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Photoelectron Holography of a Heteronuclear Molecule
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We present strong-field photoelectron holography measurements of hydrogen chloride (HCI) that
resolve subcycle dynamics in two ionization channels associated with the HOMO and HOMO-1 orbitals.
The holograms in the photoelectron momentum distributions show different cutoffs and interference
fringes tied to orbital-specific ionization potentials. Furthermore, molecular-frame photoelectron holo-
grams from oriented HCI exhibit pronounced asymmetries that arise from the interplay of the molecular
dipole and the ionic Coulomb field. These findings establish strong-field photoelectron holography as a
sensitive probe of subcycle electron wave packet dynamics in polar molecules.
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Strong-field photoelectron holography [1,2] allows
nuclear and electron dynamics to be studied on a sub-
laser-cycle timescale [3—7]. In direct analogy to the original
idea of electron holography [8], a strong-field hologram is
created by the interference of the scattered (signal) and the
unscattered (reference) part of an electron wave packet. In
contrast to conventional holography, the electron wave
packet is produced via optical tunnel ionization directly
from the scattering object. Consequently, the ionizing
orbital shapes the photoelectron scattering wave packet
in amplitude and phase [9—-11], leaving a fingerprint in the
strong-field photoelectron hologram [6,12,13].

Polar molecules provide an opportunity to directly
compare the strong-field holograms for the different sides
of the molecule. The final hologram not only will reflect the
anisotropy of the electron density at the instant of ioniza-
tion, but it will also encode the charge distribution in the
molecular ion during the initial departure and subsequent
rescattering of the electron wave packet [14,15]. However,
strong-field photoelectron holography of oriented hetero-
nuclear molecules has been, so far, limited to theoretical
studies [14-16].
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Here, we present experimentally obtained photoelectron
holograms of a heteronuclear molecule. Specifically, we
study the photoelectron holograms correlated to the two
different ionization channels of HCI. First, ignoring ori-
entation, we observe differences in the holograms for
ionization from the highest occupied molecular orbital
(HOMO) and the HOMO-1, which are readily populated
and separable in optical tunnel ionization, as shown in [17].
To the best of our knowledge, this represents the first
instance of simultaneous photoelectron holography from
different orbitals, and our modeling of the process suggests
that the different saturation intensities for the two channels
are responsible for the subtle difference in the photo-
electron spectra. For the HOMO-1 channel, we can also
obtain photoelectron holograms of oriented molecules. We
observe asymmetric holograms that encode information
about the side from which the molecule is ionized.

HCl is a simple polar molecule with a moderate perma-
nent dipole moment of 1.1D. Experimentally, polar mole-
cules can be actively oriented in space with optical laser
pulses [18-22], but the degree of orientation is often low.
However, in intense laser fields, HCI lends itself to
a posteriori determination of the molecular orientation [17].

The concept of the experiment is illustrated in Fig. 1(a).
Under an intense infrared laser field, HCI is tunnel-ionized
into either its ground state X°I1 (corresponding to ionization
of HOMO) or its first excited state A>’X" (corresponding to
ionization of HOMO-1) of HCI' [17]. In the presence of the
laser field, the A state strongly couples to the dissociative
(2°Z") state, enabling bond softening [23] and resulting in
fragmentation into H + CI* or HT 4 Cl. By contrast, the X
state, which is accessed via a transition perpendicular to the
molecular axis, lacks a direct pathway to dissociation. To

Published by the American Physical Society


https://orcid.org/0009-0009-2811-1099
https://orcid.org/0009-0005-0665-4245
https://orcid.org/0000-0002-8284-3831
https://ror.org/05y2jpg52
https://ror.org/04mte1k06
https://ror.org/03c4mmv16
https://ror.org/01cxn9s23
https://ror.org/00zky9d41
https://crossmark.crossref.org/dialog/?doi=10.1103/z4xn-m554&domain=pdf&date_stamp=2026-04-15
https://doi.org/10.1103/z4xn-m554
https://doi.org/10.1103/z4xn-m554
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 136, 153202 (2026)

( (b) 2

HCI* (225%)

H+CI('D)
H+Cl 8
H+CI'P)

ar

potential energy (arb. units) L

HCIF (X 2)
g ()
| = H+Cl
m
2 3 4 5 6
R (a.u.)

