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Influence of the binding energy on Compton-scattering-driven ionization
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We present a comprehensive study of Compton scattering of 20-keV photons by bound electrons over a
wide range of binding energies (Ne 2p, Ne 2s, C 1s, O 1s, and Ne s orbitals). In particular, we have measured
fully differential cross sections, i.e., electron angular distributions with respect to the direction of the photon
momentum transfer for fixed electron energy. Our data show strong deviations from the predictions of the
“quasi-free” electron approximation. The binding energy and the shape of the Coulomb potential from which
the electron escapes both play a significant role in its kinematics. We find that Compton electrons are scattered
and even backreflected by the ionic potential. The strength of this effect depends on the orbital from which the

electron is ejected.
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I. INTRODUCTION

When light interacts with matter, Compton scattering can
occur as a fundamental process. Upon its discovery [1], it was
described as a binary collision of a photon with a “quasi-
free” electron. In this approximation, the momentum vector
of the Compton electron is linked to the scattering angle of
the photon (6, ), and the energy loss of the photon equals the
electron’s kinetic energy, which is given by (atomic units are
used throughout)

E,
5 .
1+ % —cosb,)

Ef@,)=E, —E, =E, — (1)

Under these free conditions, the cross section is to a good
approximation given by the Klein-Nishina equation [2]. In
more realistic scenarios, however, the electron from which the
photon scatters is bound. For Compton scattering, this has rich
consequences, such as the following:

(1) The electron is not at rest but has a momentum dis-
tribution given by the square of the Fourier transform of its
bound-state wave function.
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(2) In all real neutral systems except hydrogenic atoms,
there is more than one electron, and the single-active-electron
approximation might not hold.

(3) Some energy is needed to overcome the binding en-
ergy, which changes the kinematics of the process.

(4) The electron will be influenced by the potential from
which it escapes. This potential can even be nonspherically
symmetric, as is the case for Compton scattering in molecules
[3.4].

With respect to (1), the role of the initial-state momentum
distribution has already been recognized in very early studies
[5]. For cases of high photon energies, where the magnitude
of the momentum transfer from the photon to the electron is
much larger than the magnitude of the electron momenta in
the bound state, the initial electron momentum vector is added
to the momentum balance. This is well understood today and
is accounted for by the impulse approximation [6]. It makes
Compton scattering a powerful tool for measuring momentum
distributions in bound orbitals, which are therefore called
Compton profiles.

Considering (2), many-electron effects have been studied
at the level of total cross sections for helium in the 1990s [7]
and more recently in 2021 [8]. A prominent consequence of
these effects is the double ionization of helium induced by
Compton scattering [9]. As in the case of photoionization,
the double-ionization probability by Compton scattering is in
the few-percent range, and two mechanisms—shake-off and

©2026 American Physical Society
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FIG. 1. Sketch of the kinematics of nonrelativistichompton
scattering. A photon with incoming momentum vector k, is scat-
tered to a final state with momentum %V/, transferring a momentum
0= 127 - l;yr and an energy AE = ck, — ck,,. The momentum
transfer is shared between the Compton electron (Ee) and the ion (K)).

knock-off—have been identified to facilitate it. The former is
a consequence of correlation in the initial state, and the latter
is mediated by electron-electron interaction after the Compton
scattering. A rigorous treatment involving correlation in the
initial state can be found in Refs. [10,11].

Finally, consequences (3) and (4), i.e., the roles of the
binding energy and the Coulomb potential, are the topic of
the present paper. One known effect of considering a bound
rather than a free electron is a reduction of the total Compton
cross section at low photon energies when E™¢(6,,) becomes
smaller than the binding energy for an increasing range of
photon scattering angles [12]. However, on a more detailed
level, the influence of the binding energy on Compton scat-
tering has been rarely studied. For example, how does the
binding change the electron emission pattern, and how are
fully differential cross sections influenced by the binding? To
tackle these questions experimentally in a systematic fashion,
we compare Compton scattering of 20-keV photons by elec-
trons from the Ne L shell (48.5 eV binding energy for Ne 2s or
21.6 eV for Ne 2p) with Compton scattering at the Ne K shell
(870.2 eV binding energy) [13,14]. Further, we include data
on Compton scattering at the C (296.2 eV binding energy)
and O (542.5 eV binding energy) K shells in CO [15-17].
The expectation is that for the Ne L shell, deviations from
the predictions of the impulse approximation will be smaller,
while they will become massive for K-shell ionization. The
goal of the paper is to elucidate Compton scattering from all
possible perspectives and at all levels of detail.

