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Probing the role of excited states in ionization of acetylene

Daniel Dundas, Peter Mulholland, Abigail Wardlow and Alejandro de la Calle
School of Mathematics and Physics, Queen’s University Belfast, University Road, Belfast, BT7 1NN, N. Ireland, UK.

(Dated: April 21, 2017)

Ionization of acetylene by linearly-polarized, vacuum ultraviolet (VUV) laser pulses is modelled using time-
dependent density functional theory. Several laser wavelengths are considered including one that produces
direct ionization to the first excited cationic state while another excites the molecules to a Rydberg series in-
corporating an autoionizing state. We show that for the wavelengths and intensities considered, ionization is
greatest whenever the molecule is aligned along the laser polarization direction. By considering high harmonic
generation we show that populating excited states can lead to a large enhancement in the harmonic yield. Lastly,
angularly-resolved photoelectron spectra are calculated which show how the energy profile of the emitted elec-
trons significantly changes in the presence of these excited states.

I. INTRODUCTION

Attoscience is a field that has seen spectacular progress over
the last several years with the continuing development of at-
tosecond laser sources with which to probe dynamical pro-
cesses in molecules, nanoscale devices and solids [1]. Since
electrons move on the attosecond timescale, one of the main
goals of attosecond chemistry is steering reactions through
correlated electronic processes [2]. Realizing this goal is key
to the development of future ultrafast technologies: examples
include the design of electronic devices [3], probes and sen-
sors [4], biological repair and signalling processes and devel-
opment of optically-driven ultrafast electronics [5]. Studying
attosecond processes in molecules involves initiating a reac-
tion by driving electrons far from equilibrium using a pump
laser: one of the most widely used techniques is to ionize
the molecule. The subsequent evolution of the electronic dy-
namics is followed by probing the system at later times using
methods such as high-harmonic spectroscopy and photoelec-
tron spectroscopy [2, 6–8]. Unravelling these dynamical pro-
cesses presents a huge challenge due to the number of poten-
tial pathways that exist as well as the inherent difficulties of re-
lating the initial and intermediate states to the photo-products
produced. For this reason studying small molecules has at-
tracted a lot of effort since they represent a compromise be-
tween having sufficient complexity and limiting the number
of photo-products when compared to much larger molecules.

Acetylene (C2H2) is a small, linear polyatomic molecule
which is isolelectronic to N2. It has the ground configura-
tion (1σg)2(1σu)2(2σg)2(2σu)2(3σg)2(1πu)4. In addition,
the next lowest unoccupied orbitals are (1πg)0(3σu)0(4σg)0.
Ionization of acetylene has been studied both theoretically
and experimentally by many groups. This is in part due to
its rich electronic structure and in part due to its importance
in many areas of chemistry. Initial studies of acetylene con-
sidered ionization by electron [9, 10] and photon [9, 11–15]
impact. More recently, several studies have considered the re-
sponse to strong fields. This has included single [16, 17] and
double [18, 19] ionization, dissociative ionization of highly
excited states [20], high harmonic generation [21–24] and
more recently initiating isomerization of acetylene to vinyli-
dene [25].

The theoretical and computational study of molecules in-

teracting with intense, ultrashort pulses is highly demand-
ing. Several techniques have been developed to model laser-
molecule interactions. These include simple yet powerful
techniques like the strong field approximation (SFA) [26–
28] and quantitative rescattering (QRS) theory [29, 30]
for modelling high-harmonic generation (HHG) in complex
molecules. However, these approaches suffer from the draw-
back that only a small number of channels are generally in-
cluded in a calculation. This can become an issue, depending
on the molecule under investigation, if other channels become
important during the interaction with the laser. In order to
overcome these shortcomings, a range of techniques, based on
ab initio methods, have been developed. Pioneering ab initio
studies using density functional theory (DFT) [6, 15, 16, 31]
and configuration interaction (CI) methods [32] have been
used to study electron migration in molecules following sud-
den removal of an electron and have observed charge oscil-
lations along the full length of the molecule with a period of
several femtoseconds. The drawback of these approaches is
that the initial pumping of the molecule by a laser pulse is
not described. In light of this several approaches that describe
the explicit interaction with the laser field have been devel-
oped [33–35].

One ab initio method that is widely used to treat elec-
tronic dynamics is time-dependent density functional theory
(TDDFT) [36]. The TDDFT method has been extensively ap-
plied to the study of laser-molecule and laser-cluster interac-
tions [37–39]. Since we generally want to include fragmen-
tation processes in molecules we must couple the treatment
of the electronic subsystem to another approach for treating
the ionic dynamics. One popular approach is the Ehrenfest
method whereby the quantum treatment of the electrons is
coupled to a classical treatment of the ions, resulting in a
method known as non-adiabatic quantum molecular dynam-
ics (NAQMD) [37].

