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Ion and Electron Momentum Distributions from Single and Double Ionization
of Helium Induced by Compton Scattering
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We present the momentum distributions of the nucleus and of the electrons from double ionization of the
helium atom by Compton scattering of photons with Av = 40 keV. We find that the doubly charged ion
momentum distribution is very close to the Compton profile of the nucleus in the ground state of the helium
atom, and the momentum distribution of the singly charged ion to give a precise image of the electron
Compton profile. To reproduce these results, nonrelativistic calculations require the use of highly correlated

initial- and final-state wave functions.
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Compton scattering is one of the fundamental interaction
processes of light with matter. In his seminal paper reporting
the discovery of the process, A. Compton described it as a
binary collision between a photon and one single quasifree
electron at rest. Soon after, initial momenta of the kicked
electron were included into the description [1] leading to
what is known today as the impulse approximation. This has
established Compton scattering as a tool for studying
momentum distributions of single active electrons in bound
states, often referred to as Compton profiles (see [2] for a
review). In this quasifree electron approximation, the kin-
ematics are easily derived from momentum and energy
conservation, and the cross section is given by the Klein-
Nishina equation [3]. If the binding energy of the electron
plays a role, Compton scattering becomes more intriguing.
Comprehensive experiments for more such general condi-
tions are scarce even today due to the very small cross
section. Coincidence experiments on single electron proc-
esses have been reported recently in Ref. [4].

The next frontier for studies of Compton scattering are
situations where the single-active-electron approximation
fails, and more electrons are actively involved. These
events are mediated by electron-electron interaction and,
therefore, have been discussed as an experimental approach
for exploring correlated bound states. Such two-electron
Compton events are usually dissected in two steps: the
Compton event occurring at only one electron which is
kicked by the photon and the second electron is ionized by
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electron-electron interaction. Depending on the order of
these interactions, the process is referred to as knockoft or
shakeoff [5—7]. For knockoff, the Compton event occurs
first, and the Compton electron is pictured as “kicking” the
other electron on its way out, transferring part of its energy
and momentum. For shakeoff, the electron-electron inter-
action is part of the ground state, and the sudden removal of
one electron leads to a shakeoff of the second one to the
continuum. These correlation-driven processes also occur
for photoabsorption, electron, or ion impact (see, e.g., [8]
and references therein). The probabilities and, even more
so, the differential cross sections for these processes,
however, are very different in all cases. The main reasons
for the differences between the ionization schemes are
angular-momentum and parity selection rules, and the fact
that different parts of the bound-state wave function
are affected by different types of interactions. Angular-
momentum selection rules, which are strict for single-
photon absorption, strongly shape the angular distribution
[9], masking fingerprints of electron correlation in the final-
state momenta of the emitted electrons. Furthermore,
single-photon absorption at high energies is selective to
high-momentum components in the initial state, thus,
probes only a very specific component of the wave
function. In these respects, Compton scattering clearly
stands out, as at high energies, the Compton scattering
probability does not depend on the initial position or
momentum of the electron while it is bound. Also, there

© 2022 American Physical Society
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are no angular-momentum or parity selection rules for
Compton scattering. Despite this fundamental nature,
however, ejection of two electrons by Compton scattering
has been experimentally studied only on the level of total
cross sections [10,11]. There, it has been established that the
ratio of double to single ionization of helium by Compton
scattering approaches R = 0.86% for high photon ener-
gies, as compared to Ry® = 1.66% for photoabsorption [12]
and R3,weq = 0.26% for charged particle impact [8]. This

asymptotic value is, however, approached very slowly with
increasing energy for Compton scattering [13].

In the present Letter, we present the first differential
study of two-electron Compton scattering and compare its
momentum balance with the case of single ionization. We
choose helium double ionization as the cleanest possible
process of this kind. For single ionization, we find that
the left-behind ion shows a very clear fingerprint of the
single-electron bound-state momentum profile including its
modification by initial-state correlation, and, for Compton-
scattering-driven double ionization, the continuum momen-
tum distribution of the ion mimics the momentum
distribution of the nucleus in the helium bound state.

In our experiment, we induce helium single or double
ionization with an x-ray photon of an energy hv = 40 keV

hv+He — h/ + He!™ + e, (1)
hv + He — h/ + He*™ + e7 + 5. (2)

The momenta of the respective particles of the reactions (1)
and (2) are given by

ky + ﬁHe = ky’ + ﬁHe” + I_je’ (3)

ky + ﬁHe = k;f’ + ﬁHeer + ﬁel + ﬁeZ’ (4)

respectively, and are related by momentum conservation.
Single and double ionization are induced by the momentum

transfer Q = k - k In our experlment we detect the ion
charge state and the 3D momentum P+ of the ion and, in
case of double ionization, the 3D momentum p,, of one of
the two electrons. We detect only electrons with a momen-
tum magnitude p,, < 1.1 a.u. Since, for single ionization,
the majority of electrons have momentum magnitudes
larger than 1.1 a.u.,, we do not detect the electron for
single ionization. For double ionization, we only detect
slow electrons. We do not detect the scattered photon.
Because of technical limitations, the ion-momentum mag-
nitude is restricted to a maximum of 1.8 a.u.

