable, featuring a high barrier
to dissociation (see Figs. 1 and 2). This is consistent with
experimental observations in which C2H2

2+ is found to be
metastable with lifetimes of C2H2

2+ of more than 1 μs [21].
The next higher excited states, the 3�u and 1�u states,

have vertical excitation energies relative to the 3�−
g ground

electronic state of 5.5 and 6.3 eV, respectively.2 These states
are strongly dissociative along the C-H stretching mode, as
can be seen in Fig. 1. From a Mulliken charge analysis, we
could deduce that the �u states dissociate into the C2H+ + H+
and not into the C2H2+ + H channel, as indicated by the
“H+” symbol in Fig. 1. Along the C-C stretching mode
(Fig. 2), the 3�u and the 1�u states both show a potential
barrier to dissociation. However, we have confirmed by
reduced dimensional nonadiabatic dynamics calculations that

1The nomenclature of states follows the nomenclature in the linear,
symmetric ground-state geometry.

2Note that other than for Figs. 1 and 2, where different symmetry
groups were used to facilitate the calculation of highly excited states,
the excitation energies stated were calculated without symmetry in
order to obtain more exact relative energies between states, which
would fall into different symmetry representations in C2v [method,
SA-CAS(8,10); basis set, aug-cc-pVTZ].

FIG. 2. Same as Fig. 1 but for the C-C stretching mode [SA-
CAS(8,8), C-H = 1.06 Å].

dissociation into CH+ + CH+ is possible from these low-lying
excited states. This is also in agreement with experimental
results [2]. The 3�u state is also known to have a pathway
to isomerization with energetically low-lying transition states
[22].

B. Ionization pathways and Dyson orbitals

Next, we address the question of how the different states in
the ionic and dicationic manifolds can be populated. Figure 3
shows the seven energetically lowest-lying molecular orbitals
of acetylene, calculated near the equilibrium geometry of C2H2

using a CAS(8,8) calculation and the cc-pVTZ basis set.
The ground-state configuration of C2H2 is domi-

nated by the following determinant of molecular orbitals:
(1σ 2

g ,1σ 2
u ,2σ 2

g ,2σ 2
u ,3σ 2

g ,1π4
u ), where the orbitals are labeled

according to their symmetries and ordered according to
increasing pseudo-single-particle energies. The exponents
denote the orbital population. This configuration corresponds
to the double occupation of all orbitals shown in Fig. 3. The
highest occupied molecular orbital is the doubly degenerate
1πu orbital, resulting mainly from the bonding superposition
of the carbon p orbitals lying orthogonal to the molecular axis.
The next-lower-lying orbitals, the 3σg , the 2σu, and the 2σg

orbitals, describe bonding and antibonding superpositions of
the carbon sp orbitals and the hydrogen 2s orbitals. The 1σg

and 1σu orbitals are formed from the carbon 1s orbitals and
are energetically well separated from the other orbitals and
remain doubly occupied for all electronic states considered.

The cationic ground state, 2�u, mainly corresponds to a
configuration in which one electron is missing from the πu

FIG. 3. Molecular orbitals of C2H2 with near double occupancy
in the neutral ground state, calculated in GAMESS using a CAS(10,10),
aug-cc-pVTZ basis (isovalue 0.1).
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TABLE I. Occupation of orbitals in configuration state functions
(CSFs) contributing with weights larger than 0.04 for the lowest-lying
dicationic states.

CSF

State 2σg 2σu 3σg 1πx
u 1πy

u Weight

Dication
3�−

g �� �� �� � � 0.96
1�g (1) �� �� �� � � 0.85

�� �� �� �� 0.05
�� �� �� �� 0.05

1�g (2) �� �� �� �� 0.43
�� �� �� �� 0.43

1�+
g �� �� �� �� 0.47

�� �� �� �� 0.47
3�u (1) �� �� � �� � 0.89
3�u (2) �� �� � � �� 0.89
1�u (1) �� �� � � �� 0.91
1�u (2) �� �� � �� � 0.91

orbital, while one electron is missing from the 3σg electron in
the cationic excited 2�g state.

The main configurations for the lowest-lying dicationic
states are shown in Table I.

The lowest-lying dicationic, metastable 3�−
g , 1�g , and 1�+

g

states are dominated by configurations in which two electrons
are missing from the πu orbitals. The lowest-lying dissociative,
dicationic states, the �u states, correspond to configurations
with one electron missing from the πu and one missing
from the lower-lying 3σg orbital. The dissociative �u states
can thus either be populated by ionization from the highest
occupied orbitals (the πu orbitals) and subsequent excitation or
directly via ionization from the lower-lying orbitals as shown
schematically in Fig. 4. This is reflected by the shape of the
Dyson orbitals, which are defined as

φD(r) = 〈�N−1(r1, . . . ,rN−1)|�N (r1, . . . ,rN−1,r)〉r1,...,rN−1 .

(1)

These are shown in Fig. 5 for the overlap of the 12-electron
wave function of the dicationic states with the 13-electron wave
function of the cationic ground state. The Dyson orbital is of

FIG. 4. Schematic drawing of states populated after the extraction
of two πu electrons (left) and one σg and one πu electron (right). Dark
gray region, neutral; light gray region, cationic states; all other states,
dicationic states.