In this paper we study ionization processes in acetylene us-
ing this mixed quantum-classical method. The paper is laid
out as follows. In section II we describe our method and show
how it is applied to the current study. In particular we describe
how we calculate observables such as photoelectron spectra
(PES). In section III we apply our method to study ionization
of acetylene by VUV laser pulses. After obtaining the equilib-
rium ground state we firstly consider how the wavelength and
orientation of the laser pulse alters ionization. Then we show



2

that resonant excitation of particular excited states can dramat-
ically enhance HHG. Lastly, we calculate angularly-resolved
PES for acetylene at two distinct wavelengths and show how
excited states significantly alter the emitted electrons. Finally,
some conclusions and directions for future work are given in
section IV.

II. THEORETICAL APPROACH

In our calculations we implement the NAQMD method in
a code called EDAMAME (Ehrenfest DynAMics on Adap-
tive MEshes) which is described in more detail in previous
papers [40, 41]. We now briefly describe how it is applied to
the calculations considered here. In sections II A and II B we
set out the details of the method for treating the electrons and
ions respectively. Section II C gives information on the nu-
merical implementation of the approach, highlighting many
of the parameters used for the calculations presented. Sec-
tion II D describes how we calculate observables such as the
amount of ionization, the HHG spectra and angularly-resolved
photoelectron spectra.

A. TDDFT description of the electronic dynamics

We consider a molecule consisting of Ne electrons and
Nn classical ions where Mk, Zk and Rk denote respec-
tively the mass, charge and position of ion k. Additionally
R = {R1, . . . ,RNn

}. Neglecting spin effects, the time-
dependent electron density for the electrons can be expressed
in terms of N = Ne/2 time-dependent Kohn-Sham orbitals,
ψj(r, t), each having an initial occupancy of two, as

n(r, t) = 2

N∑
j=1

|ψj(r, t)|2 . (1)

These Kohn-Sham orbitals satisfy the time-dependent Kohn-
Sham equations (TDKS)

i
∂

∂t
ψj(r, t) =

[
− 1

2
∇2 + VH(r, t) + Vext(r,R, t) + Vxc(r, t)

]
ψj(r, t)

= Hksψj(r, t) j = 1, . . . , N. (2)

In Eq. (2), VH(r, t) is the Hartree potential, Vext(r,R, t) is the
external potential, and Vxc(r, t) is the exchange-correlation
potential. Both the Hartree and exchange-correlation poten-
tials are time-dependent due to their functional dependence on
the time-dependent density. The external potential accounts
for both electron-ion interactions and the interaction of the
laser field with the electrons and can be written as

Vext(r,R, t) = Vions(r,R, t) + Uelec(r, t). (3)

For the laser pulses considered in this paper, the inner-
most electrons can be considered frozen and so we need
only consider the response of the valence electrons. In that

case, we describe the electron-ion interactions, Vions(r,R, t),
with Troullier-Martins pseudopotentials [42] in the Kleinman-
Bylander form [43]. The pseudopotentials were generated us-
ing the Atomic Pseudopotential Engine (APE) [44].

All calculations are carried out using the dipole approxi-
mation. Within EDAMAME, both length and velocity gauge
descriptions of the electron-laser interaction, Uelec(r, t), can
be used. For the length gauge we have

Uelec(r, t) = UL(r, t) = r ·E(t), (4)

while for the velocity gauge

Uelec(r, t) = UV (r, t) = −iA(t) ·∇. (5)

In these equations the vector potential, A(t), is related to the
electric field, E(t), through the relation E(t) = − ∂

∂tA(t).
Therefore, for the linearly polarised laser pulses used in this
work we consider a sin2 pulse envelope and write

A(t) = A0 sin2

(
πt

T

)
cos(ωLt)ê. (6)

Here, A0 is the peak value of the vector potential, ωL is the
laser frequency, T is the pulse duration and ê is the unit vector
in the polarization direction of the laser field. From this, the
electric vector is

E(t) = E(t)ê, (7)

where

E(t) = E0f(t) sin(ωLt)−
E0

ωL

∂f

∂t
cos(ωLt), (8)

and where E0 is the peak electric field strength. We find good
agreement between the solutions using both gauges. However,
using the length gauge is computationally less expensive than
the velocity gauge and so in most calculations we will use the
length gauge. We will use the velocity gauge for calculating
the photoelectron spectra using the t-SURFF method (our im-
plementation of t-SURFF in EDAMAME is described later).

Within TDDFT all electron correlation effects are included
through the exchange-correlation potential, Vxc(r, t), which is
derived from an exchange-correlation action functional. This
functional is unknown and so must be approximated. In addi-
tion it contains information on the whole history of past den-
sities. In order to avoid these memory effects the adiabatic
approximation is generally used so that ground-state approx-
imations to the exchange-correlation functional can be em-
ployed [45]. In our calculations we use the local density ap-
proximation (LDA) incorporating the Perdew-Wang param-
eterization of the correlation functional [46]. The LDA de-
scribes the electrons as a homogeneous electron gas. Al-
though this functional is widely used, it suffers from self-
interaction errors which means that it does not have the cor-
rect long-range behaviour. One major consequence is that
electrons are too loosely bound and excited states are not
accurately described [47]. Therefore, we supplement this
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functional with the average density self-interaction correc-
tion (ADSIC) [48] which reinstates the correct long-range be-
haviour in an orbital-independent fashion. This implementa-
tion will be referred to as LDA-PW92-ADSIC. The descrip-
tion of autoionizing resonances arising from double excita-
tions is problematic in TDDFT. However, in the present work
resonance phenomena primarily arise from single excitations
which are described well using TDDFT [49]. In particular,
previous TDDFT studies of photoionization of acetylene have
shown a good level of accuracy [15].

