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We examine the circular dichroism in the angular distribution of photoelectrons of triatomic model
systems ionized by strong-field ionization. Following our recent work on this effect [Paul, Yue, and Gräfe,
J. Mod. Opt. 64, 1104 (2017)], we demonstrate how the symmetry and electronic structure of the system is
imprinted into the photoelectron momentum distribution. We use classical trajectories to reveal the origin of
the threefolded pattern in the photoelectron momentum distribution, and show how an asymmetric nuclear
configuration of the triatomic system effects the photoelectron spectra.
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Angle-resolved photoelectron spectroscopy has been
very successful in probing photoionization and intramo-
lecular dynamics of molecules [1]. The photoelectron
angular distributions depend on the symmetry and vibra-
tional dynamics of the probed system, the molecular orbital
from which the electron is emitted, the experimental
geometry, and the wavelength of the interacting laser pulse.
The scattering of the emitted photoelectron off the molecu-
lar potential yields the molecular-frame photoelectron
angular distribution, which provides rich structure and
can be strongly anisotropic. The relative orientation of
the molecule to the laser polarization axis or plane strongly
determines the shape of the photoelectron angular distri-
butions. Photoelectron angular distributions have been
recorded for atoms and molecules interacting with weak
[2–4] or intense fields [5–9].
While in the last decades strong-field physics has mainly

focused on atoms and small diatomic molecules, also larger
and chemically more interesting molecules have moved
into the center of research. Many experiments have inves-
tigated ionization and fragmentation dynamics of smaller
polyatomic molecules in strong laser fields [10–14]. From
the theoretical side, it is clear that it is impossible to treat
the interaction of polyatomic molecules with intense laser
fields fully numerically, as too many degrees of freedom
on many different time scales are involved. In addition, in
larger systems, many different phenomena such as multi-
electron or scattering effects may occur. Consequently, the
simplest molecules H2 and Hþ

2 have been in the center of
theoretical and numerical research [15–21]. They can be
regarded as prototype systems, as many effects first
detected there have been observed later in larger molecules
as well. The molecules H2þ

3 and Hþ
3 , the simplest polya-

tomic molecules, have attracted considerable theoretical
interest [22–25]. While also larger nonlinear molecules
have been theoretically examined [26–29], most of the

work utilized approximations or assumptions to describe
the strong-field interaction. On the other hand, a lot
of the understanding of strong-field phenomena is based
on the strong-field approximation (SFA) [30–32], provid-
ing analytical expressions for ionization and photoelectron
momentum distributions. In the SFA, it is assumed that the
laser field is so strong that after (strong-field) ionization,
the electron is solely driven by the laser field and the parent
ion represents a small perturbation, which can be neglected.
Several attempts have been made to adapt the SFA to
molecules to address the additional complications or
challenges introduced by the multiatomic center nature
of molecules [33–36].
For chiral molecules being ionized by circularly polarized

laser pulses, circular dichroism in the photoelectron angular
distribution can be observed, with circular dichroism refer-
ring to a difference in the interaction of a sample with left-
and right-circularly polarized light. However, it has been
theoretically predicted [37,38] and later experimentally
verified [39,40] that circular dichroism in the photoelectron
angular distribution occurs with the sufficient condition of
nonplanarity of three vectors defining the experimental
system: the propagation axis of the circularly polarized
light, the photoelectron momentum, and the molecular axis.
Thus, achiral, oriented diatomic molecules can feature
circular dichroism in the photoelectron angular distribution.
Experimental examples include valence and inner shell
photoionization of adsorbed CO molecules [39,40], aligned
NO molecules [41–43], and the case of resonant dissociative
photoionization of autoionizing H2 [44].
In this Letter, we extend the investigation towards

nonsymmetric, noncolinear molecular systems interacting
with intense laser fields. We demonstrate for the first time,
to the best of our knowledge, using fully ab initio quantum
dynamical simulations, how the electronic structure and
symmetry of nonlinear triatomic molecules are imprinted
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into the photoelectron momentum distribution following
strong-field ionization. We are, in particular, interested to
analyze which properties of the electronic structure are
imprinted into the strong-field photoelectron momentum
distribution. For this, we employ our recently developed
triatomic model system [45] consisting of a single active
electron with two spatial degrees of freedom r ¼ ðx; yÞ
interacting with intense, circularly polarized, near- and
midinfrared electric fields EðtÞ. The beauty of this model
system is that by fine-tuning the charges of the nuclei, we
control the symmetry (or its absence). Additionally, we
control the range of the potential environment and can
investigate which influence the Coulomb potential imprints
onto the photoelectron momentum distributions. We ana-
lyze the strong-field electron dynamics and the photo-
electron momentum distributions by combining different
methods, by application of the numerical solution of the
time-dependent Schrödinger equation (TDSE), as well as
the classical trajectory Monte Carlo (CTMC) and SFA
calculations. This enables us to relate the molecular
electronic structure to strong-field photoelectron momen-
tum distributions.
The dynamics of the system is governed by the TDSE

