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Role of the Binding Energy on Nondipole Effects in Single-Photon Ionization
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We experimentally study the influence of the binding energy on nondipole effects in K-shell single-
photon ionization of atoms at high photon energies. We find that for each ionization event, as expected by
momentum conservation, the photon momentum is transferred almost fully to the recoiling ion. The
momentum distribution of the electrons becomes asymmetrically deformed along the photon propagation
direction with a mean value of 8/(5c¢)(E, —Ip) confirming an almost 100 year old prediction by
Sommerfeld and Schur [Ann. Phys. (N.Y.) 396, 409 (1930)]. The emission direction of the photoions
results from competition between the forward-directed photon momentum and the backward-directed
recoil imparted by the photoelectron. Which of the two counteracting effects prevails depends on the
binding energy of the emitted electron. As an example, we show that at 20 keV photon energy, Ne™ and
Ar™ photoions are pushed backward towards the radiation source, while Kr* photoions are emitted forward

along the light propagation direction.
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What is the role of the photon’s momentum in photo-
ionization processes? Rich physics emerged in recent years
from the search for answers to this fundamental question.
Ionization processes for which this was discussed span
from single-photon one- [1-11] and two-electron [12-14]
processes of photoionization of atoms and molecules
[15,16] in the perturbative regime to multiphoton and
tunnel-ionization processes in strong laser fields [4,17—
27]. Part of the answer is general and independent of the
energy of the employed photons and their intensity: the
energy transfer of E, from the light field to the atoms or
molecules is accompanied by a momentum transfer of
k, = E,/c, no matter if E, is the energy of a single photon
or the sum energy of multiple photons, or even is a
nonquantized amount of energy in very short strong light
pulses. By momentum conservation, this momentum £, is,
irrespective of the specifics of the process, given to the
center of mass of the electron(s) and the ion in the final
state of the ionization process. This holds not only for the
usually discussed quantum mechanical expectation values
of the momenta, but strictly on the level of individual
ionization events. Because of the mass imbalance between
photoelectron and photoion, however, the momentum is
almost exclusively transferred to the ion in each ionization
event. In the center-of-mass system, the electron and the
ion are ejected with equal and opposite momentum. As
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this momentum corresponds to the kinetic energy of the
photoelectron, it is usually orders of magnitude larger than
k, showing a broad angular distribution (and, for some
photoionization processes, also a broad distribution of its
magnitude). Therefore, for quantum systems, a second
question with respect to ensembles arises, which is
conceptually different from the above question on the
single-event level: what is the expectation value of the
momentum of the electrons (k}) and the ions (k) along
the photon propagation direction (x)? It turns out, the
answer to this question depends on the intensity of the
light [4], the atomic species [8,9,28], for molecules on
the molecular orientation [15], and, importantly, on the
ionization potential /,, of the system. In the limit of
adiabatic strong-field tunnel ionization without recolli-
sion, the prediction [4]

() ="y 2r (1

has been confirmed experimentally [20]. The first term
originates from the driving of the free electron in the
electromagnetic field, while the momentum of 7,,/(3c) is
transferred by the action of the magnetic field during the
tunneling step [29]. For the case of single-photon ioniza-
tion in the perturbative regime at high energies, i.e., in the

© 2024 American Physical Society
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absence of any acceleration of the electron by the light
field, the corresponding prediction is

(k) = o (B, = 1,). @

In case of ionization, the photon energy has to be larger
than the ionization potential. Accordingly, (k}) is always
forward directed. As mentioned above, the ion momentum
is composed of two contributions: the forward-directed
momentum of the photon and the backward-directed
recoil by the photoelectron, leading to

(ki) = 5= (-3E, +81,). o)

This prediction dates back to Sommerfeld and Schur in
1930 [1]. The first terms in Eqgs. (2) and (3) were
confirmed experimentally only recently by Grundmann
et al. [7] under conditions where the second terms were
negligible. It is the purpose of this Letter to experimen-
tally demonstrate the presence of the second terms (i.e.,
the role of the binding energy) and to rationalize the
underlying physics. We will demonstrate that the role of
1, is crucial, as it determines whether ions are emitted in
the forward or backward direction by the photoionization
process, a question also relevant for determining the
direction of radiation pressure in astrophysics [10,11].