B. Classical description of the ionic dynamics

The ionic dynamics are treated classically using Newton’s
equations of motion. For ion k we have

MkR̈k =−
∫
n(r, t)

∂Hks

∂Rk
dr

− ∂

∂Rk

(
Vnn(R) + ZkRk ·E(t)

)
, (9)

where Vnn(R) is the Coulomb repulsion between the ions and
ZkRk · E(t) denotes the interaction between ion k and the
laser field. A major benefit of LDA-PW92-ADSIC is that the
exchange-correlation potential is obtained as the functional
derivative of an exchange-correlation functional, meaning that
the forces acting on ions can be derived from the Hellmann-
Feynman theorem.

C. Numerical implementation of the method

We solve the Kohn-Sham equations numerically using fi-
nite difference techniques on a three dimensional Cartesian
grid [40]. All derivative operators are approximated using
9-point finite difference rules and the resulting grid is par-
allelized in 3D. Converged results were obtained using grid
spacings of 0.4 a0 for all coordinates. When using linearly-
polarized laser pulses we have to treat ionizing and recolliding
wavepackets that mainly travel along the laser polarization di-
rection. We align the pulse along z and use a larger grid extent
in this direction.

Both the TDKS equations, Eq. (2), and ionic equations of
motion, Eq. (9), need to be propagated in time. For the TDKS
equations, this is achieved using an 18th-order unitary Arnoldi
propagator [50–52]. For the ionic equations of motion, we
propagate using the velocity-Verlet method. Converged re-
sults are obtained for a timestep of 0.2 a.u. for both sets of
equations.

During the interaction of the molecule with the laser pulse,
ionizing wavepackets can travel to the edge of the spatial grid,
reflect and travel back towards the molecular centre. These
unphysical reflections can be avoided using a wavefunction
splitting technique that removes those wavepackets reaching
the edges of the grid [52]. The splitting is accomplished us-
ing a mask function, M(r), that splits the Kohn-Sham orbital,

ψj(r, t), into two parts

ψj(r, t) = M(r)ψj(r, t) + {1−M(r)}ψj(r, t)

= ψB
j (r, t) + ψS

j (r, t). (10)

In this equation, the first term is located near the molecule and
is associated with non-ionized wavepackets. The second term
is located far from the molecule and is associated with ion-
izing wavepackets: this part is discarded in our calculations.
The point at which we apply this splitting must be be chosen
carefully to ensure only ionizing wavepackets are removed.
We write the mask function in the form

M(r) = Mx(x)My(y)Mz(z). (11)

Such a decomposition is most appropriate when a grid having
different extents in each direction is used. If we consider the
x component we can write

Mx(x) =


1 |x| ≤ xm

1− α (|x| − xm)
5 |x| > xm

, (12)

where

α =
1−Mf

(xf − xm)5
. (13)

Here xm is the point on the grid where the mask starts, xf is
the maximum extent of the grid in x and Mf is the value that
we want the mask function to take at the edges of the grid.
Similar descriptions are used for My(y) and Mz(z).

D. Calculation of observables

Within TDDFT all quantities, including observables, are
functionals of the electronic density. As in the case of the
exchange-correlation functional, the exact form of these func-
tionals are unknown in many cases and approximations must
be made. In this paper, we present results for ionization, high-
harmonic generation and photoelectron spectra. We describe
below how these observables are calculated.

1. Ionization

The exact form of this functional is unknown and so most
measures of ionization generally are obtained using geomet-
ric properties of the time-dependent Kohn-Sham orbitals [53].
In this approach, bound- and continuum-states are separated
into different regions of space through the introduction of an
analysing box. In principal the continuum states occupy the
regions of space where the wavefunction splitting is applied
and hence the reduction in the orbital occupancies provides a
measure of ionization.
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2. High harmonic generation

For HHG, we calculate the spectral density, Sk(ω), along
the direction êk from the Fourier transform of the dipole ac-
celeration [54]

Sk(ω) =

∣∣∣∣∫ eiωt êk · d̈(t) dt

∣∣∣∣2 , (14)

where d̈(t) is the dipole acceleration given by

d̈(t) = −
∫
n(r, t)∇Hksdr. (15)

Additional information can be gained by calculating the re-
sponse for each Kohn-Sham orbital [55]. In that case we cal-
culate the dipole acceleration for each state as

d̈j(t) = −
∫
nj(r, t)∇Hksdr = −2

∫
|ψj(r, t)|2 ∇Hksdr.

(16)
While this neglects interferences between different orbitals in
the overall harmonic signal, it does give an indication of the
the contribution of that state.

