
Authors’ version of Physical Review Letters 133, 183002 (2024)
Role of the Coulomb Potential in Compton Scattering
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We report a fully differential study of ionization of the Ne L-shell by Compton scattering of 20 keV photons.
We find two physical mechanisms which modify the Compton-electron emission. Firstly, we observe scattering of
the Compton electrons at their parent nucleus. Secondly, we find a distinct maximum in the electron momentum
distribution close-to-zero momentum which we attribute to a focusing of the electrons by the Coulomb potential.
DOI: 10.1103/PhysRevLett.133.183002

At high photon energies, once the cross section for photo-
absorption decreases to a level of 10−24 cm2, Compton scatter-
ing takes over as the dominant light-driven ionization mech-
anism. On the text-book level, Compton scattering is treated
as the binary scattering of a photon at a free electron at rest
leading to electrons with a momentum given by the photon
momentum transfer �⃗� = 𝑘𝛾 − 𝑘𝛾′ where 𝑘𝛾 and 𝑘𝛾′ are the mo-
menta of the incoming and the scattered photon. With the early
work of DuMond [1], this picture has been refined by adding
the initial momentum of the electron in the bound state to the
momentum balance. This leads to a momentum distribution
of Compton electrons given by the Fourier transform of the
initial-state orbital shifted by �⃗� (termed the impulse approxi-
mation [2]). It involves a far-reaching approximation, namely
the neglect of the influence of the ionic potential from which
the electron escapes. The consequences of this approximation
are mostly unexplored to this day. The reason for this is that
it is the electron which is strongly influenced by the potential,
while in most experiments on Compton scattering one detects
the scattered photon for practical reasons [3].

It is the purpose of the present Letter to elucidate the role
of the ionic potential for Compton scattering by accessing the
electron momentum and the ion momentum emerging in the
process. We exemplify this for the case of Compton scattering
of 𝐸𝛾 = 20 keV (𝑘𝛾 = 5.37 a.u.) photons at the Ne 2s and 2p
shells (ionization potentials of 𝐼𝑝 = 48.5 eV and 21.6 eV, re-
spectively). The experiment has been performed at beamline
ID31 of the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France using the COLTRIMS technique [4, 5].
Details on the experiment are listed in the appendix.We com-
pare our experimental results to calculations based on the 𝐴2

approximation [6, 7]. Hereby, one vector-potential operator
annihilates the incident photon, and another one creates the
scattered photon. For a given photon momentum transfer �⃗�,
the respective transition matrix element (to the lowest order of

perturbation theory) reads:

𝐴𝑝𝑖(�⃗�) = ⟨Ψ−
𝑝 |𝑒

𝑖�⃗�⋅𝑟
|Ψ𝑖⟩. (1)

Here, Ψ𝑖 and Ψ−
𝑝

are the wave functions of the initial bound
and final continuum states of the Compton electron, and en-
ergy conservation is fulfilled as 𝐸𝛾 − 𝐸𝛾′ = 𝐼𝑃 + 𝑝2∕2. The
numerical calculations were performed in the Hartree-Fock
approximation by the stationary single-center method [8–10],
including partial electron continuum waves with angular mo-
menta up to 𝓁 < 50. The present theoretical approach goes
beyond the impulse approximation in one decisive point: the
employed final states are the continuum eigenfunctions of the
singly charged Ne+ ion, while the impulse approximation as-
sumes free electrons described by plane waves. Therefore, the
interaction of the Compton electron with the ion is implicitly
included in our approach to all orders, while it is neglected in
the impulse approximation.