which reads (atomic units are used unless stated otherwise)

i
∂
∂tψðr; tÞ ¼

�
−
1

2
∇2þVðrÞþ p ·AðtÞ

�
ψðr; tÞ: ð1Þ

In the above equation, the interaction with the external field
is given in velocity gauge, with p ¼ ðpx; pyÞ the momen-
tum operator and AðtÞ ¼ ½AxðtÞ; AyðtÞ� the vector potential,
defined as

AxðtÞ ¼ �E0

ω
fðtÞ sin½ωðt − t0Þ − ϕCEP�;

AyðtÞ ¼ −
E0

ω
fðtÞ cos½ωðt − t0Þ − ϕCEP�: ð2Þ

The positive (negative) sign describes right- (left-) circu-
larly polarized (RCP and LCP) fields, E0 is the field
strength, ω the laser frequency, ϕCEP ¼ 0 the carrier-
envelope phase, and t0 ¼ 0 fs the time when the
Gaussian envelope fðtÞ is maximum. The model potential
VðrÞ ¼ Vnn þ VenðrÞ describes bare Coulomb repulsion
between the three nuclei Vnn with charges Zi fixed at
nuclear positions Ri, as well as the interaction of the
electron with three nuclei, VenðrÞ; see Fig. 1 (a1) and (b1)
and the Supplemental Material [46] for details. The
positions of the nuclei are set to form an equilateral triangle
with internuclear distances between two adjacent nuclei
of R ¼ 3.5 a:u: The central question of our investigation is
to analyze the structure in the photoelectron momentum
distributions and how it can be related to the molecular
potential. We aim at distinguishing Coulomb effects as
originating from excited electronic states and those acting
on the continuum electron (long-range contributions).

We therefore employ potentials of different range to
describe the nuclear-electron attraction,

VenðrÞ ¼ −
X3
i¼1

Zi exp ð−βjr − Rij2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jr − Rij2 þ α

p ; ð3Þ

with the softening parameter α ¼ 1. The parameter β
defines the range of the potential, for β ¼ 0, the potential
is Coulombic. For all cases considered in this work, the
nuclear charges Zi and the short-range parameters β are
chosen such that the ionization potential is the same,
IP ¼ 8.64 eV (with the specific values being listed in
the Supplemental Material [46]). Note that the system is
designed such that for the symmetric configuration
Z1 ¼ Z2 ¼ Z3, the center of mass and charge lies at the
origin of the coordinate system, and the system exhibits a
mirror symmetry along the y axis.
We numerically integrate the TDSE in Eq. (1) on a

512 × 512 grid using the split-operator technique [47] and
the FFTW 3 library [48]; for details, please refer to Ref. [45]
and the Supplemental Material [46]. The photoelectron
spectra are obtained by the wave function splitting methods
[49,50]. Electronic eigenstatesφnðrÞ are obtained via imagi-
nary time propagation [51]. In all results presented in this
work, the initial state is the electronic ground state φ1ðrÞ.
We compare the results of our ab inito quantum

dynamics with results obtained by CTMC calculations
and the SFA, where after ionization the electron is sub-
jected to the laser field only, completely neglecting the
molecular potential. The photoelectron momentum