3. Photoelectron Spectra

Photoelectron spectra are calculated using the time-
dependent surface flux (t-SURFF) method. t-SURFF has been
developed by Tao and Scrinzi for one and two electron sys-
tems [56, 57], and it has been further applied to the strong field
ionization of H+

2 [58, 59], and more complex systems [60, 61].
In this method we think of configuration space as being di-
vided into two regions, divided by a spherical surface at ra-
dius RS . This is similar to the situation described by Eq. (10),
with the splitting occurring atRS . For a sufficiently long time,

T , after the interaction with the laser pulse, we assume that
the inner region only contains the bound state wavepackets
whereas the outer region only contains the ionized wavepack-
ets. The scattering amplitudes, bj(k), for a given Kohn Sham
orbital, ψj(r, T ), can then be obtained by projecting onto
scattering solutions, χk. These amplitudes are expressed as

bj(k) eiTk
2
/2 =

〈
χk |ψj(r, T )

〉
=
〈
χk |θ(RS)|ψj(r, T )

〉
≡
∫
|r|>RS

dr χ∗k(r)ψj(r, T ). (17)

The key to the method is to convert the volume integral on
the right-hand-side of Eq. (17) into a time-dependent surface
integral. In order to do that, we must know the evolution of
the wavefunction after it has passed through the surface. The
Hamiltonian which rules the dynamics in the outer region is
the Volkov Hamiltonian, which has the form

HV (t) =
1

2

[
k −A(t)

]2

. (18)

The solutions to the corresponding TDSE are the Volkov so-
lutions

χk(r) =
1(√
2π
)3 eik·re−iΦ(k,t), (19)

where

Φ(k, t) =
1

2

∫ t

0

dt′

[
k −A(t′)

]2

, (20)

is the Volkov phase and A(t) is the vector potential of the
electric field.

In order to transform the volume integral in Eq. (17) to the
time integral of the surface flux we write

〈
χk |θ(RS)|ψj(r, T )

〉
=

∫ T

0

dt
d

dt

〈
χk |θ(RS)|ψj(r, t)

〉
= i

∫ T

0

dt
〈
χk

∣∣∣HV (t)θ(RS)− θ(RS)H(t)
∣∣∣ψj(r, t)

〉
= i

∫ T

0

dt

〈
χk

∣∣∣∣∣
[
−1

2
∇2 − iA(t) ·∇, θ(RS)

]∣∣∣∣∣ψj(r, t)

〉
, (21)

where we have introduced the Heaviside function, θ(x). We
decompose the plane wave in the Volkov solutions in terms of

spherical harmonics in k- and r-space as

eik·r = 4π
∑
lm

iljl(kr)Ylm(k̂)Y ?
lm(r̂), (22)

where Ylm(x̂) is a spherical harmonic in the angular variables
of x̂-space for orbital angular momentum quantum number
l and magnetic quantum number m and jl(x) is a spherical
Bessel function of the first kind. The integrand in Eq. (21) is
then calculated according to the formula [62]
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〈
χk

∣∣∣∣∣
[
−1

2
∇2 − iA(t) ·∇, θ(RS)

]∣∣∣∣∣ψj(r, t)

〉
=

√
2

π
eiΦ(k,t)R2

S

∑
lm

(−i)lYlm(k̂)×



−1

2

(
− ∂jl(kr)

∂r

∣∣∣∣
RS

ψj(RS , t) + jl(kRS)
∂ψj(RS , t)

∂r

∣∣∣∣
RS

)

−iAxjl(kRS) 〈Ylm(r̂) |sin θ cosφ |ψj(RS , t) 〉

−iAyjl(kRS) 〈Ylm(r̂) |sin θ sinφ |ψj(RS , t) 〉

−iAzjl(kRS) 〈Ylm(r̂) |cos θ |ψj(RS , t) 〉


. (23)

To implement t-SURFF, we need to know the wavefunction
and its first derivative at a series of points on a spherical shell
at RS . In light of the spherical nature of the problem and the
fact that the initial implementation of t-SURFF was in spheri-
cal coordinates, this is the most appropriate coordinate system
to use. However, EDAMAME is written is Cartesian coordi-
nates and so we use tri-cubic interpolation [63] to interpolate
the Kohn-Sham orbitals onto a spherical shell: this is carried
out during a simulation, output to file and post-processed af-
terwards. To obtain the photoelectron spectra we integrate
|bj(k)|2 over all angular variables and sum up the contribu-
tion of all orbitals. We can also calculate angularly-resolved
photoelectron spectra. In a spherical representation the angu-
lar variables of k are (θk, φk). We integrate over the φk angle
to produce plots of the spectrum for θk only. We consider
two cases: one where the integration in φk is carried out over
the positive x-axis, the other where it is carried out over the
negative x-axis. Each of these will give a semi-circular plot
which we merge together to form a circular plot. This allows
us to take account of asymmetries in each region. This im-
plementation of t-SURFF is freely available n a library called
POpSiCLE (PhOtoelectron SpeCtrum library for Laser-matter
intEractions) [64].