Single ionization by Compton scattering involves three
particles: the photon, which has transferred a momentum Q
to the atom or molecule at which it is scattered; the momen-
tum k, of the ejected Compton electron; and the momentum
K; of the recoiling ion (see Fig. 1 for a sketch). The nine
momentum components are constrained by momentum and
energy conservation, leaving five independent observables and
giving rise to a fivefold differential cross section. We will not
consider the dependence of Compton scattering on the polar-
ization of the photon, since this factorizes [18,19]. Neglecting
the polarization leaves four independent observables, making

the cross section for Compton scattering fourfold differential.
“Fourfold” means that the cross section is fully described by
any set of four independent observables. We choose, e.g., the
photon scattering angle, the Compton electron polar and az-
imuthal angles with respect to the light propagation direction,
and the electron energy (0,, 0., ¢., E.), which yields the cross
section

d*o

—_—. 2
d6,d¢.dE,do,

Another choice of observables, which is well adapted to
textbook figures of Compton scattering (Fig. 1), is the angle
of the momentum transfer 6y and the Cartesian momentum
coordinates of the electron (8¢, k., ke y, ke ;), 1.€., the cross
section

d*o

—_——. 3)
dk, cdk, ydk, .d6y

Here, we exploit the power of the cold target recoil ion
momentum spectroscopy (COLTRIMS) reaction microscope,
i.e., its ability to cover the full final-state phase space of all
particles in a single measurement. This feature allows us to
freely choose coordinate frames and observables adapted to
the physical question of interest. Accordingly, we divide this
paper into three sections, starting with twofold differential
cross sections in Sec. III and building up to Sec. V, which
contains the most detailed information in fully differential
cross sections.

We compare our data to the predictions of the A approxi-
mation [11,20]. In this approximation, ionization by Compton
scattering is described by two independent steps that are
linked only via energy and momentum conservation. One step
is the scattering of the photon by an electron, as given by the
Klein-Nishina cross section [2,20]

do \ KN ro (o 2w o .
) T2\u)\oTe ) @

where ry is the classical electron radius. The other step
is the emission of the electron as a consequence of the mo-
mentum transfer in the photon-scattering step. This second
step is described by the overlap integral of the ground state—
shifted in momentum space by the momentum transfer—with
the continuum state for the given energy. For high photon
energies and large scattering angles, this converges to the
impulse approximation, in which the escaping electron is ap-
proximated by a plane wave. Thus, in the A? approximation,
the single differential cross section do (6, )/d6, is the product
of the Klein-Nishina cross section and the incoherent scatter-
ing factor [11] for the momentum Q in the quasi-free case
Oiree(0,) = ~/2AE, with AE given by Eq. (1).

The present paper builds on previous studies by our group
[21-23], in which three aspects of Compton scattering were
introduced. We elaborate on these in more detail and present
additional data in the current paper. The first aspect is the role
of the binding energy. Previously, we studied a limiting case
by measuring Compton scattering on He employing a photon
energy of 2 keV [21]. At this low energy, the probability of
the Compton effect is much reduced, as emphasized by the
fact that the energy transfer corresponding to backscattering
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of a 2-keV photon from a free electron at rest is smaller than
the binding energy of He. The second aspect is the extraction
of the initial-state Compton profile by measuring the ion mo-
menta. We studied this for He single- and double ionization
in Ref. [22]. In the present paper, we extend this study to Ne.
The third aspect is the scattering of the Compton electron at
the target nucleus, which we investigated in Ref. [23] for the
Ne L shell. We expand on these studies in the present paper
by also including Compton scattering at K-shell electrons of
Ne and at the C and O atoms of CO molecules.

II. EXPERIMENT

Coincidence experiments on Compton scattering are
highly challenging. In order to extract low-energy electrons
from the scattering target in an interaction-free manner, such
experiments have to be performed in the gas phase. The small
Compton cross section (10724 cm?) and the dilute gas sample
(about 1-mm-wide jet, 10! particles/cm? target density for,
e.g., Ne) result in an expected rate of only 25-Hz Compton
events, even when considering the most brilliant synchrotron
beams available with a flux of 2.6 x 10'* photons/s. These
numbers demonstrate that a fully differential experiment is
impossible with detectors that cover only a small fraction
of the full 47 solid angle. This precludes today the use of
photon-electron coincidence schemes (as were used in the
only coincidence experiment on solid-state targets [24-26])
in experiments employing gas targets.

There is, however, an alternative that avoids the necessity
of detecting the scattered photon directly while still providing
access to fully differential cross sections. If the momenta of
the Compton electron and the ion are measured in coinci-
dence, the energy transfer AE and momentum transfer 0
between the photon and the target can be calculated using
momentum and energy conservation. This enables a full 47
solid-angle coverage of the Compton process in the laboratory
frame. Additionally, this approach has the decisive experimen-
tal advantage that the energy and momentum resolution are
not hampered by the bandwidth of the photon. In photon-
detection schemes, the energy and momentum transfer are
obtained as the difference of two large quantities, I?y and Eyr.
Thus, the experiment requires a narrow-bandwidth incom-
ing photon beam. On the contrary, our alternative approach
determines AE and Q from the electron and ion momenta
with a precision that is almost independent of the incoming
photon energy resolution. This allows us to use so-called
“pink” beams (i.e., unmonochromatized undulator radiation)
or broad-bandwidth photons from the synchrotron, resulting
in a much higher photon flux compensating for the small
Compton cross section.