Figure 1 shows the electron momentum distribution mea-
sured for this process in a coordinate frame where the momen-
tum transfer �⃗� defines the horizontal axis. As expected, we find
the electron being emitted mainly along the momentum transfer
spanning from 0 to 10.74 a.u., the latter is the momentum trans-
fer for photons of 20 keV back-scattering at a free electron at
rest. According to the impulse approximation, the width of the
distribution in the ⟂ direction is given by the initial-state mo-
mentum distributions, which belong in the present case to the
Ne 2s and 2p shells. A more detailed view of the electron mo-
menta can be obtained when normalizing the two-dimensional
distribution shown in Fig. 1(a) for each column individually to
the maximum value of that column in Fig. 1(b). The region of
momenta where the measured distribution follows the behav-
ior predicted by the impulse approximation is labeled “direct
Compton”. Contrary to this expectation, however, we find two
additional contributions to the electron momentum distribution,
one close-to-zero momentum, labeled “Coulomb focusing”,
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FIG. 1. Momentum distribution of Compton electrons recorded at
𝐸𝛾 = 20 keV (𝑘𝛾 = 5.37 a.u.) for the Ne 2s and 2p shells. Horizontal
axis: electron momentum parallel to the momentum transfer �⃗� (‖).
Vertical axis: electron momentum in one direction perpendicular to
the momentum transfer �⃗� (⟂). The data are integrated over the third
electron momentum component and all photon momentum transfers.
(a) The momentum distribution. The maximum momentum transfer
(i.e., photon back-scattering) is approximately 2𝑘𝛾 , as indicated in
the panel. (b) Same as panel (a) but each column of the histogram
is normalized to its maximum. Three electron momentum regions
dominated by different mechanisms are indicated (see text).

and a second one in the backward direction, labeled “scatter-
ing”. Electrons in this third region are emitted in the opposite
direction of the momentum transfer. Electrons in the Coulomb
focusing and the scattering regions are, as we will argue, a
consequence of the interaction of the escaping Compton elec-
tron with the left-behind ionic potential. As evidenced in the
figure, the momentum distribution close to the origin is much
narrower than that of the direct Compton electrons and, thus,
significantly narrower than the initial bound-state momentum
distributions of the Ne 2s and 2p shells. Before we analyze this
observation in more detail, we discuss the backward-scattering
region. The normalized distribution in Fig. 1(b) shows that
the momentum distribution of these backward-emitted elec-
trons is significantly wider than the bound-state momentum
distribution and the distribution of the forward-emitted direct
Compton electrons. This is a direct indication of the mecha-
nism responsible for the creation of these electrons. As they
are emitted opposite to the momentum transfer, we argue that
they are created by back-scattering of initially forward-kicked
electrons at the ionic core. Then, the broad distribution in the
⟂ direction is caused by the scattering at some angle other than
180°. Thus, the observed large momenta perpendicular to the
initial momentum transfer are a result of the deflection of this
original momentum.

To elucidate the three regimes of direct Compton, Coulomb
focusing, and scattering in more detail, we show in Fig. 2 the
electron momentum distribution for two different momentum
transfers of 𝑄 = 4 a.u. (top row) and 9 a.u. (bottom row). If
𝑄 was transferred to a free electron initially at rest, this would
correspond to final electron energies of 218 eV and 1102 eV,
significantly larger than the binding energies of the Ne 2s and 2p

shells (𝐼𝑝 = 48.5 eV and 21.6 eV). Both momentum transfers
might thus be expected to be in the validity-regime of the im-
pulse approximation. As expected, we find for both momentum
transfers a distinct maximum in the electron momentum distri-
bution centered at the momentum transfer vector [see Figs. 2(a)
and 2(d)]. Closer inspection, however, shows in addition a nar-
row feature at zero electron momentum. This latter cusp-like
distribution of slow electrons was labeled “Coulomb focusing”
in Fig. 1. This feature is also present in the theoretically calcu-
lated distribution. A third feature visible in Figs. 2(a) and 2(d)
is a very broad low-count-rate distribution of events over an
oval-shaped region (mainly in light blue). These events are
neither electrons which are Coloumb-focused at the origin nor
are they a pedestal of the 𝑄-boosted initial-state momentum
distribution. We argue that the underlying physics leading to
electrons in this region of momentum space is elastic scattering
of electrons at the nucleus. In Fig. 1, such scattered electrons
became visible in the backward direction. The same process of
scattering, however, does not only lead to back-reflection of the
Compton-kicked electrons at the atomic potential but also to a
deflection to all angles. This does not produce sharp structures
in momentum space and thus is not easily seen. To render this
scattering visible in Figs. 2(b) and 2(e) we normalize each row
in Figs. 2(a) and 2(d) to the maximum in this row. This very
intuitively shows the scattering to forward angles. Electrons
with an initial momentum �⃗� are elastically deflected at the
nucleus, which distributes them along the sphere of radius 𝑄
in momentum space, as highlighted by the circles. This elas-
tic scattering is reproduced by our calculations using the 𝐴2