III. RESULTS

In this section we apply our method to study ionization
of acetylene with ultra-short linearly-polarized VUV laser
pulses. In particular we will study resonance phenomena aris-
ing from transitions to excited states. The section is laid out as
follows. In section III A we calculate the equilibrium ground
state of acetylene using our TDDFT method. Starting from
this initial state we investigate the role of excited states in
the response of acetylene to intense laser pulses. Firstly, in
section III B we show how ionization to the various cationic
states of acetylene changes as a function of the laser wave-
length and the orientation between the molecule and the laser
pulse. Secondly, in section III C we show how using a VUV
pulse tuned to a particular excited state can give rise to a large
enhancement in the HHG efficiency. Finally, in section III D
we investigate the role of this excited state by analysing the
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FIG. 1. Occupied and unoccupied Kohn Sham orbital energies of
acetylene obtained from our geometry optimized calculation of the
ground state using the ADSIC exchange-correlation functional. For
clarity the HOMO and LUMO orbitals have been marked in the fig-
ure. The red dotted line shows the position of the negative of the
experimental ionization potential of acetylene.

photoelectrons produced after interaction with VUV pulses.
In particular, two wavelengths are considered, one of which
is tuned to a particular excited state, the other which bypasses
it. In the calculations presented here the ions are allowed to
move. The effect of allowing the ions to move, when studying
HHG in benzene, was considered in a previous paper [41].
For the results presented here, in which acetylene interacts
with IR pulses, we see the hydrogen atoms oscillating with
amplitudes of around 0.1 a0, whereas when the molecule in-
teracts with VUV pulses the hydrogen atoms oscillate with
amplitudes around an order of magnitude smaller.

A. Equilibrium ground-state properties

The equilibrium ground state configuration of acetylene
was obtained using a geometry relaxation scheme. Using
the LDA-PW92-ADSIC exchange-correlation potential, this
gave the equilibrium bond lengths and ionization potentials
as shown in Table I. Using Koopman’s theorem, the vertical
ionization potentials are estimated from the energies of the
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Equilibrium bond lengths (Bohr) Vertical Ionization Potentials (Hartree)
C–C bond length C–H bond length X2Πu A2Σ+

g B2Σ+
u

Current 2.207 2.045 0.4150 0.5550 0.6118
Experimental 2.273 2.003 0.4191 0.6140 0.6912

TABLE I. Static properties of acetylene. The equilibrium C–C and C–H bond lengths and ionization potential calculated using LDA-PW92-
ADSIC are compared with experimental values. The vertical ionization potentials from the X1Σ+

g ground state to the X2Πu, A2Σ+
g and

B2Σ+
u cationic states are estimated, respectively, from the HOMO, HOMO-1 and HOMO-2 orbital energies. Experimental bond lengths are

taken from Yasuike & Yabushita [14] while the ionization potentials are taken from Wells & Lucchese [65].
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FIG. 2. Population loss from the occupied Kohn-Sham states in
acetylene after interaction with 8-cycle linearly polarized VUV laser
pulses having a peak intensity of I = 1.0 × 1012 W/cm2. Fourteen
different wavelengths were used and two orientations of the molecule
with the laser polarization direction were considered: in plot (a) the
parallel orientation is considered while in plot (b) the perpendicular
orientation is considered. Population loss from each orbital is asso-
ciated with ionization to a different cationic state. In plot (a) we only
present the HOMO-a orbital since the HOMO-b orbital has the same
response. The same vertical scale is used in both plots.

Kohn-Sham orbitals. We see that these quantities are in good
agreement with the experimental values. While the C–C bond
length is well reproduced, the C–H bond length is slightly
overestimated. Likewise the ionization potential to the ground
cationic state is well reproduced using LDA-PW92-ADSIC.
However, those for the next two excited cationic states are
lower than experimental values. In addition to ionization
(bound-continuum transitions), an incident laser pulse can
also excite an electron to a bound excited state (bound-bound
transitions). This corresponds to a transition from an occupied
state to an unoccupied state. The Kohn-Sham orbital energies
of the five active occupied orbitals, together with those for
the several lowest unoccupied orbitals, are plotted in Fig. 1.
These energies are obtained through direct diagonalization of
the field-free Kohn-Sham Hamiltonian.

B. Ionization to different cationic states

The likelihood of ionization to a particular cationic state de-
pends greatly upon the symmetry of the states involved (and
thus the orientation of the molecule with the laser pulse) and
the energy required for ionization. For example, consider ion-

ization of acetylene by high-intensity IR laser pulses. In that
case ionization from the ground state of the neutral molecule
(X1Σ+

g ) to the ground state of the cation (X2Πu), i.e. re-
moval of an electron from the HOMO orbital, is more likely
when the laser pulse is aligned perpendicular to the molec-
ular axis rather than when it is aligned along the molecular
axis. Likewise, ionization to the A2Σ+

g cationic state is as-
sociated with removal of an electron from the HOMO-1 or-
bital and is more likely when the laser pulse is aligned along
the molecular axis. Fig. 2 presents the population loss from
each Kohn-Sham state during interaction of acetylene with 8-
cycle (2.67 fs) linearly polarized VUV laser pulses having a
peak intensity of I = 1.0×1012 W/cm2: in total fourteen dif-
ferent wavelengths were considered. This population loss is
calculated for two orientations of the molecule with the laser
pulses: parallel and perpendicular. Population loss from each
Kohn-Sham orbital is associated with vertical ionization to
different cationic states. We see that more ionization occurs
in parallel alignment. This is the opposite of the response we
observe at IR wavelengths using higher laser intsities. In the
parallel orientation, we see large increases in the amount of
ionization from each Kohn-Sham orbital at the photon ener-
gies associated with the orbital energies. In the perpendicular
case the response is different, especially for the HOMO or-
bitals. In that case we see enhancement in ionization for a
range of wavelengths.