In more detail, we measured electrons with energies up
to 2 keV and ions with a kinetic energy release (KER) up
to 20 eV with a collection angle of 47 using a COLTRIMS
reaction microscope [27,28]. The experimental setup (Fig. 2)
used to record the presented data is very similar to the one
explained in Ref. [23]. At beamline ID31 at the European
Synchrotron Radiation Facility (ESRF), x-ray transfocators
[29] were utilized to provide photons with a bandwidth of
about 2%. The linearly polarized beam with an energy of
E, =20 keV (k, =5.37 a.u.) and an intensity of around

2.6 x 10'* photons/s was crossed with a supersonic gas jet of
Ne and CO target atoms/molecules. Parallel 31 V/cm electric
and 35 Gauss magnetic fields were employed to guide elec-
trons and ions with energies below 2 keV onto two time- and
position-sensitive detectors with hexagonal delay-line readout
[30]. To capture forward-emitted high-energy Compton elec-
trons, the electron detector was placed 19.5 mm off-center and
had an active diameter of 150 mm. The ion arm had a total
length of 1938 mm and incorporated an electrostatic lens [31].
The reaction volume has a size of about 1.0 x 0.4 x 0.1 mm
(x, y, 2). The finite reaction volume corresponds to an electron
and ion momentum resolution of about 0.4 and 0.13 a.u.,
respectively. This systematic error was estimated to be neg-
ligible compared to the statistical errors. The single-electron
count rate was 1.3 kHz, the single-ion count rate was 1.9 kHz,
and the coincidence rate was 25 Hz. The local target pressure
at interaction point was about 10~ mbar, and the vacuum in
the main chamber where the target zone is located and the
reaction takes place was as low as 2 x 10~° mbar.

As indicated above, neon and carbon monoxide served
as targets in our experiments. The following three reaction
channels were measured:

y(20keV) +Ne — Net(2s5,2p) ' +e +y'  (5)

y(20keV) 4+ Ne — Net(1s)™' + e + 7/ (6)
\J
Ne2t + ex+e +y @)

y(20keV)+CO — CT + 0t + ey +e¢ +y.  (8)

Correspondingly, the respective momentum balances for
Egs. (5), (7), and (8) read

bant]
I

Rne + ke + Ky

Y
]zy = I?Ne + ]_éeA + ]_ée + ié)”
k, = Ke+ Ko + kea + ke + Ky ©)

The momenta l;eA and I;g refer to Auger and Compton
electrons, which were both detected in our experiment in
coincidence. The subscripts C and O in I?c and I?o denote
the measured C and O ions.

Figure 3 shows electron, ion, and photon momentum
distributions for Compton scattering at the Ne L [panels
(a)—(c)] and K [panels (d)—(f)] shells [Egs. (5) and (7)].
The Compton electrons in panels (a) and (d) are presented
in the plane defined horizontally by the incoming photon
(x axis) and vertically by the spectrometer axis (z axis).
The photon polarization vector is parallel to the y axis
(see Fig. 2).

When detecting electrons using a COLTRIMS reaction
microscope, certain restrictions arising from the employed
magnetic guiding field need to be considered. In cases where
the electron time of flight is an integer multiple of the elec-
tron’s gyration period in the magnetic field, the momentum of
the electron cannot be resolved (see Ref. [27]). We have there-
fore set up the magnetic field in a way that the resulting blind
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FIG. 2. Simulation and sketch of the COLTRIMS spectrometer used in the experiment (not to scale). The x axis is defined as the photon
propagation direction, the y axis as the target propagation direction, and the z axis as the time-of-flight direction. (a) Simulation of the ion (red)
and electron (blue) trajectories inside the electromagnetic field (green) in the yz plane. C* and O™ ions dissociate with a KER of 20 eV. An
electromagnetic lens is used to focus the ions onto the detector. Compton electrons are shown with energies of 1500, 2000, and 2400 eV. Auger
electrons have an energy of 780 eV. For the simulation, example trajectories with maximal energies are shown to demonstrate the size of the
spectrometer (C* and O™ ions on the ion side and Auger electrons from Ne on the electron side). (b) Electrons pass through an acceleration
area onto a 150-mm-diameter electron detector. The reaction volume is shifted 19.5 mm compared to the middle axis of the electron detector
in order to measure Auger and forward-directed Compton electrons up to 2 keV. Besides the acceleration area, a combination of lens and ion
drift zone is implemented on the ion side of the spectrometer to achieve an ion momentum resolution of about 0.13 a.u. The sketch is not to
scale, e.g., in (b) the z direction is compressed. (c) Simulated electron trajectories shown in the xy plane. High-energy Compton electrons are
emitted in the photon propagation direction (positive x direction). Due to the magnetic field, they hit the detector displaced in the negative y

direction, which is why the detector is shifted in y.

spots [corresponding to the gray areas in Figs. 3(a) and 3(d)]
are distributed asymmetrically with respect to k. ; = 0. Due
to symmetry reasons, the information within the gray areas
is still available in our measurement, as events that yielded a
corresponding k, . with opposite sign can be inverted and used
to partly fill the gray areas. In most cases, however, the results
in all other figures except Fig. 3 are not significantly affected
by this, as they do not depict the laboratory frame directly.