FIG. 1. (a) Schematic diagram for ionization and subsequent
dissociation pathways of HCI in an intense near-infrared laser
field (a.u., atomic units). (b) Example of a measured, uncorrelated
PMD using the cylindrical symmetry imposed by the laser
polarization (along z). The PMD exhibits holographic interfer-
ence structures (dashed lines). Small left-right differences arise
from instrumental asymmetries of the spectrometer and are not
related to molecular orientation. (c) Tunnel ionization along the
highest orbital density gives rise to different effective alignments
for HOMO and HOMO-1. The interference of unscattered and
scattered indirect (recollision) trajectories causes the holographic
structures.

determine the molecular orientation, we analyze the ion
momentum from the dissociative A — (2’£*) channel,
where the fragment momentum remains aligned with the
initial molecular axis.

In Fig. 1(b), we show a representative photoelectron
momentum distribution (PMD) plotted in the electron
momentum components parallel and perpendicular to the
linear laser polarization (here and throughout the Letter, a.u.
denotes atomic units). The PMD displays a clear strong-
field photoelectron hologram, which is formed by the
interference of unscattered indirect and forward-scattered
indirect recollision electron trajectories. Depending on the
time of ionization within the laser cycle, two different
electron trajectories are distinguished in linearly polarized
light: direct and indirect electrons. Whereas direct electrons
do not return to the ion, scattered and unscattered indirect
electrons are responsible for the holographic interference, as
illustrated in Fig. 1(c). In addition, based on the spatial
distribution of the orbital electron densities shown in
Fig. 1(c), ionization from the HOMO predominantly selects
molecules aligned perpendicular to the laser polarization,
whereas ionization from HOMO-1 and subsequent disso-
ciation favor molecules aligned parallel to it [17].

The correlated three-dimensional electron and ion
momentum  distributions were measured using a
COLTRIMS apparatus [24]. For ionization linearly polar-
ized, 28 fs pulses centered at a wavelength of 800 nm were
focused to an intensity of (2.1 £ 0.2) x 10'* W/cm? into a
gas mixture of 10% HCI in helium. For further details see
the Supplemental Material [25].

To aid the interpretation of the experimentally observed
features, we simulate the PMDs using the Coulomb
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FIG. 2. (a) Measured normalized PMDs (on a logl0O scale)
correlated with the single (nondissociative) ionization of HCI and
the dissociative ionization (CI" fragment). For both distributions,
we make use of the C,; symmetry and show only the electrons
ejected toward the electron detector. The strong-field holographic
interference due to forward scattering is indicated as feature A.
(b) Radially integrated momentum distributions within the
indicated semicircles in (a). For HCI™, we also show the curve
for a reduced number of events in blue. The curves with low
statistics are smoothed with a five-point moving average. (c) Si-
mulated PMDs for HOMO (left) and HOMO-1 (right). See text
for details. (d) Same as (b) for the simulated PMDs.

quantum-orbit  strong-field approximation (CQSFA)
[26-30] extended to heteronuclear molecular systems to
describe photoelectron holography originating from differ-
ent ionization channels; for details, see Ref. [25].

Previous predictions of strong-field photoelectron holog-
raphy in atoms indicated that the ionizing orbital affects the
shape and angular extent of the holographic fringes [3].
Here, we analyze our measurements in this context and find
that several of these qualitative trends are reproduced
experimentally.

In Fig. 2(a), we show the normalized PMDs correlated
with HCIT and CI*. We make use of the cylindrical
symmetry of the momentum distribution but restrict our
analysis to electrons that go toward the electron detector.
Both channels exhibit holographic fringes (structure A,
black line) and above-threshold ionization (ATI) rings
separated by the photon energy (blue semicircles). Small
but distinct differences are apparent. Importantly, these
differences are not a consequence of the nearly 2-orders-of-
magnitude difference in event yield between the two
channels, as they persist when the same number of events
is selected for both channels (see Ref. [25]).

In Fig. 2(b), we isolate forward scattering interference
from ATI by integrating over a specific radial momentum
range (indicated by the two semicircles; for other ranges,
see Ref. [25]). Since ATI depends only weakly on the
emission direction, this isolates the holographic signal. For
consistency, the HCI* data were also downsampled to
match the statistics of the CI™ channel.
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(a) Normalized photoelectron hologram for oriented HCI in a linearly polarized laser field during single-ionization-induced

dissociation. Positive perpendicular electron momenta p, correspond to the C1* fragment (coincident with a neutral H), while negative
p . correspond to the H fragment. The hologram shows higher intensity and a more clearly resolved “spider” structure in the chlorine

direction. (b),(c) Correlated ion momentum distribution.

