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Electron Diffraction Imaging of Carbon Monoxide via K-Shell Ionization
by Compton Scattering of 20 keV Photons
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We report theoretical momentum distributions of electrons ejected from the C and O K shells of fixed-in-
space CO molecules by Compton scattering of 20 keV photons for different magnitudes and orientations of
the photon momentum transfer with respect to the molecular axis. We observe distinct diffraction patterns
in our computed momentum distributions, which are governed by the interference of the direct Compton
electrons and those which are scattered on the parent and neighboring nuclei. The observed phenomenon is
similar to that employed in diffraction imaging using high-energy photoelectrons. It persists after
integration over different magnitudes and the orientation of the photon momentum transfer in the
molecular frame of reference. A corresponding coincidence experiment confirms our theoretical

predictions.

DOI: 10.1103/thh1-8twn

Being a well-established technique in surface science
[1], photoelectron diffraction recently attracted an increas-
ing interest in imaging molecular structure and dynamics in
the gas phase with tabletop optical lasers [2—4] and free-
electron lasers [5-7]. In the latter case, where inner-shell
ionization of molecules is addressed, the electron wave
employed for the diffraction imaging is initially localized at
a well-defined site inside a molecule, and, being multiply
scattered by the molecular potential on its way out, it
“illuminates the molecule from within” [8]. Detailed
information on the target molecule and on the dynamics
of a process, accumulated in the photoelectron wave, is
uniquely reflected in complex interference patterns
observed in the respective angular emission distributions.
The most complete information is imprinted in the so-
called molecular-frame photoelectron angular distributions
(MFPADs, [8-11]). For high-energy photoelectrons, the
MFPADs are able to image heavy neighbors and relative
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positions between atoms. In particular, they exhibit a so-
called forward-scattering peak pointing toward the neigh-
boring atom [10,12]. Here, the photoelectron wave emitted
in the direction of a heavy neighbor is focused by an
uncompensated positive charge of its nucleus, and it may
acquire the sense of rotation of the ionizing circularly
polarized light [12,13]. In addition, rich double-slit inter-
ference petals, which are caused by a superposition of the
directly emitted and on-the-neighbor-scattered photoelec-
tron waves, provide information on the distance between
the emitter and the scatterer [11,12]. For example, this
information imprinted in high-energy MFPADs was
recently exploited to follow a molecular breakup on the
femtosecond timescale [14].

As the photon energy increases, the cross section for
photoionization drops significantly, and, at some point,
Compton scattering becomes the dominant light-matter
ionization process. Semiclassically, it is treated as a
billiard-type collision, in which a photon (as a particle)
is deflected and transfers part of its energy and momentum
to an electron initially at rest. If this electron is bound in a
quantum system, its bound-state momentum distribution
needs to be included in the balance [15], which is captured
by the so-called impulse approximation (see below). Two
recent studies highlighted the need for an even more
advanced treatment of the Compton process. Kircher et al.
[16] found a backward scattering of the Compton electrons
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and a simultaneous forward kick of the parent nucleus (with
respect to the photon momentum transfer Q). In addition, in
a subsequent experimental and theoretical study of
Compton ionization of Ne atoms [17], a scattering of the
Compton electrons to all angles (being very sensitive to
the exact ionic potential) and a Coulomb focusing of the
electrons (a reduction of their kinetic energy by the
ionization potential) were demonstrated. Since very similar
scattering of photoelectron waves on the molecular poten-
tial is at the heart of photoelectron diffraction imaging, it
was proposed in Ref. [17] that Compton ionization can
serve as a potential tool for molecular imaging, as well.
Finally, the present Letter provides the still missing proof
that Compton electrons enable diffraction imaging of
molecules. For this purpose, we theoretically consider
the K-shell ionization of carbon and oxygen atoms in
CO molecules by Compton scattering of 20 keV photons
and report the respective electron momentum distributions.

We recall that, quantum mechanically, the A? part of the
light-matter interaction Hamiltonian governs Compton
ionization to the lowest order of perturbation theory
[18,19]. In particular, the first vector-potential operator
annihilates the incoming photon with the initial momentum

757 (here, |12y| = 5.37 a.u.), and the second one creates the
deflected photon with the final momentum k,, which
corresponds to a photon momentum transfer of
@ = ic} - l%,u The amplitude for ionization of the initial
bound electronic state ¥; into the final continuum state ‘P[;

with momentum p can be computed as [18,19] (atomic
units are used throughout)

Ag(P) = (5107, (M

For high-energy electrons, the final continuum state can be
approximated as a plane wave ¥ ~ [1/(27)Y 2’77, and
the respective amplitude (1) simplifies to

1

Gy (€O, 2)