In addition to the Compton ionization process, photoab-
sorption also occurs (with a cross section 60 times larger
than Compton scattering). Events from photoabsorption can
be clearly separated from those from Compton scattering by
the large electron and ion momenta (see, e.g., Ref. [32] and
Fig. 1 in Ref. [33]). The photoelectron recoil momentum is
about 37.5 a.u., compared to the ions resulting from Compton
ionization with momenta below 12 a.u. [Figs. 3(b) and 3(e)].
Events from Compton scattering at the L shell [Eq. (5)] can
be distinguished from events from Compton scattering at the

K shell [Eqgs. (6) and (7)] through the coincident detection of
doubly charged ions together with the detection of a Compton
and one Auger electron. Compton and Auger electrons are
distinguished by energy: Auger electrons have characteristic
energies of 780 eV (Nels), 255 eV (Cls), and 500 eV (Ols).
This separation is almost unambiguous for Auger electrons
emitted in the backward direction because high-energy Comp-
ton electrons are mostly forward emitted.

In Figs. 3(c) and 3(f) the momentum distributions of the
scattered photon are shown. The incoming photon energy is
20 keV and the distributions are calculated—as explained
above—event by event from the measured ion and electron
momenta. There are two major differences between the scat-
tered photon distribution for Ne L- [Fig. 3(c)] and K-shell
[Fig. 3(f)] ionization: First, the radius of the ring in Fig.
3(f) is smaller than in Fig. 3(c), reflecting the higher binding
energy, which reduces the maximum energy of the scattered
photon. Second, the distribution of events on the ring is more
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FIG. 3. Electron, ion, and photon momentum distributions for
Compton scattering of 20-keV photons at the Ne L (a)—(c) and
K (d)—(f) shells. (a), (d) Measured L-shell [K-shell] electron mo-
mentum distribution in the plane defined by the incoming photon
(horizontal) and the time-of-flight direction of the spectrometer (ver-
tical). The gray bars indicate regions where the time of flight is an
integer multiple of the gyration period in the magnetic guiding field
(see Ref. [27] and main text for explanation). The third momen-
tum component is integrated over. (b), (¢) Momentum distribution
of Ne™ [Ne'™] recoiling ions measured in coincidence with the
electrons shown in (a) [(d)]. For the Ne™" ions [panel (e)], Auger
electron momenta are added. (¢), (f) Momentum distribution of the
scattered photon calculated event by event from the measured ion
and electron momenta, assuming an incoming photon energy of
20 keV.

enhanced in the forward direction (positive k,, ,) in Fig. 3(c),
while forward-scattered photons are missing in Fig. 3(f). For
L-shell ionization, the distribution is close to the one expected
by the Klein-Nishina cross section. For K-shell ionization,
however, Eefree is smaller than the binding energy for cases
of a scattering into the forward hemisphere, which suppresses
the Compton process.
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FIG. 4. Double differential cross section d’c/d6,dE, for Ne
L-shell ionization by Compton scattering of a 20-keV photon.
(a) Horizontal axis: photon scattering angle 6,,, vertical axis: elec-
tron energy, with column normalized counts to highlight the overall
distribution. (b)—(d) Projections from (a) onto the vertical axis for
the angular regions indicated in the graphs. The black solid curves
show Eq. (11), i.e., the locus of events for a binary encounter
with an electron at rest, where the average binding energy of Ip
= (2x48.5+6x21.6)/8 eV is subtracted from the electron en-
ergy after the kick. The dotted curves in (a) correspond to a 2%
bandwidth of the incoming photon energy. The dashed curves show
the corresponding energies for the case in which the electron was
initially not at rest, but had a momentum distribution given by the Ne
L shell (see main text for details).

III. TWOFOLD DIFFERENTIAL CROSS SECTIONS

We first examine the doubly differential cross section in
terms of the photon scattering angle 6, and the resulting
Compton electron energy:

2
d“o(9,, E.) (10)
do, dE,

For valence-shell ionization, this corresponds to the stan-
dard approach of observing Compton scattering using a
photon detector positioned at angle 6,,, measuring the pho-
ton energy E, = E, — Ip — E,. For inner-shell ionization
followed by Auger decay, this connection between photon
energy loss and the Compton electron energy is less straight-
forward, since Auger and Compton electrons can exchange
energy via postcollision interaction, as we will discuss later.