approximation. The intriguing angular dependent probability
of this inneratomic scattering process is best seen in a polar
representation [Figs. 2(g) and 2(h)]. The scattering is highly
sensitive to the exact shape of the potential, as a comparison of
the backward-scattering peaks in Fig. 2(h) for our full calcula-
tion using the Ne+ Hartree-Fock potential (red curve) with the
one from a Coulomb potential for charge 𝑍 = 1 (green curve)
shows. The dominating forward peak in Fig. 2(g), caused by di-
rect (i.e., unscattered) electrons, shows the contribution for the
two electrons from the 2s (orange curve) and the six electrons
from the 2p (blue curve) shells, with the structure of the 2p wave
function in the total distribution (red curve) causing the dip at
zero degree [11, 12]. This dip is only present for the binding-
energy-corrected Bethe ridge at 𝑝 = (𝑄2 − 2𝐼𝑝)

1∕2 ≈ 3.8 a.u.
[see also Fig. 2(a)]. The dip at 0° is also absent for smaller
momenta, e.g., 𝑝 = 2.8 a.u. [cyan curve in Fig. 2(g)], where the
electrons are predominantly emitted from the 2s shell and, in ad-
dition, exhibit a stronger backward scattering peak [Fig. 2(h)].

In an elastic-scattering event, the momentum is transferred
to the nucleus. This is very different from the process of direct
Compton scattering, where the nucleus is just a spectator [13]
to the photon-electron momentum exchange. For the direct
Compton scattering, the spectator-nucleus keeps the momen-
tum it had in the bound state [14]. We present the measured
Ne+ ion momenta in Figs. 2(c,f) using a logarithmic color scale.
It shows the expected peak from the direct Compton mecha-
nism close to the origin. In addition, it shows a significant
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FIG. 5.FIG. 2. Momentum distribution of Compton electrons (a,b,d,e) and ions (c,f) recorded at 𝐸𝛾 = 20 keV (𝑘𝛾 = 5.37 a.u.) for the Ne 2s and 2p
shells for fixed momentum transfer of 3.5 a.u. < 𝑄 < 4.5 a.u. (a-c) and 8.5 a.u. < 𝑄 < 9.5 a.u. (d-f), as indicated by the black arrows. Horizontal
axis: electron (ion) momentum parallel to the momentum transfer (𝑝

‖

). Vertical axis: electron (ion) momentum perpendicular to the momentum
transfer (𝑝⟂). The upper half of panels (a,b,d,e) show the experimental data, the lower half the theoretical results evaluating Eq. (1) in the 𝐴2

approximation. (a,c,d,f) The color coding shows the differential cross section 𝑑𝜎(𝑝
‖

, 𝑝⟂)∕𝑑𝑝‖𝑑𝑝⟂ ⋅ 1∕𝑝⟂. (b,e) The same as panels (a,d) but
each row is normalized to its maximum value. The circles indicate the locus of events when the electron with the given momentum transfer
is elastically scattered at the nucleus. (c,f) Counts are shown on a logarithmic scale. (g,h) Polar representation of the normalized emission
probability distributions, obtained for photon momentum transfers 3.5 a.u. < 𝑄 < 4.5 a.u. and electron momenta 𝑝 = 3.8 a.u. and 2.8 a.u. The
experiment shows the results for the L-shell, the computed distributions are given separately for 2s, 2p electrons, and the combined L-shell.
Results from Hartree-Fock calculations for Ne+, as well as from modelling the continuum with Coulomb waves are depicted (see legend). All
error bars indicate the standard statistical error. (g) Full distributions. (h) Distributions of panel (g), but enlarged by a factor 20 around the origin.

amount of ions which are forward-emitted. A narrow contribu-
tion at the forward-momentum 𝑄 is generated by the ions from
the Coulomb-focusing mechanism. There are also ions more
forward-shifted than 𝑄. These are events in which the Compton
electron is back-scattered at the nucleus, which leads to an ion
forward-momentum of up to 2𝑄. There is also a significant
forward tail of the momentum distribution at the origin. These
are the ions related to the forward-scattering events emphasized
in the two middle panels.