FIG. 5. Dyson orbitals from the degenerate 2�u state to different
dicationic states. The left- and right-hand figures show Dyson orbitals
for the two different orientations of the degenerate 2�g state. For
degenerate final states, the Dyson orbitals for the different orientations
are given in subsequent rows. Method, CAS(8,8); basis, adjusted
aug-cc-pV5Z basis (see text for details). Note that the orientation of
the degenerate states is not necessarily the same for different states.

πu type for the lowest three states and of σg-type orbital for the
dissociative �u states, indicating that direct electron removal
from these orbitals can lead to the population of these states.
Although ionization from the πu orbitals may be expected to be
strongest, strong-field ionization from lower-lying orbitals has
been observed to play an important role for several molecules
(e.g., Refs. [7,23–25]), particularly when considering different
alignment angles.

III. NUMERICAL SIMULATION

The simultaneous description of all degrees of freedom
relevant to describe the experiment [15], the rotational and
vibrational nuclear and the electronic degrees of freedom, is
so far computationally unachievable. However, the dynamics
proceed on different time scales: the slowest dynamics, the
rotational motion of the molecule, proceeds on the picosecond
time scale, while the vibrational motion takes place on the
femtosecond time scale. Ionization is expected to occur on a
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DOBLHOFF-DIER, KITZLER, AND GRÄFE PHYSICAL REVIEW A 94, 013405 (2016)

subcycle time scale. Additionally, the probe pulse is very
short (5 fs) and tunneling ionization depends nonlinearly
on the pulse intensity. This limits ionization and excitation
to time scales that can in first approximation be considered
to be shorter than the time it takes for significant nuclear
rearrangement to take place. This approximation allows
separating the nuclear and the electronic processes, as is
commonly done, and to meet the computational challenge by
breaking the full process into several subprocesses occurring
on different time scales.

A. Alignment-dependent ionization

In the last section, we established a connection between the
ionization from πu orbitals and the population of nondisso-
ciative states, leading to the formation of C2H2

+ and C2H2
2+.

The ionization from the σg orbital was connected with the
population of dissociative dicationic states leading to the
formation of C2H+ + H+, CH+ + CH+, and CH2

+ + C+.
Based on this information, we now build a model for the
alignment-dependent fragmentation of acetylene depending
solely on the alignment-dependent ionization from different
orbitals. Field excitation processes are treated separately in
Sec. V B.

Double ionization may proceed sequentially and non-
sequentially: While the first ionization step is necessarily
field induced, the second ionization step may be either field
driven or caused by electron recollision [26,27]. Due to
the comparatively high intensity of the probe pulse used
in the experiment [15], one may expect ionization to occur
predominantly sequentially: Experimentally, it has been shown
that for 50-fs pulses, sequential ionization becomes dominant
over recollisional ionization for intensities above approxi-
mately 2 × 1014 W/cm2 [28]. We therefore model ionization
sequentially. We address the possibility of nonsequential
ionization at a later point in this paper.

In the present model, we assume that the first and second
ionization steps take place independently of each other. Fur-
thermore, we assume that the molecule’s nuclear arrangement
does not change during the ionization process. This is a
legitimate approximation as the ionization will dominantly
take place during the central field cycle of the very short
laser pulse (5 fs), due to the exponential dependence of the
ionization rate on the field strength [29–34].

However, even if the nuclear motion is neglected, one
would still have to describe the strong-field dynamics of
all electrons in the molecule. For the 14 electrons present
in acetylene, an exact numerical treatment is not feasible at
present. To circumvent this problem, two different approaches
were used: (a) an approach based on time-dependent density
functional theory (TD-DFT) and time-dependent Kohn-Sham
orbitals and (b) an effective one-electron approach based on
the Dyson orbital and the assumption of strong-field ionization
via tunneling.

1. Description via TD-DFT

In the present simulation, the TD-DFT calculations were
performed using the OCTOPUS code [35–37] on a grid with
complex absorbing boundaries using the local-spin-density
approximation (LSDA) exchange functional and a modified
local-density approximation (LDA) correlation functional by

FIG. 6. Time evolution of the electronic density of C2H2
+

projected onto the laser polarization direction for an alignment angle
of θ = 40◦ when starting from the electronic ground state. Nuclear
coordinates are fixed. Superimposed red line, laser electric field.

Perdew and Wang [38] available in the standard OCTOPUS

distribution.
The TD-DFT approach has the advantage of including, to

a certain extent, many-electron effects and thus simultaneous
excitation and ionization in the presence of an intense laser
field, while substantially reducing the numerical effort, since
only the three spatial dimensions of the density are considered.
On the other hand, DFT is not exact and LSDA is known
to have problems describing total ionization yields [39,40]
due to the incorrect description of the Coulomb tail (the
potential decreases exponentially, instead of as 1/r). In the
present application, we are, however, not interested in the total
ionization yield but only in its alignment dependence, which
is expected to be influenced by the orbital shape [3,6–9]. A
potentially better description of the exchange correlation can
be obtained, for example, by using the generalized gradient
approximated exchange-correlation potential by Leeuwen and
Baerdens [39,41], which has the correct asymptotic behavior.
This is, however, not only numerically more expensive; the
calculation also suffers from numerical instabilities on a
large grid. Several independent calculations suggest that,
qualitatively, the alignment dependence is not influenced by
the choice of the exchange-correlation functional. We therefore
use LSDA in the following calculations.