C. The role of excited states in HHG

Previous studies of photoionization in acetylene have
shown that the 3σg → 3σu transition is associated with an
autoionizing state which leads to a feature in the photoioniza-
tion spectrum around 0.4963 Ha in the photon energy [14, 65].
Such a transition is associated with an excitation from the
HOMO-1 to the LUMO+1. Using linearly-polarized laser
pulses with the polarization aligned parallel to the molecu-
lar axis, we have recently shown that this excitation can lead
to a significant enhancement of the plateau harmonics [66].
In our calculations the HOMO-1 to LUMO+1 energy gap
is 0.4445 Ha. We consider a pump-probe scheme in which
acetylene interacts with an 8-cycle (2.67 fs) linearly polar-
ized VUV laser pulse having a wavelength of λ = 102 nm
(photon energy = 0.4467 Ha) and a peak intensity of I =
1.0 × 1012 W/cm2. For this pulse, the bandwidth is suffi-
cient to excite the 2σu → 4σg transition as well. Immediately
after the pump pulse, the molecule interacts with a 5-cycle
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FIG. 3. HHG in acetylene using a pump-probe scheme. The
molecule first interacts with an 8-cycle linearly polarized VUV laser
pulse having a wavelength of λ = 102 nm and a peak intensity
of I = 1.0 × 1012 W/cm2. Immediately after this pulse ends the
molecule interacts with 5-cycle, linearly-polarized IR laser pulse
having a wavelength of λ = 1450 nm and a peak intensity of I =
1.0 × 1014 W/cm2. Both the pump and probe pulses are aligned
along the molecular axis. The full harmonic signal, calculated using
Eq. (14), is shown together with the contribution of the HOMO-1 and
HOMO-2 orbitals, calculated using Eq. (16).

(24.2 fs) laser pulse having a wavelength of λ = 1450 nm
(photon energy = 0.0314 Ha) and a peak intensity of I =
1.0×1014 W/cm2. For these calculations the grid extents were
|x| = |y| ≤ 90.8 a0 and |z| ≤ 146.8 a0.

Fig. 3 presents the harmonic response for this pump-probe
scheme. We see that a double plateau structure is present. The
outer plateau arises due to ionization from and recombination
back to the HOMO-1. The inner plateau is due to ionization
from and recombination back to the LUMO+1. However, the
cut-off energy for this inner plateau is lower than that pre-
dicted by the classical three-step model: we attribute this to
suppression of ionization from the LUMO+1 due to transi-
tions back to the HOMO-1 [66]. These transitions from the
LUMO+1 to the HOMO-1 give rise to a window of enhanced
harmonics (harmonics 11–21). We can show that the inner
plateau is due to the 3σg → 3σu transition rather than the
2σu → 4σg transition by calculating the contribution of each
state to the harmonic response using Eq. (16). The contribu-
tions of the HOMO-1 and HOMO-2 to the harmonic response
are also shown in Fig. 3. We see that the HOMO-1 contribu-
tion dominates by over an order of magnitude.

To show that resonant excitation is the cause for the HHG
enhancement, we can consider the response of acetylene to
VUV pump pulses having different photon energies. Fig. 4
presents results for four different wavelengths. In each case
the laser intensity of the pump pulse is kept constant at I =
1.0×1012 W/cm2 while the number of pulse cycles is changed
so that the total pulse length is roughly the same for all four
pulses (∼ 2.5 fs). From this figure we see clear evidence of
resonant excitation around λ = 102 nm. The results for λ =
82 nm are interesting. For this laser wavelength we are able
to directly ionize the molecule to the A2Σ+

g excited cationic
state. In that case, we would expect significant ionization from
the 3σg orbital meaning that the population in the LUMO+1
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FIG. 4. HHG in acetylene after interaction with a linearly-polarized
VUV pump pulse followed immediately by a 5-cycle, linearly-
polarized IR laser pulse having a wavelength of λ = 1450 nm and
a peak intensity of I = 1.0 × 1014 W/cm2. For the pump pulse the
intensity is I = 1.0×1012 W/cm2. Four different pump wavelengths
were considered with the number of cycles varied to keep the total
pump duration the same (∼ 2.5 fs). Both the pump and probe pulses
are aligned along the molecular axis.

(excited from the 3σg) should decrease. This clearly shows up
in the plot as a reduction in the intensity of the bound-bound
harmonics (harmonics 11–21).