To test this predicted influence of the binding energy, we
have conducted a series of experiments at beamline ID31 of
the European Synchrotron Radiation Facility (ESREF,
Grenoble, France) in 16-bunch timing mode. We applied
the COLTRIMS (cold target recoil ion momentum spec-
troscopy) technique [30-32] and crossed the synchrotron
beam consisting of linearly polarized photons
(E, =20 keV, k, = 5.36 a.u.) with a supersonic gas jet
of various rare-gas atoms with different 7, for K-shell
ionization [Ne(ls) 7, =870 eV, Ar(ls) I, = 3206 eV,
Kr(Is) 1, = 14326 eV]. lons and electrons were guided
by electric and magnetic fields towards two time- and
position-sensitive detectors. From the times of flight
and positions of impact, the initial momenta of ions and
electrons after ionization were obtained. To improve the ion
momentum resolution we used an electrostatic lens (see
Fig. 2 in Ref. [33]) and a drift tube in the ion arm of the
spectrometer. We achieved a 4z acceptance solid angle for
ions with an energy of up to 1.5 eV and electrons of up to
2400 eV. In order to determine the mean value of the ion
momenta, it is necessary to know the position of impact of
ions with momentum zero on the detector. This zero is
obtained from ions created by Compton scattering. For
Compton scattering at high photon energies, the ion is a
spectator to the binary momentum transfer between photon
and electrons. Thus, the ions have almost zero momentum
after the Compton process.
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FIG. 1. Momentum distribution of Kr?>" ijons from ionization

by linearly polarized photons with E, =20 keV. Horizontal
axis: momentum component parallel to light propagation direc-
tion. Vertical axis: momentum parallel to polarization axis. The
data shown are restricted to |kj| < 2.5 a.u. The green dashed
circle with a radius corresponding to the photoelectron mo-
mentum k, = /2(E, —1I,) is forward shifted by the photon
momentum k, = 5.36 a.u.

Figure 1 shows the measured momentum distribution of
Kr?* ions recorded at a photon energy of 20 keV. For
completeness, a full set of the measured distributions is
reported in the Supplemental Material [34]. It shows a
distinct peak at zero momentum resulting from ions created
by Compton scattering. Two more circular features are
visible in the experimental data. These originate from
K-shell and L-shell photoionization, and correspond to
the recoil imparted by the photoelectrons on the ions. The
photoelectrons are emitted with a distinct kinetic energy
and, accordingly, the ionization events are located on a
sphere in momentum space with a radius corresponding to

that energy, i.e., k, = \/2(E, —I,,). In the representation
chosen in Fig. 1, this sphere turns into a circular feature.

The green dashed circle indicates the location of ions
generated by K-shell ionization. Its radius is in accordance
with the kinetic energy of K-shell photoelectrons and it
is in addition forward shifted by the photon momentum
(k, = 5.36 a.u.). Events belonging to L-shell ionization are
located on a much larger circle (which is off centered, as
well) and are faintly visible as indicated by the label, too.
The Kr?>* photoions are in most cases a product of a two-
step process of photoionization followed by Auger-Meitner
decay. The additional recoil of the Auger electron leads to a
broadening of the features in Fig. 1.

Figure 2 illustrates the central result of our study. For a
given photon energy of E, = 20 keV, we plot the mean
value of the ion and electron momenta along the light
propagation direction, as functions of /,. The blue line
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FIG. 2. Mean value of the measured electron (blue circles) and
ion (red circles) momenta as functions of the binding energy /,,
recorded at a photon energy of E, =20 keV (k, = 5.36 a.u.).
The statistical uncertainties are smaller than the size of the data
points. Lines: predictions from Egs. (2) and (3). Note that positive
values of the mean momenta correspond to emission in the
direction of the photon propagation.

shows the prediction of Eq. (2), and the blue dots are the
respective experimental results for K-shell photoelectrons
of Ne, Ar, and Kr. The red line and dots show, respectively,
the prediction of Eq. (3) and the measured results for the
corresponding mean value of the ion momentum. The
experimental data are in excellent agreement with the long-
standing analytical predictions, including also the change
of sign of the mean photoion momentum. Indeed, the
Ne™ and Ar" ions are emitted on average backwards, i.e.,
towards the light source, whereas Kr™ ions are emitted in
forward direction along the light propagation. Remarkably,
for a binding energy of I, = (3/8)E, = 7.5 keV [i.e., in
between Fe(ls) I, = 7.1 keV and Co(ls) I, = 7.7 keV],
photoions will stay on average at rest (for the given photon
energy of E, = 20 keV).