A5(P) ~

As a consequence, the momentum distribution of high-
energy Compton electrons is given by the Fourier transform
of the initial-state wave function, being additionally dis-

placed by the photon momentum transfer é This simple
modeling, known as the above-mentioned impulse approxi-
mation, enables us to image wave functions of bound
electrons via Compton ionization [20,21]. In order to go
beyond the impulse approximation, one needs to employ
“real” wave functions for the final continuum states ‘I‘Ig

[22] of the molecule, and not just plane waves. Using a
partial-wave expansion for ‘PE) [23], the matrix element (1)

can be simplified to

5(P) =3 (=) (Lo CT¥ )Y 1 (0,.0,). (3)
‘m

where W¥,,,, are the partial electron continuum waves with
the kinetic energy £ = |p|?/2, angular momentum #, and its
projection on the molecular axis m, and they include
respective phase shifts implicitly.

The partial electron continuum waves ¥,,,, were com-
puted in the present work by the stationary single-center
method and code [24,25]. It includes interaction of the
active continuum electron with the frozen residual ion by
multiple scattering to all orders. The numerical calculations
were performed in the Hartree-Fock approximation includ-
ing partial electron continuum waves with angular
momenta up to £ < 35 and |m| < 15, while ¢ and 7 orbitals
of the electrons bound to the molecule were represented by
the single-center expansions with £, <99 and |m,| <1

(note that higher projections m are populated if é is
perpendicular to the molecular axis). Calculations were
performed for different orientation angles f of the photon

momentum transfer @ with respect to the molecular
axis and for its absolute values in the interval
Omin < |é| < Qmax- The maximal value Q. = 2\I_<}| ~
10 a.u. corresponds to the backward scattering of the
incoming photon, while the minimal value Q,, = /21,
corresponds to the energy required to overcome the
ionization potential /,, (Qyin ~ 4.7 a.u. for C Is and Oy, =
6.4 a.u. for O 1s). In the numerical calculations of the

amplitude (3), the plane wave ¢’?7” was represented by
the expansion over spherical harmonics, and the two-
dimensional integration over the spatial angles was per-
formed analytically.

Figure 1 depicts two-dimensional slices of the three-
dimensional electron momentum distributions, computed
for the K-shell ionization of the carbon atom with different
values of the photon momentum transfer. The momentum

transfer é is oriented along the molecular axis, and both are
aligned horizontally along p, with the carbon atom on the
right-hand side (see caption of Fig. 1 for more details on
the data representation). For the largest considered value

of |é| =10 a.u. (the lower-right panel), the computed
momentum distribution exhibits a large spot belonging
to direct Compton electrons around p, =~ 10 a.u. This
observation is in line with the expectations of the impulse
approximation. However, a maximum of the spot (set to 1
in all panels) appears at a somewhat lower value of p, <
10 a.u. (cf. with magenta circle), and this spot of the direct
Compton electrons is not perfectly isotropic with respect to
its maximum.

Such a distortion is caused by the Coulomb focusing of
the Compton electrons [17], where the energy of a free
electron is reduced by the ionization potential. This, in turn,
results in a respective reduction of the momentum boost
which the electron received being still close to the nucleus.
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FIG. 1. Molecular-frame momentum distributions of Compton
electrons, computed for C 1s ionization gf CO and different
values of the photon momentum transfer |Q| (indicated in each
panel and visualized by magenta circles). Shown are slices of the
momentum distributions in the p,p, plane. The molecule is
oriented horizontally along the p, axis with the carbon atom
pointing to the right (see inset on the top panels). The momentum
transfer vector Q (magenta arrow) is parallel to the molecular axis
and points from oxygen to carbon. The distributions are shown on
a relative scale normalized to the maximum in the spot of the
direct Compton electrons, while the absolute scales of all panels,
prior to normalization, differ within 20%.

Another consequence of the focusing effect is the intense
spot of low-energy electrons with close-to-zero momenta
(note that the respective maximum exceeds the chosen
normalization scale). These are electrons with an energy
just above the ionization potential (see a model explanation
of the focusing effect in Fig. 4 of Ref. [17]). As the value of

|Q| decreases, the distortions of the distribution of direct
Compton electrons and the amount of low-energy elec-
trons, both caused by the focusing effect, increase (see the
upper-left panel for the largest effects).

In addition to the known features discussed above, the
computed distributions in Fig. 1 illustrate distinct double-
slit-type interference patterns, which are more pronounced
for the lower values of |Q| and even penetrate in the
distributions of the direct Compton electrons. These struc-
tures are caused by the recently uncovered scattering of the

direct Compton electrons to all angles. Contrary to the
atoms [16,17], where only a scattering on the parent
nucleus can take place, such a scattering of electrons on
both, the parent and the neighboring nuclei, is possible in
molecules. The effect is enormous, on the order of 30% of
the intensity of the direct Compton electrons (see color
scale on the right-hand side). Intriguingly, such interference
structures can directly be related to the molecular orienta-
tion and bond length (see below).