D. Photoelectron spectra using VUV laser pulses

The previous results clearly show how excited states af-
fect HHG in acetylene. Since these excitations were initi-
ated by the interaction with a VUV pump pulse we now con-
sider how excited states affect ionization. We will calculate
photoelectron spectra for acetylene ionized by linearly polar-
ized VUV laser pulses. In particular, two wavelengths will
be considered: λ = 82 nm and λ = 102 nm. The shorter
wavelength provides enough energy to ionize directly from
the HOMO-1 orbital with one photon while the longer drives
the 3σg → 3σu transition with one photon. For these cal-
culations the grid extents were |x| = |y| ≤ 76.8 a0 and
|z| ≤ 90.8 a0. The surface was placed at Rs = 60 a0 and
the maximum angular momentum quantum number used in
Eq. (23) was lmax = 100. The Kohn-Sham equations were
propagated for 20 fs after the laser pulse finishes.

For the shorter wavelength, we consider the interaction of
acetylene with an 8-cycle linearly polarized VUV laser pulse
having a wavelength of λ = 82 nm and a peak intensity of I =
1.0 × 1012 W/cm2. Fig. 5 presents photoelectron spectra for
two orientations of the molecule with the field. In Fig. 5(a)
the pulse is aligned parallel to the molecular axis while in
Fig. 5(b) the pulse is aligned perpendicular to the molecu-
lar axis. For this laser intensity only a few photons will be
absorbed. The results show two broad peaks associated with
one- and two-photon absorption. The width of each peak is
consistent with the the bandwidth of the pulse. As well as
plotting the full spectra (black lines) we also plot the contribu-
tion of each Kohn-Sham orbital. In the parallel orientation the
HOMO orbitals have negligible response. For the one-photon
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FIG. 5. Photoelectron spectra for acetylene after interaction with an 8-cycle linearly polarized VUV laser pulse having a wavelength of λ =
82 nm (photon energy = 0.5557 Ha) and a peak intensity of I = 1.0 × 1012 W/cm2. Two orientations of the laser polarization direction with
the molecular axis are considered. In (a) the alignment is parallel whereas in (b) the orientation is perpendicular. In the parallel orientation
both HOMO orbitals have the same response and so we only show one. On each plot we also show the excess energy associated with vertical
ionization due to absorption of one or two photons from each Kohn-Sham state.

FIG. 6. Angularly-resolved photoelectron spectra for acetylene after interaction with an 8-cycle linearly polarized VUV laser pulse having a
wavelength of λ = 82 nm (photon energy = 0.5557 Ha) and a peak intensity of I = 1.0 × 1012 W/cm2. The laser polarization direction is
parallel to the molecular axis (along the z-axis). The full photoelectron spectra in 3D has been integrated in the azimuthal direction for both
the negative x-axis and the positive x-axis. The left semi-circle of each plot gives the results for the negative x-axis while the right semi-circle
of each plot gives the results for the positive x-axis. Due to symmetry both quadrants give the same response.
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FIG. 7. Angularly-resolved photoelectron spectra for acetylene after interaction with an 8-cycle linearly polarized VUV laser pulse having
a wavelength of λ = 82 nm (photon energy = 0.5557 Ha) and a peak intensity of I = 1.0 × 1012 W/cm2. The laser polarization direction
is perpendicular to the molecular axis (the molecule lies along the x-axis). The full photoelectron spectra in 3D has been integrated in the
azimuthal direction for both the negative x-axis and the positive x-axis. The left semi-circle of each plot gives the results for the negative x-axis
while the right semi-circle of each plot gives the results for the positive x-axis. Due to symmetry both quadrants give the same response.
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FIG. 8. Photoelectron spectra for acetylene after interaction with an 8-cycle linearly polarized VUV laser pulse having a wavelength of λ =
102 nm (photon energy = 0.4467 Ha) and a peak intensity of I = 1.0 × 1012 W/cm2. The laser polarization direction is parallel to the
molecular axis. In the parallel orientation both HOMO orbitals have the same response and so we only show one. In plot (a) we present the
full spectrum while plot (b) is zoomed in on energies in the range 0.15 Ha to 0.5 Ha. On each plot we also show the excess energy associated
with vertical ionization due to absorption of one, two or three photons from each Kohn-Sham state.
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FIG. 9. Angularly-resolved photoelectron spectra for acetylene after interaction with an 8-cycle linearly polarized VUV laser pulse having a
wavelength of λ = 102 nm (photon energy = 0.4467 Ha) and a peak intensity of I = 1.0 × 1012 W/cm2. The laser polarization direction is
parallel to the molecular axis (the molecular axis lies along the z-axis). The full photoelectron spectra in 3D has been integrated in the azimuthal
direction for both the negative x-axis and the positive x-axis. The left semi-circle of each plot gives the results for the negative x-axis while
the right semi-circle of each plot gives the results for the positive x-axis. Due to symmetry both quadrants give the same response.

peak we see that the HOMO-1 dominates whereas for the two-
photon peak both the HOMO-1 and HOMO-2 contribute: in
the lower energy region the HOMO-2 dominates while for the
higher energy region the HOMO-1 dominates. This arises due
to the energy gap between these two orbitals (marked on the
graph). In the perpendicular case, the response is quite dif-
ferent. Firstly, the overall probability density is an order of
magnitude smaller than in the parallel orientation. This is to
be expected from the results in Fig. 2. Secondly, one of the
HOMO orbitals has a significant response while the HOMO-
2 orbital has little contribution to the spectrum. Lastly, the
HOMO-1 still contributes strongly to the spectrum. Due to
the large energy gap between the HOMO and HOMO-1 one-
and two-photon peaks are very broad. Indeed, especially for
the one-photon peak, the demarcation between each orbital’s
contribution can clearly be seen.