Figures 4 and 5 show the doubly differential cross sec-
tion [Eq. (10)] for Compton scattering at the Ne L (2s and
2p) and K shells, respectively. Panels (a) of both figures dis-
play the relative e~ intensity as a function of the Compton
electron energy E, and the scattering angle 6,, revealing dra-
matic differences between the two cases. The only discernible
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FIG. 5. Analogous to Fig. 4, but for K-shell ionization
(Ip = 870.2 eV). (a) shows the absolute yield, and (b)—(d) show the
projections for different scattering angles (see insets).

differences between the data in Figs. 4(a) and 5(a) are the
orbital from which the Compton electron originates and the
presence of an Auger electron. This provides answers to
the question posted in the Introduction: What effect does the
binding of the scattering electron have on the kinematics? To
answer this, we compare the shape of the energy distributions
in Figs. 4(a) and 5(a) to the black solid curves in the same
panels, given by

EX®™(0,) = E™(0,) — Ip. (11)

That is, the Compton electron energy is given by the energy
transfer to a free electron at rest minus the binding energy of
the electron’s orbital.

We first discuss Compton scattering at the Ne L shell
(Fig. 4). The electron energy distribution clearly follows the
black solid curve from Eq. (11), showing that for most scat-
tering angles, the impulse approximation is valid. Within
this approximation, the scattered photon energy distribution
reflects the momentum distribution of the bound electron;
other binding effects are neglected. This is emphasized by
the dashed curves in Fig. 4. They correspond to electrons that
were initially not at rest. Instead, they had a momentum with
a magnitude corresponding to the full width at half maximum
of the initial electron momentum distribution of the Ne L
shell [34] along or opposite to the direction of the momentum
transfer Q. The width of the electron energy distribution in
Fig. 4(a) clearly coincides with these dashed curves. Projec-
tions of the electron energy for different scattering angles are
shown in Figs. 4(b)—4(d), highlighting the systematic behavior
of the distribution. For small scattering angles [Fig. 4(b)],
the energy transfer in the Compton scattering process is so

small that an electron initially at rest would not overcome the
ionization threshold Ip. For electrons to overcome Ip upon a
momentum boost Q, they must have some initial momentum,
resulting in a final nonzero kinetic energy. Accordingly, for
small scattering angles, only the high-momentum tail of the
initial-state wave function contributes to ionization, leading
to low-energy continuum electrons. With increasing photon
scattering angles, the full initial-state momentum distribution
is lifted to the continuum, producing a broad energy distribu-
tion, as seen in Figs. 4(c) and 4(d). These results already point
to the explanation of the dramatic differences that are seen
in the corresponding distributions for Ne K-shell Compton
scattering (Fig. 5), which we discuss next.

A significant portion of scattering angles result in calcu-
lated negative energy as given by E'nd = Effe — (.87 keV
[Eq. (11)]. Hence, for K-shell electrons, the observed en-
ergy distribution differs drastically from E?°"", and the naive
quasi-free electron prediction fails. Nonetheless, the maxi-
mum of the low-energy electron distribution occurs at the
scattering angle where E;’(’““d becomes positive [black solid
curve in Fig. 5(a)]. A peak of low-energy electrons is always
present, independent of scattering angle, confirming the pre-
dictions in Ref. [35], where a peak structure in the electron
energy distribution with increasing scattering angle was dis-
cussed. This low-energy peak persists even when E2°Und > 0.
One possible origin is postcollision interaction (PCI) [36]
between Compton and subsequently emitted Auger electrons
[Eq. (7)], a well-known effect in photoionization processes.
Low-energy Compton electrons experience a dramatic change
in the Coulomb potential from Z = 1 to Z = 2 upon Auger-
Meitner decay, as the (potentially significantly) faster Auger
electron overtakes the Compton electron. The Compton elec-
tron loses energy while the Auger electron gains energy. The
scattered photon remains unaffected by PCI, explaining why
traditional photon-in-photon-out experiments did not observe
this effect. As shown in Ref. [23], this is not the only source
of low-energy electrons, since they also appear in L-shell
Compton scattering. Unlike L-shell ionization, the K-shell
electron energy distribution cannot be described well by E(_free,
even if Eefree > Ip. To further explore this, we now discuss
higher-order differential observables.

IV. THREEFOLD DIFFERENTIAL CROSS SECTIONS

Comparing Figs. 4(a) and 5(a) shows dramatic differences,
which can be attributed to the breakdown of the impulse
approximation for Ne K-shell ionization. However, for large
scattering angles, the energy transfer in the Compton process
is much larger than the binding energy even of the Ne K shell.
As an example, consider a scattering angle that corresponds to
a final electron energy given by E*" [Eq. (11)] of 0.5 keV
(72.1° for Ne L and 151.4° for Ne K). For Compton scattering
at Ne L, the measured electron energy distribution matches the
prediction of E2°*" quite well, while no such resemblance can
be claimed for Ne K. To gain more insight into the underlying
kinematics explaining this discrepancy, we will discuss triply
differential cross sections in Cartesian coordinates [Eq. (3) but
integrated over one electron momentum coordinate].

As the coordinate frame for the Cartesian coordinates, we
chose an “intrinsic” Compton-scattering coordinate frame, as

023105-6



INFLUENCE OF THE BINDING ENERGY ON ...