FIG. 1. Comparison of long- and short-range model systems:
(a1) Coulombic and (b1) short-range potential (color scale in eV),
shifted down to 0. The “circle” around the potential indicates the
classical tunnel exits. (a2/b2) Snapshots of the electron density
jψðx; y; tfixÞj2 in long-range (a2) and short-range (b2) potentials.
The stars indicate the current position of the electron moving
along the trajectory. (c),(d) Three selected classical trajectories in
coordinate (c) and momentum space (d). The solid lines represent
trajectories in the short-range potential, while the dashed lines are
trajectories in the Coulomb potential.
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distributions σðpÞ are calculated as detailed in the
Supplemental Material [46], which contains Refs. [52–54].
We start by investigating the photoelectron momentum

distribution of a symmetric model system Vsym. Starting
from the electronic ground state φ1ðrÞ, the system interacts
with a LCP 800 nm laser pulse with field strength E0 ¼
0.02 a:u: and a Gaussian full width at half maximum of
5 fs. This rather intense pulse ionizes the system [17% of
the norm of ψðr; tÞ leaving the grid], yielding a photo-
electron momentum distribution (rescaled to the maximal
value) as shown in Fig. 2(a).
It can be seen that the photoelectron momentum dis-

tribution originating from the Coulombic system [panel (a)]
features the expected above-threshold ionization (ATI)
ring structure, together with some groups of prominent
signal peaks near p ¼ ð−0.4; 0Þ, p ¼ ð0.2;−0.4Þ, and some
weaker peaks near p ¼ ð0.2; 0.4Þ, forming a threefold
symmetric structure. Our aim is to assign the observed
features of the photoelectron momentum distributions to
the structure of the molecular potential and distinguish
which features result from contributions of intermediate
states and which part can be assigned to the Coulomb
character of the continuum. We therefore repeat the
calculations with short-range potentials, see Figs. 2(b)
and (c). The first prominent difference is that the total
ionization yield is reduced substantially (not shown in the
figure), the shorter the range of the potential. As in short-
range potentials the number of excited states is finite, in
contrast to Coulomb-type potentials, and in the limit of true
δ potentials reduced to only one single bound state, the
multiphoton mechanism of ionization is substantially
reduced and ionization proceeds predominantly via tunnel-
ing [55,56]. The second difference can be seen at very small
momenta: while the Coulombic case shows some fingerlike
structure which can be assigned to excited states and
multiphoton ionization, these structures are absent for
the short-range potentials. The third and most prominent
difference of the photoelectron momentum distributions

from short-range potentials is that the threefold symmetric
peak structure is much more pronounced compared to the
Coulombic case. Also shown in Fig. 2 are the results of an
SFA calculation, panel (d), and CTMC calculations (see
Supplemental Material [46]), panel (e), featuring likewise
the threefold symmetric structure.
What is the origin of this threefold structure in the

photoelectron momentum distributions? Snapshots of the
electronic density (Fig. 2, Supplemental Material [46])
during laser interaction clearly show how the threefold
structure is built up during the course of ionization. The
origin of the threefold structure during the ionization can be
assigned to three different ionization events, reflected by
three typical trajectories, see Figs. 1(c) and (d) (solid lines).
These trajectories depicted here start with an initial trans-
versal momentum (see Supplemental Material [46]) at
tunnel exits located near the nuclei’s positions and end
up at momenta corresponding to the ones of the short-range
quantum dynamical momentum distribution (and also the
SFA). We also display the corresponding trajectories for
long-range potentials Figs. 1(c) and (d) (dashed lines).
It can be clearly seen that the Coulomb continuum causes a
pronounced shift to the trajectories, which is, not surpris-
ingly, the strongest at early times, when the electron is close
to the nuclear positions. Also, as indicated in Fig. 1, the
tunnel exits for the Coulomb potential lie closer to the
nucleus than for short-range potentials. Thus, the classical
picture suggests that the main influence of the Coulomb
continuum is a rotation of the photoelectron momentum
distribution. The rotation can also be seen when comparing
Figs. 2(a)–(c) and is most pronounced for small momenta
(inner ATI rings). This is, however, not all of the differences
we can gather if we reconsider Fig. 2(a), as an inner
fingerlike structure can be seen. This suggests that the
influence of excited states seems to be of importance for the
dynamics, as to be expected for strong-field processes with
dominant multiphoton character. Still, in order to relate the
electronic structure to the photoelectron momentum dis-
tributions, in the following discussion, we will thereby
focus primarily on short-range potentials, where the influ-
ence of excited states is substantially reduced and the
overall structure is more pronounced.
We now consider asymmetric potentials. Figure 3 dis-

plays the corresponding photoelectron momentum distri-
butions for asymmetric short-range potentials for LCP and
RCP pulses. While for the symmetric potential, the change
of the polarization direction from LCP to RCP corre-
sponds merely to a mirror image of the photoelectron
momentum distribution (reflected on the py axis), this is
not the case for the asymmetric potentials: these photo-
electron momentum distributions differ substantially, as
the mirror symmetry in the system is absent. The higher
the degree of asymmetry imprinted by the nuclear poten-
tial, the less visible becomes the threefold symmetric
structure of the photoelectron momentum distributions. At
the same time, the intensity pattern of the photoelectron