While the HCI' signal is more pronounced, both chan-
nels exhibit multiple interference maxima. In the CI*
channel, these maxima are shifted toward smaller emission
angles. Furthermore, the holographic interferences along the
laser polarization direction differ between the two channels.
For example, the cutoffs, i.e., the maximum momenta, of the
first two fringes are higher for ionization from HOMO-1,
and the intensity ratio between the first two peaks is
reduced, as seen in Fig. 2(b). These observations demon-
strate that the two ionization channels produce distinct and
reproducible holographic patterns.

Figure 2(c) shows simulated PMDs for ionization from
the HOMO (left) and HOMO-1 (right), calculated using the
Coulomb  quantum-orbit  strong-field approximation
extended to molecular systems [26—-30]. Our model incor-
porates the molecular structure of HCI and the correspond-
ing initial-state wave functions (see Ref. [25] for details).

The simulations reproduce the main experimental trends,
including the larger cutoff momentum for HOMO-1 and the
contraction of the interference fringes toward smaller
emission angles, as shown in Fig. 2(d). Remaining dis-
crepancies in fringe position and contrast arise from model
approximations and experimental factors such as intensity
fluctuations and finite detector resolution.

Our model allows us to interpret the observations
above. The different ionization potentials of 12.747 and
16.265 eV for HOMO and HOMO-1, respectively, cause
the two channels to experience different effective inten-
sities within the laser pulse. A higher intensity is directly
responsible for a larger cutoff momentum [31]. It also
causes longer trajectories and thereby a larger phase
accumulation, which leads to the narrowing of the holo-
graphic interferences (see Ref. [25]).

This analysis establishes that HCI allows a clean exper-
imental separation of holograms associated with the
HOMO and HOMO-1 channels. Importantly, this channel
separation does not rely on the heteronuclear nature of the

molecule. The heteronuclear aspect enters only through the
orientation dependence discussed in the following section.

Next, we concentrate on orientation dependence. Only
the HOMO-1 channel offers access to the molecular
orientation in our setup. Because the bond-softening process
requires an electric field pointing along the molecular axis,
neither CI™ nor HT ions are observed perpendicular to the
light polarization (along z). This allows us to distinguish
two molecular orientations with respect to our laboratory
frame, i.e., the chlorine atom pointing toward or away from
the ion detector. Photoelectron momentum distributions for
these two molecular orientations can be measured in the CI*
or H" channel. As shown in [25], the observed orientation-
dependent asymmetry persists for all laboratory-frame
emission directions and is not restricted to a particular
projection.

In Fig. 3(a), we show the results for the two dissociation
channels yielding either a CI™ or HT in the upper and the
lower half of the figure, respectively. In subfigures (b) and
(c), we show the corresponding ion momenta. Because the
fragment momentum remains aligned with the initial
molecular axis, we determine orientation cosines (cos )
between 0.90 and 0.93. The near identity of the upper and
lower halves of the PMD shows that the ionization and
subsequent scattering are largely independent of the spe-
cific dissociation channel or the laboratory-frame orienta-
tion of the molecule [25].

The outer yellow circle in Fig. 3(a) is the 2,/U,
momentum cutoff for the direct electron trajectory, with
U, being the ponderomotive potential. The forward scatter-
ing interference structure extends to larger momenta toward
the chlorine side than the hydrogen side. Classical trajectory
simulations have shown that the Coulomb field of the parent
ion reduces the cutoff momenta for direct electrons, as they
experience a negative acceleration, whereas indirect elec-
trons experience a positive acceleration by the ionic
potential, and their cutoff energy increases [44]. Hence,
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the asymmetry in the PMD indicates an asymmetry of
ionization between the two sides of the molecule, albeit
asymmetric holography patterns may also be observed in
homonuclear molecules if the symmetry of the driving field
lacks inversion symmetry [30].

The inner yellow circle in Fig. 3(a) at p, =

\/p% + p? = 0.3 a.u. corresponds to the maximum photo-
electron momentum for an electron returning twice to the
parent ion. The structures within that circle have been
attributed to higher order holographic interferences based
on multiple returns [4]. We can clearly see a qualitative
difference in this region depending on the molecular
orientation relative to the photoelectron.