PHYSICAL REVIEW A 114, 023105 (2026)

shown in Fig. 1. This frame differs from that in Fig. 3, which
is fixed in the laboratory frame, i.e., the x direction is given
by the incoming photon direction and the y direction by the
photon polarization. For the intrinsic frame, the incoming
photon is kept along the x direction, while the outgoing photon
always scatters into the upper half-plane, that is,

=k, /ky,
7 =0 x%)/10x %,
¥ =2xz. (12)

In this coordinate frame, the momentum transfer Q lies
in the x’, ¥ plane and points into the lower-right quadrant.
Before inspecting triply differential cross sections, we first
consider the doubly differential ones in this intrinsic coor-
dinate frame [Figs. 6(a) and 6(d)]. The two panels show the
same data as Figs. 3(a) and 3(d). Figure 6(a) also shows
an example configuration of the momentum vectors Ey, l;yr,
and Q for a scattering angle of 6, = 120°. Both Figs. 6(a)
and 6(d) display black solid and yellow dashed curves in the
lower half. The black solid curve represents the momentum
transfer Q = I;y — l_{},,, i.e., the final momentum that a free
electron at rest would have after Compton scattering (the
so-called Bethe ridge). The yellow dashed curve shows an
Ip-corrected momentum transfer, where the magnitude of Q
is reduced by +/2Ip (negative values are discarded). These
curves are analogous to the black solid curves in Figs. 4(a) and
5(a), but shown in momentum space. For Compton scattering
at the Ne L shell, the electron momentum distribution clearly
follows the Ip-corrected prediction given by the yellow curve;
for Ne K-shell ionization, this prediction is poor, consistent
with Figs. 4(a) and 5(a). However, the intrinsic coordinate
frame reveals additional features.

We first examine Compton scattering at the Ne L shell
[Fig. 6(a)]. As expected, most electrons are emitted along the
Bethe ridge, with a width given by the initial-state Comp-
ton profile. In addition to this main contribution, two further
features are visible, both attributed to electrons interacting
with the residual ion. First, a broad base distribution (light
blue) appears, followed by a backward-directed distribution
close to the origin (darker blue). The former is attributed
to electrons scattered at the nucleus without significant en-
ergy loss and is discussed in more detail in Ref. [23]. The
latter consists of low-energy electrons that are backreflected—
opposite to the initial momentum transfer and toward the
incoming photon—by the nucleus. We refer to this fea-
ture as the recoil peak. The terminology is adapted from
(e, 2e) studies, where a similar peak is observed for small-
momentum-transfer electron-impact collisions [37]. For very
small momentum transfer, the binary and recoil contributions
evolve into the dipole emission pattern of the photoelectric
effect.

The corresponding data for Ne K-shell ionization are
shown in Fig. 6(d). At Ip(Ne K) = 870.2 eV, the energy
loss due to binding modifies the Bethe ridge considerably
(compare the black solid and yellow dashed curves). The
forward-directed electron distribution loosely follows the
Bethe ridge. As discussed above, the width of the distribu-
tion at the Bethe ridge is given by the initial-state Compton
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FIG. 6. Electron emission pattern for (a)—(c) Ne L-shell and (d)—
(f) Ne K-shell ionization by Compton scattering of a 20-keV photon.
Coordinate frame as shown in Fig. 1, i.e., Egs. (12). The data are
integrated over the electron momentum component out of the plane
(coordinate k, /). The black curve shows the momentum transfer for
scattering at a free electron at rest. The yellow dashed curve shows
the binding-energy-corrected momentum transfer at an electron at
rest. (a), (d) Data are integrated over all angles 6, of momentum
transfer. (b), (¢) Subsets of the data from (a), (d) selected for 20° <
0o < 30°, indicated by the black dotted line. (c), (f) Subsets of data
from (a), (d) selected for 50° < 6, < 60°, indicated by the black
dotted line.

profile, which is much broader for the Ne K shell than for
the Ne L shell, thereby washing out the structure. This width
corresponds to the width of the scattered-photon energy distri-
bution and forms the basis of Compton profile measurements.
It was already observed in Compton’s pioneering work [1]
and first explained by DuMond [5]. Compared to Ne L-shell
ionization, the recoil peak is dramatically enhanced. The elec-
trons forming this peak were already visible in Fig. 5 as a
strong low-energy peak. Two effects contribute: first, K-shell
electrons are located much closer to the nucleus than L-shell
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electrons, enhancing backscattering; second, energy loss dur-
ing escape from the Coulomb potential increases the number
of low-energy electrons (see Fig. 3 in Ref. [23]).