The predicted interference structures appear even more
clearly in Fig. 2, where the computed distributions are
shown for a fixed value of |Q| = 9 a.u. and different angles
J between the photon momentum transfer and the molecu-
lar axis (oriented horizontally). In all cases, the interference
patterns build a “wave” on the emitter side of the molecular
axis with a planar “wave front,” and it is bent toward the
scatterer for large values of |p,|. In particular, for the
ionization of C 1s electrons (left-hand panels), the wave
front is almost planar on the side of the carbon atom
(p, > 0), and it is bent strongly on the side of the oxygen
(p, < 0). This picture is reversed in the right-hand panels
of the figure, where ionization of O 1s electrons is
considered. If, for instance, such a distribution is measured

in the é frame, and the relative fixed molecular orientation
is unknown, it can immediately be deduced from the
measured interference patterns.

Figure 3 demonstrates that the observed interference
feature is rather robust, and it survives an integration over
all considered absolute values and orientations of Q in the
molecular frame of reference. Here, the integration was
performed over the orientation angles 0° < # < 180°, such
that the photon momentum transfer always points in the
upper hemiplane. In addition, contributions of the (anti-)

parallel orientations of é are reduced by the solid-angle
element. As a consequence, the direct Compton electrons
appear on the p, > 0 hemiplane of the distributions, being
suppressed along the molecular axis. Such an integration
yields the analog to so-called polarization-averaged
molecular-frame  photoelectron angular distributions
[10,11,14], which still preserve information on the molecu-
lar geometry and photoionization dynamics [26,27] and
result in measured distributions with sufficient statistics.
In total, there are three electron waves, which super-
impose: the direct Compton electrons, the direct electrons
scattered on the parent nucleus, and those scattered on the
neighbor. The first two waves are launched on the same
center (the emitter) and, thus, have similar phases (except
the scattering phase which varies slowly with the kinetic
energy). Therefore, their overlap cannot be responsible for
the predicted double-slit-type interference structures, but
rather, it shapes a low-energy part of the distributions (gray
spots around the origin in Fig. 3). In contrast, the third
wave is characterized by the emission-angle-dependent
phase, which is proportional to a product of the electron
momentum and the distance between the emitter and the
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FIG. 2. Molecular-frame momentum distributions of Compton
electrons, computed for C 1s (left panels) and O 1s (right
panels) ionization of CO by the photon momentum transfer
|0| =9 a.u. (indicated by the magenta circles) and different

orientation angles f (indicated in each panel) between Q and the
molecular axis (see sketch on the top panels). Shown are slices
of the momentum distributions in the p.p, plane, which is
given by the molecular axis (along the p, axis with the carbon
atom at the right-hand side) and the photon momentum transfer
vector (magenta arrow always points in the upper hemiplane
with p, > 0). See the caption of Fig. 1 for more details on the
data representation.
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FIG. 3. Molecular-frame momentum distributions of Compton
electrons, averaged over all orientations 0° < < 180° of the
photon momentum transfer é (points in the upper hemiplane)
with respect to the molecular axis (shown in inset at the bottom)
and its absolute values in the intervals of 5 a.u. < |Q| < 10 a.u.
for C 1s (left panel) and 7 a.u. < |Q| < 10 a.u. for O 1s (right
panel) ionization, as indicated by the magenta circles. See the
captions of Figs. 1 and 2 for more details on the data repre-
sentation.

scatterer [14]. In the upper hemiplane of the momentum
distributions (p, > 0) depicted in Fig. 3, the interference is
mainly given by the superposition of the dominant direct
Compton wave and the weak wave scattered on the
neighbor. In the lower hemiplane (p, < 0), where the
direct Compton electrons are absent, the two waves
scattered on the emitter and on its neighbor superimpose.
Since those waves in the lower hemiplane have the same
relative phase difference (as the waves superimposing in the
upper one) but rather comparable amplitudes, their super-
position produces very similar interference patterns but
with a higher contrast.

More details can be seen in a polar representation of such
averaged distributions, as depicted in the upper panels of
Fig. 4. Shown are molecular-frame emission distributions
of the Compton electrons from Fig. 3 for particular absolute
values of the electron momentum |p|. The distributions
possess a relatively large forward-scattering peak pointing
toward the neighboring atom, i.e., toward oxygen or
carbon, respectively, in the upper-left or upper-right panels.
Moreover, additional interference petals modulate the
overall shape of the distributions, and their number grows
with increasing electron momentum || (and it would also
grow with an increase of the C—O distance). This picture is
fully consistent with a simple analytical model of the
double-slit interference between the emitted and scattered
photoelectron waves (see Fig. 5 and Eq. (2) in Ref. [14]).