In the simulations, the box size was set to at least 64 × 40 ×
37 a.u., where the first dimension corresponds to the laser
polarization direction and defines, together with the second
dimension, the plane in which the molecular axis lies. This
box is sufficiently large to easily accommodate the classical
tunnel exit. A sin2-shaped imaginary potential was applied to
avoid reflections from the grid ends: the width of the imaginary
absorbing boundaries was 4 a.u., and the absolute value of their
height was 1.5 a.u.

A strong and short laser pulse [4.5 fs full width at half
maximum (FWHM) with a sinusoidal envelope, I = 2.8 ×
1014 W/cm2], linearly polarized at an angle θ relative to the
molecular axis, was applied to the neutral and ionic molecule.3

3To limit the amount of double ionization and the space charge in the
continuum, the laser intensity in the simulations was chosen slightly
lower than in the experiment. At the intensity used, the total amount
of charge lost is lower than 0.6 a.u. for C2H2, 0.1 a.u. for C2H2

+ in
the ground state, and 0.2 a.u. in the excited state.
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FIG. 7. Time evolution of ni(t ; 40◦) of the Kohn-Sham spin
orbitals of C2H2

+ starting from the electronic ground state. Nuclear
coordinates are fixed; laser field is as in Fig. 6. Lines with the same
color (shade of gray) correspond to spin-up and spin-down orbitals
whose contributions are added in the model.

The ionic molecule was thereby considered both in its ground
state and in an excited state, which was assumed to correspond
to a configuration with one electron missing from a 3σg Kohn-
Sham orbital.

Near each field maximum, electronic density is drawn away
from the molecule as shown in Fig. 6.

The charge lost during the calculation via the absorbing
boundaries is interpreted as the probability for single ionization
at the angle θ .

By monitoring the decrease in the norm as a function of
the alignment angle θ , the angular dependence of the total
ionization yield can be evaluated. To evaluate the probability
to populate a certain state via ionization additional assumptions
are made: Based on the analysis in Sec. II A, it is clear that
the probability to populate the states of interest is strongly
connected with the probability to ionize from a πu-type
molecular orbital and/or from a σg-type orbital. Since we
have verified that the Kohn-Sham orbitals are similar to
the molecular orbitals, one may connect the decrease of the
norm of those orbitals with the population of either the ground
or the excited dissociative states.

Figure 7 displays the time evolution of the charge contained
in each Kohn-Sham orbital ϕi . The charge is thereby calculated
as follows:

ni(t ; θ ) = No
i 〈ϕi(t ; θ )|ϕi(t ; θ )〉, (2)

where No
i is the the initial occupation number of the ith

orbital.4

Due to the strong mixing of the Kohn-Sham orbitals in the
laser field, a direct mapping of the charge lost from different
Kohn-Sham orbitals to the probability to populate a specific
final state by ionization during the interaction with the IR field
is not possible.

As shown in Fig. 8(a), especially the coupling between the
3σg and 2σu orbitals is very large. The character of these two
orbitals effectively switches (〈ϕ3σg

|ϕ2σu
〉 ≈ 1) at certain times

4The calculation of this value was implemented by the authors in a
private version of the OCTOPUS code.

FIG. 8. Time evolution of selected projections Pi,j =
|〈ϕi(t)|ϕj (0)〉|2 for an alignment angle of θ = 40◦. Left: P2σu,3σg

.
Right: couplings between πu and σu/g states and couplings between
lower-lying σ states.

during the propagation. Couplings to lower-lying σ states, on
the other hand, are negligible [see Fig. 8(b)] and the coupling
between the πu and the σ states remains well below 1.5% even
for θ = 90◦, where the strongest coupling can be expected due
to symmetry considerations.

Because of the strong coupling of the 2σu and 3σg orbitals,
norm lost from the orbital initially corresponding to the 2σu

orbital partially contains norm lost from the orbital with 3σg

character. Hence, one cannot discern ionization from these two
orbitals. Ionization from σg and σu orbitals was thus treated
as a sum over all σ orbitals. Due to the weak coupling of the
π states to the σ states, it is a reasonably good approximation
to separate the ionization from σ -type orbitals and π -type
orbitals. The ionization probabilities from σ and π orbitals
can thus be defined as follows:

p+/2+
σ (θ ) =

∑
i=σ orb

[
n

0/+
i (t = 0,θ ) − n

0/+
i (t = tf ,θ )

]
, (3)

p+/2+
π (θ ) =

∑
i=π orb

[
n

0/+
i (t = 0,θ ) − n

0/+
i (t = tf ,θ )

]
, (4)

where θ denotes the angle between the laser polarization
direction and the molecular axis. The time tf is chosen
sufficiently long after the end of the pulse such that the
electronic density released during the pulse has left the grid.
The superscripts “+” and “2+” of p denote ionization to C2H2

+
and C2H2

2+, respectively, while the superscripts “0” and “+”
of the ni denote the orbital charges in the neutral molecule and
the ion.