We now come back in more detail to the feature labeled
Coulomb focusing in Fig. 1. In Fig. 2 it also manifests as a
peak in the electron momentum distribution at the origin. To
study its dependence on the momentum transfer, we select
events with a momentum |𝑝⟂| < 0.4 a.u. and inspect their
momentum distribution along the momentum transfer in Fig. 3.
Panels (a) and (b) correspond to the two selected momentum
transfers of 𝑄 = 4 a.u. and 9 a.u., respectively, just as in Fig. 2.
One recognizes the forward peak located at momentum trans-
fers corresponding to the direct Compton process. As expected,
this contribution is nicely reproduced by the calculations using
the 𝐴2 approximation. In addition to these direct Compton elec-
trons, the Coulomb focusing produces a second, well-separated
peak in the momentum distribution centered at zero, which
was also seen in the two-dimensional momentum distributions

of Fig. 1. Also this peak is nicely reproduced by our calcula-
tions. With increasing momentum transfer, the intensity of the
peak at zero reduces as compared to the contribution of the
direct Compton peak. This can be directly seen in Fig. 3(c)
where the zero-peak fades out along the vertical axis. It is
remarkable, however, that even at a momentum transfer as high
as 9 a.u., there are still electrons found which have close-to-
zero momentum. The consequence of this surprising behavior
can be seen in the ion momentum distribution as function of
momentum transfer shown in Fig. 3(d). Also here, one can
recognize the ions with close-to-zero momentum originating
from the direct Compton process. The Coulomb-focusing, how-
ever, produces a second group of ions which acquire the full
momentum transfer. These are events where effectively the
entire photon momentum is transferred to the nucleus, and the
electron escapes with little momentum. Note that this finding
is also reproduced by our calculations. These calculations do
not involve, however, any nucleus or any scattering of pho-
tons at the nucleus. The matrix element (Eq. 1) is simply the
overlap integral of the momentum-boosted ground-state wave
function with the continuum function from the respective ionic
potential. The origin of the cusp at zero momentum can be
revealed by accounting for the binding energy in the impulse
approximation (Fig. 4). The 𝑄-boosted initial-state momen-
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FIG. 3. Electron and ion momentum balance parallel to the mo-
mentum transfer for Compton scattering recorded at 𝐸𝛾 = 20 keV
(𝑘𝛾 = 5.37 a.u.) for the Ne 1𝑠 [panel (b) only], 2𝑠, and 2𝑝 shells.
Horizontal axis: momentum parallel to the momentum transfer (𝑝

‖

).
Vertical axis: intensity in panels (a,b), 𝑄 in panels (c,d). Electron
data are shown in panels (a,b,c), ion data in panel (d). Panel (a) shows
momentum transfers where 3.5 a.u. < 𝑄 < 4.5 a.u., panel (b) shows
8.5 a.u. < 𝑄 < 9.5 a.u. (a,b) Black points show 2𝑠/2𝑝-electron data;
red lines corresponding theory calculations. All error bars show the
standard statistical error. (b) Blue points show Ne 1𝑠-electron data.
For small 𝑝

‖

the 2𝑠/2𝑝-data is scaled by a factor 10. See main text for
an explanation of the arrow. (c,d) Vertical and diagonal lines indicate
different mechanisms. The data is restricted to a momentum compo-
nent perpendicular to �⃗� of |𝑝⟂| < 0.4 a.u.

tum distribution has a small contribution close to the origin.
Other than assumed by the impulse approximation, only those
electrons with a kinetic energy exceeding the binding energy
can escape. In order to model this classically, we subtract the
momentum corresponding to the binding energy from the mo-
mentum of each electron while keeping its emission direction.
The circle of radius 𝑝 =