To elucidate the underlying effect, we inspect the
distributions of kj, i.e., the differential cross sections
(do/dky) (k) in Fig. 3. As the photon momentum k, is
transferred to the center of mass, i.e., rather to the ion than
the electron, the photoion momenta are shifted in forward
direction in good approximation by k, (see Fig. 1). As we
will demonstrate below, the photoelectron momenta, in
turn, are mostly affected by nondipole effects. In particular,
these effects yield asymmetric electron momentum distri-
butions along the light propagation direction, with a clear
surplus of positive x momenta (see left panels of Fig. 3).
The dipolar angular emission distributions (well known
from low-energy photoionization) become clearly bent
towards the light propagation direction (right panels of
Fig. 3). With increasing binding energy, the photoelectron
momentum distributions shown in Fig. 3 (left panels) get
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FIG. 3. Distributions of the photoelectron momentum k} along
the light propagation direction for (a) Ne, (b) Ar, (¢) Kr, and
photoelectron angular distributions for (d) Ne, (e) Ar, (f) Kr at a
photon energy of E, =20 keV (k, = 5.36 a.u.). The data are
normalized to the maximum. Dots: experimental data, the
statistical uncertainties are smaller than the size of the data
points. Red dotted (blue solid) lines: theoretical calculations
taking into account the first two expansion terms of the plane
wave (the full ™) of the vector potential of the electromagnetic
field. Green dashed lines: simulations via Eq. (4).

narrower, which reflects the lowering of the photoelectron
energy E, = E, —I,. In addition, they become increas-
ingly symmetric, which is also noticeable as a gradually
smaller bending of the respective angular distributions
occurs in the progression from Ne to Ar towards Kr atoms.

The physics behind the forward-backward asymmetry
visible in Fig. 3 is most intuitively understood by
considering photoionization in momentum space. In the
perturbative regime of single-photon absorption, the photo-
electron energy is independent of the intensity (i.e., the
amplitude) of the electromagnetic wave. The electron is not
accelerated, and, thus, the electron momentum is not
altered by the driving field. Therefore, the electron momen-
tum in the continuum [k, = \/2(E, —1,)] needs to be
present already in the initial (bound) state. Formally, this is
captured in the Born approximation, where the final state of
the electron is approximated by a plane wave in coordinate
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FIG. 4. [Illustration of the role of the photon momentum in
Eq. (4). The surface depicts a two-dimensional slice through the
initial-state electron-momentum distribution, which is centered at
the dashed coordinate frame. The red contour line shows the
electron probability on a circle that is backward shifted by k,,
highlighting the enhancement of the forward-directed electrons.

space. Photoionization samples the ground-state momen-
tum distribution, selecting the part that allows us to match
energy and momentum conservation. The ionization cross
section is then proportional to the product of the probability
to find the respective momentum in the ground state and the
probability for inducing the transition from the bound to the
continuum state. The latter is proportional to the square of
the component of the electromagnetic field along the

electron emission direction given by cos ¢9A where Hk/\
k.e o€

is the angle between the electron emission direction k., and
the polarization vector €. This fact, that high-energy single-
photon ionization directly samples the square of the Fourier
transform of the bound state, is routinely exploited in
angle-resolved photoemission spectroscopy (ARPES) in
solid-state physics. For gas-phase molecules it has been
successfully used to image correlated molecular orbitals [35].