While the mixing of fully occupied orbitals in TD-DFT is
an artifact and seems unfavorable for the present analysis, it
should be kept in mind that this coupling can reflect physically
relevant processes as soon as the norm is lost from one of
the orbitals. Then, a “real” coupling between the orbitals
becomes possible and can be related to relevant observables:
The mixing of the σg and σu orbitals leads to the formation
of asymmetric orbitals due to the opposite symmetry of
the σg and σu orbitals. Ionization from the time-dependent
orbital can thus be expected to lead to charge localization
during fragmentation. Such a charge localization has indeed
been observed by Alnaser et al. [42] as a function of the
carrier-envelope phase.

The total ionization probabilities, pi(θ ) [Eqs. (3) and (4)]
are displayed in Fig. 9. The π orbitals ionize preferentially
when aligned orthogonally to the laser polarization axis,
while the σ orbitals feature preferential ionization at parallel
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FIG. 9. Angular plots of the alignment-dependent ionization
probabilities from specific orbitals. Top row, black lines: probability
to ionize from a π orbital; bottom row, blue lines: probability to ionize
from a σ orbital for (a) C2H2, (b) C2H2

+, and (c) C2H2
+*.

alignment. Since strong-field ionization has been found to
reflect the orbital shape [3,6–9], this behavior agrees with the
qualitative expectations based on the different orbital shapes.
Ionization from π orbitals in C2H2 [Fig. 9(a)] depends only
rather weakly on the alignment. This may be explained by
the fact that in the neutral molecule, ionization from the π

orbital is estimated to proceed in the over-the-barrier regime:
For an atomic potential at I = 4 × 1014 W/cm2, the barrier
maximum lies at −16 eV with respect to the ionization
continuum. The ionization potential IP from the π orbitals,
corresponding to ionization to the cationic ground state, is
given by −IP ≈ −11.6 eV [43]. This energy is clearly higher
than the barrier maximum.

For both the first and the second ionization step, the
alignment dependence is observed to be more pronounced
for the σ -type orbitals than for the π -type orbitals. This is
attributed to a combined effect of the lower ionization potential
for the πu orbitals and the shape of the orbitals.

Having determined the angular dependence of the single
ionization yield, we calculate double ionization yields by as-
suming that sequential ionization is the dominant mechanism.
Assuming that the two ionization steps are independent of each
other and neglecting interference effects, the double ionization
yields are defined as

p2+
a,b(θ ) =

∫ tf

0

(∑
a

n0
i (0,θ ) − n0

i (t,θ )

)

×
(∑

b

n+
i (t,θ ) − n+

i (tf ,θ )

)
dt, (5)

with a,b = π,σ . The probability p2+
π,σ denotes ionization from

a π -type orbital in the first step and from a σ -type orbital in
the second step, etc. If the first ionization step corresponds to
ionization from a σ -type orbital, the charge evolution n+

i from
the calculations for the excited ion should be used in the above
expression. The resulting double ionization probabilities are
shown in Fig. 10.

Due to the stronger alignment dependence of the ionization
from the σ orbitals, the combined probability for ionization
from a π -type orbital followed by a σ -type orbital and vice

FIG. 10. Angular plots of the alignment-dependent probability
for sequential double ionization. (a) Ionization from a π orbital in the
first and second ionization step, p2+

π,π ; (b) ionization from a π orbital
in the first step and from a σ orbital in the second step, p2+

π,σ ; and
(c) ionization from a σ orbital followed by ionization from a π

orbital, p2+
σ,π . See text for details.

versa is dominated by the angle dependence of the σ orbital;
i.e., it is larger for small angles θ [see Figs. 10(b) and 10(c)],
while p2+

π,π is larger for orthogonal alignment.
As described in Sec. II A, the probability p+

π can be assumed
to correspond to the probability to populate the nondissociative
singly ionic ground state 2�u, p2+

π,π to populating a nondisso-
ciative dicationic state (3�−

g , 1�, 1�+
g ) and p2+

π,σ and p2+
σ,π to

populating an excited dissociative dicationic state (3�u, 1�u).
The norm losses obtained via TD-DFT, which are strongly
alignment dependent for the σ orbitals and—less so—for the
π orbitals, can thus be related to an alignment-dependent
fragmentation yield.

2. Description via Dyson orbitals and tunneling

The TD-DFT results presented in the last section feature
alignment-dependent probabilities for sequential ionization.
However, very often, the results of TD-DFT are to be taken
with caution when used to describe ionization processes. Thus,
in this section, we present a conceptually completely different
approach based on different approximations: The TD-DFT
results presented in the last section are compared to results
from an ansatz based on Dyson orbitals, as described in the
following.