The underlying scattering mechanisms become even
clearer when moving from doubly to triply differential cross
sections [Figs. 6(b), 6(c), 6(e), and 6(f)]. Here, the direction of
the momentum transfer 6 is selected (black dotted line). The
binary collision of an electron at rest in the initial state that
loses I, upon its escape would lead to electrons located in mo-
mentum space at the intersection of the yellow dashed curve
and the black dotted line. For L-shell ionization, a pronounced
maximum is found at this momentum-space position pre-
dicted by the binding-energy-corrected binary encounter. The
width of the distribution is given by the L-shell initial state
Compton profile. In addition, light blue oval regions elongated
along the momentum transfer are visible in Figs. 6(b) and 6(c).
These events, previously observed in Ref. [23], result from
electron scattering at the nucleus. A slight enhancement near
the origin is also visible in Fig. 6(c). For K-shell ionization,
the binding-energy correction is much larger (yellow curve),
and the Compton profile is much broader. This is evident in
Fig. 6(e), which shows a very broad maximum centered at the
intersection of the yellow dashed curve and the black dotted
line. This intersection moves toward the origin in Fig. 6(f).
For both momentum transfers, K-shell ionization leads to a
pronounced peak near the origin, caused by Coulomb focusing
[23]. Related effects have also been observed in strong-field
ionization [38] and ion-atom collisions [39].

V. FULLY DIFFERENTIAL CROSS SECTIONS

The data shown in Figs. 6(b), 6(c), 6(e), and 6(f) are not
yet fully differential, as they are integrated over the electron
momentum component out of the plane of the figure. Fully
differential cross sections—as argued in the Introduction be-
ing fourfold differential in the present case—are the most
sensitive quantity for comparison with theory. One set of
coordinates that has proven particularly useful for this pur-
pose in (e, 2e) and ion-impact studies are electron angular
distributions for fixed electron energy and fixed magnitude of
the momentum transfer with respect to the angle x between
the electron momentum and the photon momentum transfer
[40-43]:

1

s

cos x = (13)

1

-

The electron angular distribution as a function of y is
shown in Figs. 7(a) and 7(b) for Ne L- and Ne K-shell ion-
ization, respectively. x = 0° means the electron is emitted
in the direction of Q and is pointing from left to right in
Fig. 7. Here, the electron energy E, and the magnitude Q
are fixed (see figure caption). The angular distributions show
two lobes, one in the direction of the momentum transfer
and one opposite to it. In (e, 2¢) studies, the names “binary”
and “recoil peak” have been coined for these features. Our
fully differential experimental findings (black dots) show,
again, a dramatic enhancement of the recoil peak for K-shell
ionization, which is confirmed by our theoretical modeling
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FIG. 7. Angular distributions of x for Ne L- and Ne K-shell
ionization in polar representation. (a) Angular distribution of Comp-
ton electrons for Ne L-shell ionization and, in addition, for 2s
(blue curve) and 2p (orange curve), respectively. The momentum
transfer Q is restricted to 4.6 £ 1.4 a.u. and the electron energy to
230+ 5eV. (b) Same as (a) but for Ne K-shell ionization. Q is
restricted to 4.6 & 1.4 a.u. and the electron energy to 230 £ 87 eV.
Experimental data are shown as black dots and are normalized in
(a), (b) to the forward peak of the theory (red curve). The error bars
represent the standard statistical error.

in the A? approximation (red curves). These calculations
were performed using the stationary single-center method
[44—47], as described in detail in previous works on Compton
ionization of atoms and molecules [3,4,23]. Our theory, based
on the Hartree-Fock method, neglects electron-electron cor-
relations. In addition, contributions of the j- A term of the
light-matter interaction Hamiltonian was neglected. The j - A
term contributes to features in the Compton spectra, such as
infrared rise and resonant Raman scattering [35,48], which
are unobserved by our experimental setup. Note that in or-
der to collect significant statistics, the electron energy range
for K-shell ionization is significantly larger than for L-shell
ionization.

A feature of note is observed in the distribution of x
for the Ne L-shell ionization. Figure 7(a) shows a dip at
the very tip of the distribution (i.e., at x = 0°). Its origin
becomes apparent when recalling the ramifications of the
A? approximation. Within the approximation, the electron
ground-state wave function in momentum space is shifted by
Q. The final-state wave function results from the projection
of the momentum-boosted initial-state wave function onto
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the continuum scattering states. For large momentum trans-
fers (compared to the extent of the initial-state momentum
distribution), this is simply the momentum-boosted initial-
state wave function, which forms the basis of the aforemen-
tioned impulse approximation. In momentum space, the tip
of Q therefore corresponds to momentum at x = 0° in the
initial-state momentum distribution. The momentum distri-
bution of the Ne 2s orbital has a maximum at y = 0°. For
the distribution of Ne 2p, there are three different contribu-
tions. The 2py contribution has a maximum as well, while
the 2p_; and 2p, contributions both have a node. Therefore,
the Ne 2p momentum distribution in total shows a dip at
x = 0°. This corresponds to the final angular distributions
shown by the blue (2s) and orange (2p) curves in Fig. 7(a).
Experimentally, 2s and 2p electrons cannot be distinguished;
only their sum is measured. Nevertheless, traces of the dip
in the 2p distribution are still visible in both the theoretical
predictions (red curves) and the experimental observations
(black dots).