The photon momentum factors into this approximation
through evaluating the bound-state momentum distribution
W¥;(k,) on a sphere of radius k,, which is centered not at
momentum zero, but rather at —k,, as illustrated in Fig. 4.
Thus, the differential cross section can be estimated from
this shifted-momentum distribution by evaluating the
following integral:

do
e (k%) occoszﬁA//|‘P (kr -
X 5(E, E, —1,) (4)

k,, k), k3 )2k dic

with E, =3 ((k})? + (k2)? + (k£)?). In this integral, we
have used hydrogenlike initial wave functions in momen-
tum space from Ref. [36] and the ,, for K-shell ionization

of the respective atom. The results of the simulations via
Eq. (4) are shown in Fig. 3 by the green dashed curves.
They are in excellent agreement with the experimental
results. The slight deviation of the experimental data from
our simulations in Fig. 3(b) between —10 and 410 a.u. is
most likely an artifact caused by spatial inhomogeneity of
the detection efficiency of the microchannel-plate detector.
In addition, we performed a systematic theoretical study of
the photoelectron angular distributions, going beyond the
hydrogenlike initial-state and the plane-wave final-state
approximations. The calculations were performed within
the Hartree-Fock approximation using the stationary sin-
gle-center method [37-39], similarly to our previous
studies on nondipole effects in molecules [6,15]. We used
the velocity gauge for the photoionization transition matrix
element and included partial electron continuum waves
with angular momenta and projections up to £, |m| < 10. In
the calculations, the plane wave e’ of the vector
potential, entering the transition matrix element, was
treated either fully or by including only two terms in the
respective expansion e’*T & 1 4 ik, - r. The results of the
calculations are depicted in Fig. 3 by the blue solid and red
dotted curves, respectively.

The Cartesian coordinate frame of Eq. (4) seems to
account naturally for the linear momentum conservation
and shift due to the photon momentum. This Cartesian
coordinate perspective comes at the price that the descrip-
tion of the Coulomb potential and the initial state are less
straightforward, and the angular momentum balance is not
directly accessible. To account for these aspects, most
theoretical approaches treat single-photon photoionization
in spherical coordinates and expand the plane wave of the
vector potential e’*T in a Taylor series. Here, the first term
approximating e’®»™ by unity results in the dipole approxi-
mation, yielding forward-backward symmetric momentum
distributions, while the asymmetries arise from higher
(nondipole) expansion terms of the plane wave. A visuali-
zation of how an electric-quadrupole contribution bends the
symmetric dipolar emission distribution of high-energy
photoelectrons towards the light propagation direction can
be found in our previous work [15] (see Fig. 1 and a
respective discussion there). To further highlight this
aspect, we display the electron emission distributions in
spherical coordinates (right-hand panels of Fig. 3) and
compare them to the results obtained from our modeling
using different levels of approximation. We observe that for
Ne, including electric-quadrupole and magnetic-dipole
transitions (i.e., including the first two expansion terms
e*rT 1 4 ik, -r) is not fully sufficient at this photon
energy, and higher nondipolar contributions need to be
accounted to improve the agreement with the experiment.
At the same photon energy for Ar, the nondipole contri-
butions higher than electric quadrupole and magnetic
dipole are much smaller, and for Kr almost irrelevant.
This decreasing influence of nondipole contributions with
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increasing binding energy originates from the fact, that the
spatial region, which is relevant for the plane wave e’*/T in
the transition amplitude, decreases with the square root of
the binding energy. Thus, with increasing binding energy,
the Taylor series converges more rapidly. Qualitatively, the
distributions show a bending to the forward direction for all
considered atoms. Importantly, this bending is not caused
by the photon momentum directly, as this is absorbed by
the ion. It is rather a consequence of the backward shift of
the sphere in momentum space (see Fig. 4), on which the
initial-state wave function is evaluated in Eq. (4).

In conclusion, we have provided stringent experimental
support for the long-standing analytical prediction of
how the photon momentum and the binding energy
influence the momentum distributions of electrons and
ions in single-photon ionization. Photoelectrons emerging
from a K-shell are emitted forward with a mean momentum
of 8/(5¢)(E, —1,). This momentum balance is deter-
mined by the electrons’ ground-state momentum distribu-
tion and the photon momentum. The ion momentum
1/(5¢)(81, = 3E,), in turn, results from the sum of two
effects: the photon momentum, which is almost exclusively
given to the heavy ion pushing it forward, and the recoil of
the photoelectron, which at high energies is predominantly
directed backwards. Which of the two effects prevails, i.e.,
whether the photoions are pushed forward or backward,
depends on the binding energy. For the 1s orbital, the
two effects cancel when the photon energy is equal
E, = (8/3)I,. Above that value, the photoions are emitted
on average in the backward, and below in the forward
direction.
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