The Dyson orbital approach used in the present paper
is based on the method described in Ref. [44] using the
eikonal approximation with a first-order correction for a single
center potential [45]. In this approach, ionization is treated
as a tunneling process from an effective one-electron system
described by the Dyson orbital [see Eq. (1)] via the ionization
rate [44,45]

� ∝
∫ ∫ √

2Ip

[(
4IP

Ez0

) Q+1√
2Ip

e−
√

2Ip
3

3E
+
√

2Ipz0

]2

× |φ̃D(px,py,z0)|2e−p2
⊥

√
2Ip

E dpx dpy, (6)

where the z axis corresponds to the laser polarization axis with
laser field strength E. φ̃D(px,py,z0) is the two-dimensional
Fourier transform of the Dyson orbital in the plane or-
thogonal to the laser polarization at z0, φ̃D(px,py,z0) =
F{φD(x,y,z0)}x,y , which has been calculated numerically on

a grid. In this expression, p⊥ =
√

p2
x + p2

y and IP denotes
the ionization potential. Q is the charge of the molecule
prior to ionization. The value of z0 should be chosen to lie
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within the potential barrier, thus setting an upper limit to
the field strength: Too-high field strengths would narrow the
border too much or render a description impossible in the case
of over-the-barrier ionization. For moderate field strengths,
the exact value of z0 should not influence the final results
[44,45]. Although not clearly visible in Eq. (6), the first three
terms in square brackets arise from the eikonal approximation
with a first-order correction for a single center potential of

e
∫ zex
z0

pz(z′)dz′
. In Eq. (6), it is thus tacitly assumed that the exit

of the barrier, zex, can be calculated assuming a single center
potential. The further zex lies from the center of the molecule,
the better this approximation will be.

This Dyson approach is based on the formation of a
quasistatic barrier. Since the first ionization step for the
parameters investigated here proceeds classically over the
barrier, the tunneling model is only applicable to the second
ionization step. Applying the model at the experimentally
used intensity (4 × 1014 W/cm2) is, however, problematic
due to the single center approximation made in Eq. (6):
At I = 1.2 × 1014 W/cm2, the barrier entrance zin for IP =
21 eV (ionization to the 3�g state; see Fig. 5) is given by
zin = 3 a.u. when assuming a single center potential. The
barrier exit zex is given by zex = 11 a.u. in this case. Due to the
spatial extent of the molecule of about 3 a.u., the true tunnel
entrance will be shifted to larger values compared to these
predictions for a single center potential. At higher intensities,
the tunnel exit moves closer to the tunnel entrance and z0

cannot be safely chosen within the true barrier any more. We
thus limit our analysis to an intensity range of 8.8 × 1013

to 1.2 × 1014 W/cm2. Within this intensity range, no strong
changes in the alignment dependence of the ionization yield
were observed. In the comparison with the TD-DFT results, the
results for I = 1.2 × 1014 W/cm2 are used. For this intensity,
values of z0 ranging from 6 to 7 a.u. were compared and yielded
consistent results. Since the Dyson orbital φD is sampled at
a distance z0 from the molecular center, larger values of z0

were not considered due to the limited size of the basis set
representing the wave function and the quality of the wave
function at very large distances. The results presented in the
following were obtained at z0 = 6.5 a.u.

The wave functions and ionization potentials defining
the Dyson orbital were calculated using MOLCAS [16] using
CASPT2 with an active space containing nine active electrons
in eight orbitals. Since the method requires a very good
description of the wave-function tails at several atomic units
from the molecular center, a modified aug-cc-pV5Z basis was
used to calculate the wave functions. To allow a high-quality
description of the tails, two additional diffuse orbitals for each
angular momentum were added to the aug-cc-pV5Z basis. On
the other hand, the orbitals with angular momentum quantum
number l = 5 (h orbitals) were removed from the basis to limit
the size of the basis set. The molecular geometry was kept at the
ground-state geometry of the neutral molecule, i.e., linear with
a C-C bond distance of 1.2 Å and a C-H bond distance of 1.0 Å,
similarly to the TD-DFT calculations. The Dyson orbitals were
calculated from the resulting wave functions via Eq. (1) and
are shown in Fig. 5. The ionization potential IP , which enters
the ionization rate given by Eq. (6), was calculated from the
energy difference of the (N − 1)-particle and the N -particle
states.

FIG. 11. Comparison of the ionization probability from C2H2
+

to C2H2
2+ calculated via TD-DFT (thin black line, black scale on x

axis) and the ionization rate calculated via the Dyson orbital approach
(thick blue line, blue scale on y axis). Left: for π -type orbitals; right:
for σ -type orbitals. Arbitrary units are used in all cases.

To allow a comparison with the TD-DFT results discussed
in the last section, the ionization rates for the π -type Dyson
orbitals corresponding to ionization to the 3�−

g , 1�g , and
1�+

g states were added, as were the rates for σ -type Dyson
orbitals for ionization to the 3�u and 1�u states. Figure 11
shows a comparison of the alignment-dependent ionization
probability computed via TD-DFT with the ionization rate
calculated using the Dyson-orbital approach.