FIG. 2. Photoelectron momentum distributions of the symmet-
ric model system induced by an intense few-cycle LCP laser
pulse with λ ¼ 800 nm, Gaussian full width at half maximum
¼ 5 fs, and E0 ¼ 0.02 a:u:. (a) Coulombic potential, (b),(c)
short-range potentials (β ¼ 0.005 and β ¼ 0.3), (d) short-range
SFA, and (e) short-range (β ¼ 0.3), and (f) long-range CTMC
calculations.
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momentum distributions differ for these few-cycle pulses:
while for the LCP pulses, the intense peaks in the
photoelectron momentum distributions are located at
negative py values [p ¼ ð0.1;−0.4Þ, third quadrant], the
intense peaks for RCP pulses can be seen at positive py

values [p ¼ ð0.4; 0.2Þ, first quadrant], thus causing a
strong circular dichroism in the angular distribution.
The reason for this can be understood when considering

the classical trajectory picture, see Fig. 4 for LCP and RCP
pulses: For LCP, the ionization rate around Z1 and Z2 is
similar as in the symmetric case, while the ionization rate at
times when the electric field vector points in the opposite
direction of Z3 is strongly suppressed. For RCP pulses,
ionization around Z3 behaves similar to the symmetric case,
but ionization at times when the electric field vector points
in the opposite direction of Z1 and Z2 is strongly enhanced;
see also Fig. 2 of the Supplemental Material [46]. This
results in a strong difference in the intensity pattern. The
second difference can be attributed to a difference in
ionization times: taking a closer look at the ionization
times, we gather that for LCP pulses, ionization around Z2

happens slightly earlier in asymmetric potentials, while
ionization around Z1 and Z3 occurs later, leading to a clock-
and anticlockwise shift in the photoelectron momentum
distributions. For the RCP pulses, the situation differs:
ionization around Z2 happens later for asymmetric poten-
tials, while ionization around Z1 is almost the same as for
symmetric potentials, resulting in an anticlockwise shift in
the photoelectron momentum distributions.
To summarize,wehavepresented results fromourab initio

quantum dynamical calculations in a two-dimensional,

single-active electron model system aiming at answering
the question of which information of the molecular
electronic structure is imprinted in the photoelectron
angular distributionswhen the system is ionized by intense,
few-cycle circularly polarized laser pulses. We have shown
that the symmetry of the molecular electronic structure is
reflected in the photoelectron momentum distributions,
and that Coulomb effects, both due to the presence of
excited electronic states and the long-range character of
the continuum, are visible in the photoelectron momentum
distributions. These Coulomb effects, however, become
much less pronounced for longer driving wavelengths;
see also the Supplemental Material [46]. In the future, we
will expand our investigations towards three-dimensional
systems, aiming to describe multiphoton photoelectron
circular dichroism occurring in the forward and backward
direction with purely ab initio calculations. For this, the

FIG. 3. Photoelectron momentum distributions for LCP (left)
and RCP (right) fields for short-range asymmetric potentials.
(a) Symmetric case, for comparison. The degree of asymmetry,
thus the differences in the charges Zi of the nuclei, increases from
the middle (b) to the lower panels (c). For the corresponding
results of the SFA; see Fig. 1, Supplemental Material [46].

FIG. 4. Overview of the CTMC calculations for the short-range
asymmetric potential environment subject to LCP (left column)
and RCP (right column) laser fields, respectively. The upper
panels display the ionization rate as a function of time for
symmetric (solid) and asymmetric potentials (dashed lines). The
second and third rows display selected trajectories in coordinate
and momentum space. For comparison, also the corresponding
trajectories of the symmetric case are displayed (solid lines),
while the trajectories for the asymmetric case are represented by
dashed lines. The lowest panels show the photoelectron momen-
tum distributions as obtained from the CTMC calculations. Note
that the red, blue, and black colors represent representative
ionization events.
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results obtained from the calculations in two dimensions
and the analysis of different methods in the current simple
model system represent an important precursor.
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