In both channels, we observe asymmetric forward scat-
tering interference structures that have a higher contrast
toward the chlorine side of the molecule. Not only does the
interference structure have a larger contrast on the chlorine
side, there are also more electrons ending up on the chlorine
side. A quantitative analysis of this left-right asymmetry is
presented in [25].

At first sight, a larger probability of finding the electron
on the chlorine side seems to contradict previously pub-
lished results of the angular ionization probability [17]. In
fact, using circular polarization, we measured a differential
ionization probability on the hydrogen side at our field
strength that is 1.72 higher than on the chlorine side; see
Ref. [25]. Therefore, the inversion of the ionization asym-
metry must be due to the linear polarization of the laser
field. In the following, we explain these observations.

We now analyze the observed ionization asymmetry in
terms of the contributing photoelectron trajectories.
Figure 4(a) illustrates how an ionization anisotropy and
the Coulomb potential interact to create asymmetry in
linearly polarized light. The ionization anisotropy in polar
molecules breaks the symmetry of the ionization step.
However, the laser field symmetrizes the electron current
from either side of the molecule. The observable electron
distribution becomes asymmetric only through the addi-
tional action of the Coulomb potential, which breaks the
symmetry of direct and indirect trajectories [44,45].
Particularly, the attractive Coulomb field increases the
probability of recollision. Thus, although more ionization
occurs on the hydrogen side [17], the larger part of this
wave packet is recolliding, ending up on the chlorine side
of the molecule.

In Figs. 4(b)-4(e), we use our models to simulate the
cases shown in (a) in order to confirm our interpretation. In
Fig. 4(b), we have simulated ionization from a symmetric
wave function using strong-field approximation (SFA)
and thereby ignore the parent ion’s Coulomb field.
Consequently, the holographic interference fringes are
absent, and intracycle interferences dominate.

Figure 4(c) shows the CQSFA simulated photoelectron
momentum spectrum for a hydrogen-like symmetric wave
function. The ionic Coulomb field is included in this model,
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FIG. 4. (a) Schematic showing the effect of the Coulomb field
and an asymmetric ionization rate on the ratio between direct and
indirect electrons and their sum. (b)-(e) Simulated PMDs for
ionization with corresponding parameters as in (a). See text for
details.

leading to the appearance of the dominant strong-field
photoelectron holographic interferences. As expected, the
photoelectron momentum spectrum remains symmetric.

In Fig. 4(d), we simulate the PMD for ionization from
HOMO-1 of HCI with SFA theory, for which the ionic
Coulomb potential is not considered. In this case, the
photoelectron momentum spectrum is still symmetric.
The reason is that, due to the neglect of the Coulomb field,
the ionization amplitudes of the direct and forward scatter-
ing trajectories from the same side of the molecule are the
same. Thus, the two photoelectrons with the opposite
momentum have the same amplitudes for the monochro-
matic laser field even though the initial wave function of
HOMO-1 is asymmetric.

Finally, in Fig. 4(e), we show the CQSFA simulation
including the Coulomb field and the asymmetric HOMO-1
of HCI with the same orientation as in the experiment in
Fig. 3(a). Now, a clear left-right asymmetry can be
observed. Therefore, our simulations further support the
interpretation that the asymmetric interference structure in
the photoelectron momentum spectrum of HCI from
HOMO-1 originates from the joint action of the asymmetric
initial wave function and the ionic Coulomb potential.

In summary, our observation of clear orientation-
dependent asymmetries in the photoelectron angular
distributions of HCI demonstrates that strong-field photo-
electron holography is inherently sensitive to the molecu-
lar dipole and ionic Coulomb potential, even for a simple
polar molecule with a moderate dipole moment. This result
provides a crucial step toward extending holographic
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imaging techniques to more complex, less symmetric
molecules. In such systems, site-specific ionization path-
ways and the resulting charge migration can play a key role
in ultrafast processes. The orientation sensitivity shown
here provides a prerequisite for using strong-field holog-
raphy to probe where ionization occurs and to track
localized electron dynamics in real time in future studies.
This opens promising opportunities for site-selective
ionization studies and for resolving charge migration in
larger heteronuclear or polyatomic molecules, offering
new insights into ultrafast chemical dynamics with com-
bined spatial and temporal resolution.
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