Overall, Fig. 11 shows a very good agreement between
the TD-DFT results and the Dyson-orbital calculations. The
differing relative ionization probability from the π and σ

orbitals in the two approaches can be attributed to the different
intensities used in the two calculations. Within the intensity
range accessible in the Dyson orbital approach (8.8 × 1013 to
1.2 × 1014 W/cm2), the relative importance of ionization from
the σ orbitals strongly increases for increasing intensity, which
is consistent with the comparatively high influence of ioniza-
tion from σ orbitals observed in the TD-DFT approach at I =
2.8 × 1014 w/cm2. The alignment dependence did not change
considerably with intensity in the Dyson orbital approach.
The overall slightly more pronounced alignment dependence
in the Dyson orbital approach can be explained by the very
different approximations made in the two approximations.
While TD-DFT suffers from deficiencies in the description
of the exchange correlation and the long-range interaction,
the Dyson approach necessitates tunneling and is based on
a single-active-electron picture. The single-active-electron
approximation neglects electronic coupling and excitation,
which was observed to play an important role in the TD-DFT
approach. Nevertheless, the excellent agreement between the
TD-DFT approach and the Dyson-orbital approach strongly
suggests the reliability of both approaches, the Dyson orbital
and the TD-DFT approach.

B. Rotational wave packet

We describe the molecular rotational dynamics following
impulsive alignment within the rigid rotor approximation.
Electronic excitations are assumed to be negligible due to the
off-resonance nature of the laser field and the low intensity
of the alignment pulse. Therefore, the interaction of the laser
pulse with the molecule can be described via the polarizability
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FIG. 12. Red (gray) continuous line, simulation of 〈cos2(θ )〉;
green (light gray) dots, experimentally measured expectation value
of cos2(θ ) derived from the Coulomb explosion data of C2H2

4+ [15];
blue (dark gray) squares, proton yield as a function of the delay time τ .
The symbols ‖ and ⊥ mark the delay times τ with highest probability
to find the molecule aligned parallel and perpendicular to the laser
polarization direction.

tensor and the rotational constant B as described in Ref. [46].
Values for the polarizability and for B were taken from the
literature with a polarizability orthogonal to the molecular

axis of 2.7 Å
3
, an anisotropy of 1.8 Å

3
[47], and a rotational

constant of B = 1.18 cm−1 [48]. A Boltzmann distribution
p(Js,Ms) = p(Js)/(2Js + 1) is assumed as initial, incoherent
population of different rotational states with quantum numbers
Js and Ms . The initial rotational temperature was set to 100
K, equal to the value estimated from the experiment [15].
Nuclear spin statistics were taken into account by assuming
a ratio of 3:1 between the population of states with odd
and even rotational quantum numbers to account for the
fermionic character of the hydrogen atoms. The intensity of
the alignment pulse was set to 2.4 × 1013 W/cm2 and the
full width at half maximum of the field to 50 fs similarly to
the experimental values. Since the duration of the alignment
pulse is short compared to the rotational period of acetylene,
the interaction with the pump pulse leads to a coherent
population wf (Js,Ms,J ) of higher and lower rotational states
with quantum number J and thus to the creation of a rotational
wave packet evolving in time. Rotational states up to a
maximum quantum number of J = 20 were taken into account
to obtain convergence in the final results.

The probability to find a molecule at a delay τ at an angle
θ relative to the laser polarization direction is given by

f (θ,τ ) =
∑
Js ,Ms

2π sin θ
p(Js)

2Js + 1

×
∣∣∣∣∣
∑

J

e−i B
�

J (J+1)τwf (Js,Ms,J )YJ,Ms
(θ )

∣∣∣∣∣
2

. (7)

This probability distribution plays a central role in the
semiclassical model below.

Figure 12 shows a comparison of the simulated [46] and
measured [15] value of 〈cos2 θ〉 as a function of delay time τ

to the alignment pulse. As can be seen, the degree of alignment
is not very high due to the relatively high beam temperature.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

To allow a comparison with the experimental results from
Ref. [15], the numerical results for p2+

a,b(θ ) and p+
a (θ ) (a,b =

FIG. 13. Comparison of the theoretically predicted delay-
dependent yield with experimental results [15]. Left, C2H2

2+ vs Yπ,π ;
right, C2H2

+ vs Yπ . For other symbols see Fig. 12.

π,σ ) were convolved with f (θ,τ ) to give a normalized yield
Ya,b(τ ) as a function of delay time τ :

Ya,b(τ ) =
∫

dθf (θ,τ ) p2+
a,b(θ )∫

dt
∫

dθf (θ,τ ) p2+
a,b(θ )

, (8)

where f is given by Eq. (7) and p2+
a,b (and p+

a for the cationic
case) are given by Eqs. (5) and (4). This convolution is valid
since the rotational dynamics proceeds on much longer time
scales than the ionization event(s). During the interaction
with the short probe pulse (5 fs), rotational dynamics is
frozen.