√

2𝐼𝑝 in Fig. 4 indicates the escape
boundary outside which electrons have a kinetic energy larger
than the binding energy. The electrons’ energy losses (when
overcoming the binding energy) condense all electron density
which is located just slightly outside of the escape boundary
to pile up close to the origin [Fig. 4(b)], forming the observed
cusp. The quantum-mechanical analogues of this mechanism
are automatically included in our calculations performed in
the 𝐴2 approximation, since the final continuum states are
the eigenstates of the ionic potential rather than plane waves.
To validate this physical explanation we compare in Fig. 3(b)
electrons emitted from the L-shell (binding energies 48.5 and
21.6 eV) to electrons emitted from the K-shell (binding energy
870 eV). As expected from our qualitative explanation, the
amount of Coulomb-focused electrons at the origin increases
drastically. In addition we see a shift of the position of the main
peak (indicated by the black arrow) from the quasi free value
𝑝 = 𝑄 to the binding energy corrected value 𝑝 = (𝑄2 − 2𝐼𝑝)

1∕2.
In conclusion, we have shown experimentally and theoreti-
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FIG. 4. Classical modeling of the Coulomb focusing. (a) Momentum
distribution of Ne 2s and 2p shells shifted by a momentum transfer
𝑄 = 4 a.u. The circle has a radius of √2𝐼𝑝, thus only electrons outside
this circle can overcome the binding energy. (b) For each electron in
panel (a), the kinetic energy is reduced by the binding energy, while
keeping the initial direction of the momentum vector. Electrons within
the circle in panel (a) have, thus, a negative energy and are not shown
in panel (b). Electrons on the surface of the sphere in panel (a) are
focused to the origin in panel (b).

cally that electron emission by Compton scattering is influenced
by the ionic potential, leading to previously unexplored fea-
tures in momentum space. This finding holds even at high
photon energies and momentum transfers, which correspond to
energies that are high compared to the binding energy of the
emitted electrons. The observed cusp-like contribution of elec-
trons with close-to-zero momentum bares reminiscence to the
target and projectile cusp, known in ion-atom collisions [15].
Similar low-energy electrons are observed in tunnel-ionization
processes in strong laser fields [16]. Accordingly, we have
adopted the term “Coulomb focusing” from strong-field ioniza-
tion to describe them. We reported on a further contribution
visible in our Compton spectra, which can be attributed to a
scattering of the Compton electron at its parent ion. This pro-
cess has analogies in other fields of atomic physics, as well.
In (e,2e) collisions, it is this process which is responsible for
the formation of the recoil peak in the angular distributions
[17]. An analogous process has also been reported in ion atom
collisions [18]. Along this line, studies on molecular inner-
shell photoionization should be mentioned, where the photo-
electron wave released from a specific site in a molecule is
scattered at the neighboring atoms, illuminating the molecule
from within [19]. All these related strong-field and photoion-
ization processes point to the potential of our observation for
molecular imaging. Our findings suggest that Compton scatter-
ing at inner-shell electrons in molecules can also be expected
to yield distinct diffraction patterns, potentially complementing
the established tools of laser-driven electron diffraction and
photoelectron diffraction imaging.
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Appendix on the experimental details:Photons with a band-
width of about 2% were selected from the undulator beam using
a pinhole monochromator [20]. The resulting photon beam with
an intensity of around 2.6 ⋅ 1014 photons/s was crossed with
a supersonic Ne gas-jet target. All ions and electrons with an
energy below 2 keV where guided by parallel 50 V/cm electric
and 31 Gauss magnetic fields onto two time- and position-
sensitive detectors with hexagonal delay-line readout [21]. An
electron detector of 151 mm active diameter was placed 24 mm
off center to accommodate the high-energy Compton electrons
emitted to the forward direction. The ion arm of the spectrome-
ter had a total length of 840.4 mm and included an electrostatic
lens [22] to obtain the required ion momentum resolution of
around 0.7 a.u. We achieved a coincidence count rate of around
85 Hz Compton events where the electron and the ion where
detected. At 𝐸𝛾 = 20 keV, the photoabsorption cross section
of the Ne 1s shell is about a factor of 60 larger than the cross
section of the sought-after ionization by Compton scattering.
The ions created by photoabsorption at the Ne 1s shell have a
recoil momentum of 37.85 a.u. from the emitted photoelectron
and could be clearly separated from ions created by Compton
scattering with typical momenta below 10 a.u. (see, e.g., Fig. 1
in Ref. [13] and Refs. [23, 24]).
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