In order to verify these theoretical predictions, we
performed an experiment at the beamline ID31 of the
European Synchrotron Radiation Facility (ESRF) in
Grenoble, France using the cold target recoil ion momen-
tum spectroscopy technique [28,29] (see End Matter for
details). The experimental emission distributions of the
Compton electrons are compared in the lower panels of
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FIG. 4. Polar representation of the averaged emission distribu-
tions from Fig. 3 at given absolute values of the electron
momentum |p| (see legends) for C 1s (left panels) and O 1s
(right panels) ionization. Shown are the emission probabilities as
functions of the electron emission angle with respect to the
molecular axis (oriented horizontally). Curves: theoretical data
from Fig. 3. Symbols: experimental data (see text for details). The
error bars represent statistical uncertainties. The main lobe
pointing toward the neighbor and multiple interference petals
are clearly seen in the computed and measured angular distri-
butions.

Fig. 4 with the respective theoretical ones. As in the case of
theory, these distributions are averaged over the absolute
values and orientations of the photon momentum transfer
relative to the molecular axis. In order to gather sufficient
statistics, the experimental data represent the interval of
4 au. <|p| <6 au. and are additionally integrated over
the out-of-plane component of the electron momentum
—1.5au. < p, <+1.5 a.u. (note that the theoretical dis-
tributions represent the sharp values of |p| and the slices at
P = 0). As one can see from the lower panels of Fig. 4, the
experimental distributions agree fairly well with the theo-
retical ones, supporting the predicted molecular effects,
including the main lobe and the multiple interference
petals.

In conclusion, we demonstrate, theoretically and exper-
imentally, that ionization by Compton scattering can, indeed,
be used for electron diffraction imaging of molecular
structure and dynamics. The effect involves scattering of
the direct Compton electrons on the nuclei of the ionized
atom and its neighbors. The observed double-slit interfer-
ence patterns in the electron momentum distribution can be
directly related to the molecular orientation in space and to
the distance between the emitter and the scatterer. Ionization
by Compton scattering has an advantage of releasing
electrons covering all momenta from zero to approximately

2|7<}|, despite using photons with well-defined energy for
their generation. Utilization of free-electron lasers with
unprecedented-high flux of hard x-ray photons, especially
the new generation of high-repetition-rate x-ray free-electron
lasers, may enable ultrafast electron diffraction imaging by
this ionization mechanism with sufficient statistics and, thus,
resolution. The present findings extend the electron diffrac-
tion imaging technique from the low and moderate photon-
energy domains (by outer-shell multiphoton ionization with
optical photons and inner-shell one-photon ionization with
soft x-ray photons) to the hard x-ray domain, where the
photoionization mechanism is strongly suppressed.
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End Matter

Experimental details—The present experimental setup
is very similar to that reported in our previous work [17].
Briefly, a pinhole monochromator [31] was used to select
photons from the undulator beam with the energy of
20 keV and a bandwidth of about 2%. A supersonic gas
jet of the CO target molecules and the photon beam were
crossed at a right angle. The employed parallel 55 V/cm
electric and 31 G magnetic fields guided all created
electrons and ions, which had an energy below 2 keV,
onto two time- and position-sensitive detectors with
hexagonal delay-line position readout [32]. In order to
accumulate the high-energy Compton electrons emitted to
the forward direction, the electron detector with 151 mm
active diameter was placed 24 mm off center. To obtain
an ion momentum resolution of around 0.7 a.u., the ion
arm of the spectrometer with the total length of
840.4 mm was equipped with an electrostatic lens [33].
The Compton events can clearly be separated from the
photoionization [34-36], since (for 20 keV photon
energy) the latter ions acquire a huge photoelectron recoil
momentum of about 37 a.u., while the former are created
with momenta below about 11 a.u.

The impact positions on the detectors and measured
times-of-flight allow us to reconstruct initial momentum
vectors of the detected charged particles. Only events with
two electrons and two ions detected in coincidence were
considered in the analysis. The electron-energy distribu-
tions show clear peaks at the energies of around 255 and
500 eV corresponding to C 1s and O 1s Auger electrons.
This was used to distinguish events where the second
electron (considered to be the Compton electron) was
emitted from the C or the O K shell. The photon

momentum transfer vector O was deduced by exploiting
momentum conservation for each event. After the K-shell-
ionized molecule undergoes an ultrafast Auger decay, the
created dication fragments by the Coulomb explosion. We
selected events where the kinetic energy release was larger
than 10 eV. Only, in this case, the axial recoil approxima-
tion [37] is known to be valid [38], and the difference of the
momenta of the two ions represents an orientation of the
molecular axis with respect to é at the instant of ionization,
while the momentum of the Compton electron yields its
emission angle with respect to the deduced molecular axis.
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