Fig. 6 presents the angularly-resolved spectrum for the par-
allel orientation while Fig. 7 presents the angularly-resolved
spectrum for the perpendicular orientation. In each figure we
plot the full spectrum and the contribution from each Kohn-
Sham orbital. The axes refer to the energy parallel to the pulse

polarization direction and that perpendicular to it. Consider
the parallel alignment results in Fig. 6. We can clearly see
the one- and two-photon contribution from each state. For the
HOMO orbitals electrons in the one-photon peak are emit-
ted at 45o to the laser polarization while they are emitted at
35o and 90o for the two-photon peak. Consider the HOMO-1
and HOMO-2 orbitals. For the one-photon peak the HOMO-1
electrons are emitted at 55o while for the HOMO-2 electrons
are mainly along the laser polarization. For the two-photon
peak electrons are emitted predominantly along the polariza-
tion direction. For the HOMO-1 we also see some ionization
at 55o and 90o whereas for the HOMO-2 see some emission
at 70o. Now consider the perpendicular alignment results in
Fig. 7. In this case we see that the response of the HOMO or-
bitals dominate. The HOMO-b responds predominantly and
we see that electrons are emitted along the pulse polariza-
tion direction for both one- and two-photon processes. For
the one-photon peak, HOMO-1 electrons are preferentially
emitted along the pulse direction while HOMO-2 electrons
are emitted at 55o.

For the longer wavelength, consider the interaction of
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acetylene with an 8-cycle linearly polarized VUV laser pulse
having a wavelength of λ = 102 nm and a peak intensity of
I = 1.0× 1012 W/cm2. Fig. 8 presents photoelectron spectra
for the parallel orientation. From our HHG results we know
that excited states are important for this orientation. Fig. 8(a)
presents the full spectrum and the contribution of each Kohn-
Sham orbital over the full energy range considered. While
the basic features of the spectra are similar to those observed
at λ = 82 nm, there are a number of important differences.
Firstly, the spectral density is lower. This is to be expected as
one-photon absorption results in excitation of the HOMO-1
and HOMO-2 orbitals. More importantly, if we consider the
two-photon peak we see that is highly structured. Fig. 8(b)
zooms in on this peak and presents the spectrum calculated
on a much finer energy mesh. The structure is a signature
of the excited states populated during the absorption of one
photon before subsequent ionization by a second photon. We
clearly see a wide range of Rydberg states populated as well
as several resonance features. For the HOMO-1 contribution
this is generally assigned to the 3σg → npσu Rydberg series
whereas for the HOMO-2 it is assigned to the 2σu → nsσg
Rydberg series. Fig. 9 presents the angularly-resolved spec-
trum. Again we see that the response is quite different to that
observed in Figure 6. In particular, if we consider the con-
tribution of the HOMO-1 orbital we see that the two-photon
peak has little angular variation. For the HOMO-2 orbital, on
the other hand, electrons are predominantly emitted along the
laser polarization direction.

IV. CONCLUSIONS

We have presented calculations of ionization of acetylene
by VUV laser pulses using a TDDFT approach and showed
the important role that excited state dynamics have in the re-
sponse. In particular we showed that orientation effects have
a dramatic effect on the ionization dynamics. In this case en-

hanced ionization was found to occur whenever the laser is
aligned parallel to the molecular axis. This is opposite to the
situation found whenever high-intensity infra-red (IR) laser
pulses are considered. In addition, by resonantly tuning the
laser wavelength to these excited states, ionization and har-
monic generation are significantly modified. In a recent pa-
per we showed that HHG from acetylene can be enhanced
whenever the molecule is excited to an autoionizing state [66].
Here, we show that this behaviour is due to resonant excitation
by considering a range of VUV wavelengths. Lastly, we have
calculated angularly-resolved PES and showed how the spec-
trum of emitted electrons changes as the wavelength is tuned
to various excitations of the molecule.

The excited states probed in this work incorporate reso-
nances and autoionizing states. Such features are common
to a wide range of molecules and should therefore alter the
dynamical response to intense laser pulses. The method used
in this work is of sufficient generality to be applied to other
molecules: this includes more complicated molecules having
fewer symmetries. As well as being able to study ionization
and harmonic generation processes, the implementation of the
t-SURFF method provides rich information on the energy dis-
tribution of the ionized electrons. A particular avenue for fu-
ture work is studying circular dichroism in chiral molecules.
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[32] S. Lünnermann, A. I. Kuleff and L. S. Cederbaum, J. Chem.
Phys., 2008, 129, 104305.

[33] M. Thachuk, M. Y. Ivanov and D. M. Wardlaw, J. Chem. Phys.,
1996, 105, 4094.
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