To investigate the Compton recoil peak in more detail,
we include, in addition to data for the Ne K and L shell,
also data for C K- and O K-shell ionization. The intensity
of backscattered electrons relative to all electrons is shown
in Fig. 8 for both the experimental results [panel (a)] and the
theoretical modeling [panel (b)]. As noted above, the inten-
sity of backscattering for Ne K-shell ionization is larger than
for Ne L-shell ionization. We therefore expect a dependence
of the recoil peak on the binding energy and, furthermore,
on the momentum transfer Q. Theory and experiment show
semiquantitative agreement, and both confirm the expected
dependence on the binding energy. A possible source of the
discrepancies is the lack of electron-electron correlations ne-
glected in the theory. When focusing on one of the datasets
(1)—(iv) in Fig. 8, one can observe that at fixed Q and E,, in-
creasing the binding energy leads to an increased intensity of
backscattered electrons. At the same time, fixing the binding
energy while decreasing the momentum transfer also results in
an increased backward intensity [cf. datasets (i), (ii) and (iii),
(iv) for small and large momentum transfers, respectively].

This dependence on binding energy and momentum trans-
fer arises from two effects. Classically, electron scattering
increases with the charge of the scattering center and de-
creases with impact parameter and electron energy. The latter
already explains the observed trend as a function of Q. For
the K shell, the increase with target nuclear charge—already
present in the Rutherford cross section—is clearly observed.
The difference between the results for Ne L- and K-shell
ionization mainly reflects the mean radius of these orbitals,
which influences the most probable impact parameter.

VI. CONCLUSIONS

We presented a comprehensive experimental and theo-
retical study of Compton scattering, providing insights on
many levels of detail, from textbook-type overviews of the
electron momentum emission pattern to the most detailed
level of fully differential cross sections. Compton scattering
is often described within the “quasi-free” electron approx-
imation. In this scenario, the Compton-scattered electron
is treated as unbound. Our study elucidates several break-

Experiment

{@)
0.20] Ne KT

=)
9y
1
o
=~

Normalized intensity
@]
— I-A-I\pg
\ m.
I—QAk )

T

0.104 NeL
1 o >/

a —u—

al

\
\

0.05 (i)»

\

1 (ii) »
1 (iv) >/
0‘00 - T T T T
21.6 296.2 5425 870.2
Binding energy (eV)
Theory
0.30 1(b) Ne K
. ] /.
2025 /
Z 0.20+
3 /
NO0.157
Té (1) < /.
£ 0.10 (ii) > / /
000 L :
216 296.2 542.5 870.2
Binding energy (eV)

FIG. 8. Relative intensity of Compton electrons with x > 140°
for Ne L, C K, O K, and Ne K Compton ionization. (a) Experimental
values are shown for different photon momentum transfers and elec-
tron energies, namely, from top to bottom: (i) 1.9 £ 1.4 a.u. and 39 £
35eV; (ii)) 1.9 = 1.4 a.u. and 124 £ 50 eV; (iii) 4.6 = 1.4 a.u. and
230 + 87 eV; (iv) 4.6 £ 1.4 a.u. and 403 4+ 87 eV. (b) Theoretical
backward emission calculated for the same main values and normal-
ized to the integral. The error bars represent the standard statistical
error.

downs of this approximation. Two of them—the role of the
initial-state momentum distribution [5,6] and a breakdown of
the independent electron approximation [7—10]—have been
extensively studied in the past. The present paper adds
comprehensive data exploring two further consequences of
electron binding, namely, the influence of the binding energy
of the Compton electron and its interaction with the ionic
potential. Both result in dramatic changes in the electrons’
kinematics. We measured Compton ionization of the Ne K,
C K, O K, and Ne L shells and compared the experimental
data with predictions of the A% approximation [11,20].

The energy distribution of Compton electrons from the
Ne L shell demonstrates that, for low binding energies, the
impulse approximation is still valid. In this case, the Comp-
ton electron’s energy can be calculated by subtracting the
electron’s binding energy from the energy transfer to a free
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electron. For Ne K-shell ionization, additional strong effects
are observed. Independent of the photon scattering angle, a
low-energy peak appears in the electron energy distribution.
This low-energy peak also persists under kinematical condi-
tions where the energy transfer exceeds the binding energy.
Low-energy electrons have also been detected for L-shell
ionization.

Exploring the data in the photon-scattering coordinate
frame, defined by the scattered photon and the momentum
transfer, allowed us to understand this observation. Inspecting
the electron momentum distribution in this intrinsic coor-
dinate frame reveals scattering of the electron at its parent
nucleus and a recoil peak of backscattered electrons, as known
from (e, 2¢) experiments. The intensity of this backscatter-
ing effect scales, as expected, with the size of the orbital,
the momentum transfer, and the nuclear charge. It is this
so far little-discussed interaction of the Compton electron
with its parent ion which makes Compton scattering a valu-
able tool for studying molecular potentials and for molecular
imaging [3,4].
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