Since the nondissociative states can be accessed by ioniza-
tion from two πu orbitals, Yπ,π (τ ) describes, according to our
model, the yield of C2H2

2+. The yield of C2H2
+ is described

by Yπ (τ ). The sum of Yπ,σ and Yσ,π describes the population
of the dissociative 3�u state and hence the dicationic fragment
yield into C2H+ + H+, CH+ + CH+, and CH2

+ + C+.
In Fig. 13, we compare the calculated yields of Yπ and Yπ,π

with the experimentally measured yield [15] of C2H2
+ and

C2H2
2+ around the half revival of the rotational wave packet

at delay times between 6 and 8 ps. The yields were normalized
such that the yield is equal to 1 for the randomly aligned
sample. For the yield of the ionic and dicationic species, the
qualitative and quantitative agreement is excellent.

In Fig. 14, a similar comparison is shown for Yπ,σ and
Yσ,π with the experimentally measured fragmentation yields.
Good agreement is found for the hydrogen migration channel

FIG. 14. Comparison of Yπ,σ (black line) and Yσ,π (gray line)
with experimental results [15] (dots with error bars, connected by
thin lines) of fragmentation yields (a) for C2H+ + H+ and (b) for
CH+ + CH+ and CH2

+ + C+.
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FIG. 15. Comparison of Y circ
π,σ (black line) and Y circ

σπ
(gray line) with

experimental results of fragmentation yields in circularly polarized
light.

[blue (dark gray) dots in Fig. 14(b)]. However, for C2H+ + H+
[dark green (gray) dots in Fig. 14(a)] and CH+ + CH+ [red
(light gray) dots in Fig. 14(b)], the predicted yield does not
agree with the experimental values. This suggests that the
present model, which captures only sequential ionization into
one final state, is insufficient for the description of some
of the experimental results and that, hence, the model is
missing some relevant physical processes. Possible processes
are nonsequential ionization, excitation, or ionization to even
higher lying electronic states.

To shed some light onto the missing processes, we apply
our model to experimental results obtained in circularly
polarized light. Here, no prominent alignment dependence
of excitation can be expected. Furthermore, nonsequential
ionization and recollisional excitation are also excluded in
circularly polarized light fields. To this end, the yields Y circ

π,σ

and Y circ
σ,π are calculated from

Y circ
a,b (τ ) =

〈 ∫
dθ f (θ,τ ) p2+

a,b(α(θ ))
〉

∫
dτ

〈 ∫
dθ f (θ,τ ) p2+

a,b(α(θ ))
〉 , (9)

where

cos(α(θ )) = cos(β) sin(γ ) sin(θ ) + sin(β) cos(θ ), (10)

and a,b = π,σ . The average value, denoted by the angle
brackets, is taken over the angles β and γ . The angle β thereby
describes the instantaneous polarization of E(t). The angle γ

is the azimuthal angle of the molecular axis relative to the
polarization plane of the laser.

As shown in Fig. 15, the model correctly reproduces the
results in circularly polarized light even for the CH+ + CH+

and C2H+ + H+ channels. The excellent agreement between
the model and the experiment for circularly polarized light
suggests that in linearly polarized fields discussed above
(Fig. 14), recollisional or possibly excitation processes play
an important role for those reaction pathways.

This is also suggested when considering the kinetic energy
release (KER) distributions. The KER distribution of the
C2H+ + H+ reaction channel exhibits a double-peak structure
in linearly polarized light as shown in Fig. 16.

In circularly polarized light, the high KER peak around 5
eV is suppressed, suggesting the dominance of recollisional
ionization in the high-KER regime. The low KER peak
around 3.5 eV, on the other hand, remains visible even
in circularly polarized light, suggesting contributions from

FIG. 16. Experimentally measured KER distribution for the
C2H+ + H+ channel for linearly and circularly polarized light.

sequential ionization. Comparing the model predictions for
C2H+ + H+ in linearly polarized light with the experimental
results for KER � 4 eV, good agreement between the model
and the experiment can be achieved (see Fig. 17). This suggests
that the low KER peak results indeed predominantly from
sequential ionization and only a weak influence from other
ionization mechanisms is implied.

The experimental results for KER � 4.5 eV (not shown),
on the other hand, show an opposing trend with a lower
fragmentation yield for parallel alignment and a higher
fragmentation yield for orthogonal alignment.

V. PROCESSES BEYOND THE PRESENT MODEL

The model as described so far neglects two processes which
are potentially important in molecule-field interactions: field-
excitation and recollisional processes. In the following we
address these effects.

A. Recollision

The importance of recollisional processes to the strong-
field fragmentation of acetylene has been discussed above.
Theoretical modeling of recollisional ionization remains a
challenge due to the necessary treatment of several electrons
and the large excursion lengths of the electrons that have
to be taken into account. While the probability for the
primary electron to return to the core has been shown to
depend on the orbital shape and the molecular alignment
[49–52], probability for recollisional ionization itself has not
been studied so far. The one-electron - two-electron process
happening in the presence of a strong field at a molecule

FIG. 17. Same as Fig. 14(b), but experimental values for C2H+ +
H+ fragments with low KER (< 4 eV) only.

013405-9
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FIG. 18. States and dipole transition elements included in the
dynamics calculation.

is very difficult to describe due to the comparatively low
impact energy of the returning electron. However, we have
shown in the last section that recollisional processes—while
unimportant for circularly polarized light and for the low KER
peak of the C2H+ + H+ fragmentation—are important for
some fragmentation reactions in acetylene, which necessitates
further studies.

B. Field excitation

Field-driven dipole transitions in the neutral and in the
singly ionic and dicationic manifolds can lead to population
of excited electronic states. Thereby, the field-excitation
probability depends on the molecular alignment relative to
the laser polarization direction.

The energy gaps to the first excited dipole-coupled state in
the Franck-Condon region are similar in the neutral molecule,
the cation, and the dication. It is therefore reasonable to
assume that the average probability for field excitation is
similar in all three cases. Therefore, only the field-driven
dynamics on the dicationic triplet manifold is studied in the
following.

We simulate the wave-packet dynamics in reduced dimen-
sions assuming Born-Oppenheimer dynamics. The propaga-
tion is performed on a grid using the split-operator method.
Due to the much longer vibrational period of the C-C bond,
only the much faster C-H stretching modes are considered in
the following simulation. Furthermore, only the lowest-lying
and strongly dipole coupled triplet states, the 3�−

g ground state,
the first and second excited triplet states (3�u and 3�g), and
the first 3�−

u state are taken into account. Dipole couplings
are considered between 3�−

g and 3�u, between 3�−
g and 3�−

u ,
and between 3�u and 3�g (see Fig. 18). The corresponding
electronic states and transition dipoles were calculated using
a state-averaged CAS-SCF(8,8) calculation with subsequent
multireference configuration-interaction calculation. The ini-
tial wave packet was chosen to start in a dicationic dressed
state, with the width corresponding to the wave packet in the
neutral ground state, thus mimicking a Franck-Condon wave
packet. The laser intensity was set to 4 × 1014 W/cm2 with a
FWHM duration of 4.5 fs.

Figure 19 shows exemplarily the population dynamics for
the excited states assuming a CEP of 0◦, a relative laser
polarization axis of θ = 45◦, and the moment of ionization
to the dicationic manifold 0.5 fs after the maximum of the
field envelope.

Figure 20 shows the resulting fragmentation probability
as a function of the instant of ionization (i.e., the instant
in time when the dicationic manifold is reached) for three
different alignment angles θ of the molecule relative to the

FIG. 19. Population dynamics for the excited states assuming
CEP = 0◦, θ = 45◦, and the moment of ionization to the dicationic
manifold 0.5 fs after the maximum of the field envelope.

laser polarization axis for a CEP of 0◦ (cos pulse). Similar
results were obtained for other CEPs.

Not surprisingly, the excitation probability depends on
the molecular alignment relative to the laser polarization.
Interestingly, however, the alignment angle leading to the
strongest fragmentation depends on the moment of ionization:
the probability for field-excitation-induced fragmentation is
larger for parallel alignment than for perpendicular alignment,
if ionization happens at t ≈ 0.6 fs, corresponding to a zero
electric field, where the probability for recollisional ionization
is high. At the field maximum (t = 0 fs), when the probability
for sequential ionization is highest, the fragmentation probabil-
ity is higher for perpendicular alignment. However, overall, the
calculated excitation probability is small (< 0.3%). If it were
field-driven dipole transitions, which are mainly responsible
for the fragmentation process and not ionization from lower-
lying orbitals and recollisions, then the overall fragmentation
probability would have to be below 0.3% as well. Since
the experimentally observed fragmentation probabilities are
significantly higher (in the region of several percent), we can

FIG. 20. Calculated fragmentation probability as a function of the
moment of double ionization and the alignment angle. Time t = 0 fs
corresponds to the center of the pulse with CEP = 0◦.
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conclude that although field-excitation processes will depend
strongly on the molecular alignment, it is a good approximation
to neglect these effects in the current model due to their small
influence.

VI. SUMMARY AND CONCLUSION

In summary, we have presented theoretical approaches de-
scribing the complex strong-field-driven molecular dynamics
leading to the experimentally observed alignment-dependent
fragmentation of small molecules in an intense, few-cycle
laser field. We have compared two conceptually different
approaches calculating the ionization yield of acetylene at
different angles relative to the polarization axis of the laser
pulse: one using TD-DFT methods, and a second one based
on a Dyson orbital approach. Despite the different approxi-
mations implied in both methods, we have obtained almost
identical results. Our model is based on sequential double
ionization which, together with wave-packet calculations for
the rotational dynamics, is very successful in describing the

experimental results of Ref. [15]. For many of the experi-
mentally observed reaction channels, the alignment-dependent
fragmentation patterns could be reproduced quantitatively
within our model. For two channels, namely, C2H+ + H+
and CH+ + CH+, based on our theoretical investigations
we conclude that electron recollision plays an important
role. Field-driven population transfer was shown to play
a minor role in the overall dynamics. Understanding of
the processes underlying the fragmentations is essential in
allowing predictions for other systems. Our results stimulate
further investigation on the influence of recollisional processes
in strong-field-driven molecular dynamics.
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