The cross section for ionization of helium by Compton
scattering at 40 keV photon energy is only on the order of
10~2* ¢cm? [14]. The cross section for double ionization
is less than 1% of this. Therefore, performing such an
experiment in the gas phase requires the combination of
highly efficient detection methods and high-intensity light

sources. The experiment reported here was performed at
beam line ID31 of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, using a cold target
recoil ion momentum spectroscopy (COLTRIMS) reaction
microscope [15]. A supersonic helium gas jet was crossed
with linearly polarized synchrotron light at right angle
within a COLTRIMS spectrometer. A pinhole monochro-
mator [16] was used to select the photon energy of
hv =40 keV. An argon filter unit after the undulator
removes low-energy photons from the beam. The overlap
between gas jet and photon beam defines a localized
reaction region of approximately 0.4 x 0.1 x 1.0 mm?>.
The synchrotron machine operated with 16 electron
bunches in the storage ring at 5.68 MHz bunch rate, with
a photon flux of 8.4 x 10'* photons/s at AE/E = 1.1%.
Electric (6.5 V/cm) and magnetic (6.4 Gs) fields within the
spectrometer guide the charged reaction fragments onto
two position- and time-sensitive microchannel plate detec-
tors with delay-line anodes [17]. The electron side of the
spectrometer had a total length of 31.2 cm, divided in
acceleration and drift regions with a length ratio of 1:2
(time-of-flight focusing). The ion side had a total length of
146 cm and included an electrostatic lens to compensate
for the finite size of the reaction region [18]. We utilized
He”* ion beams of 20 to 50 keV energy to calibrate our
experiment. An electron capture process He’' + He —
He'* + He'* was used to calibrate our ion detector.
Electrons with well defined energies produced by the
autoionization channel of the reaction He?' + Ne —
He?* + Ne!* + e~ have been measured to calibrate the
electron detector and the electric and magnetic fields of
the spectrometer (see [15] for the kinematics of ion
collisions). The uncertainty in the He>* projectile velocity
yields a systematic uncertainty of our measured momenta
of about 1.5%.

We compare our results for double ionization with non-
relativistic calculations using the A? approximation. Within
the A% approximation, only the quadratic term of the vector

potential A of the full interaction Hamiltonian describing the
interaction between an electron and a photon is kept. The

transition matrix element M = M (P, Peo; é) is given by

M(Ber. Pers Q) = (€-€)(@yle'C + 072 |@;). (5)
7, and 7, are the positions of the electrons, and € and € are
the polarization vectors of the incoming and outgoing
photons, respectively. @ ; denotes the final- and initial-state
wave function. A more detailed description of the theoretical
model can be found in Refs. [19,20].

The A? approximation for single ionization describes
ionization by Compton scattering as the product of scatter-
ing of the photon at a free electron, described by the Klein-

Nishina cross section leading to momentum transfer é
times the overlap of the bound-state wave function shifted
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in momentum space by @, with the continuum.
Analogously, Eq. (5) describes double ionization in which
electron 1 and electron 2 are kicked coherently with
momentum transfer Q, and the overlap of the momen-
tum-shifted two-electron ground state with the two-electron
continuum is evaluated.

First, we discuss the result for the well understood
case of single ionization. Figure 1 shows the momentum
distribution of the He!* ions. The lines show the predicted
bound-state momentum distribution of one electron for
three different helium ground-state wave functions. The
solid blue line corresponds to a highly correlated trial
wave function (CF) [21] for which the calculated binding
energy equals the true value to seven significant digits, the
dash-dotted orange line corresponds to a single-parameter
Hylleraas wave function (Hy) [22] for Z = 27/16, resulting
in a binding energy of 2.85 a.u. (as compared to the true
value of 2.903 724 a.u.), and the dotted magenta line to the
most simple configuration-interaction wave function (SPM,
first discussed by Silverman, Platas, and Matsen [23])
which includes only a small amount of (2p)? with a
binding energy of 2.8952278 a.u. The experimental
He'* ion momentum distribution is within our calibration
accuracy in excellent agreement with the electron momen-
tum distribution from the best wave function (that is,
CF, the wave function that includes the highest degree
of correlations). We note that the horizontal error bars in the
histogram do not reflect statistical errors, but give the
systematical uncertainly of our momentum calibration of
1.5%, thus, showing the effect of an overall stretch or
compression of the horizontal axis. The close match of
the ion momentum distribution with the bound-electron
Compton profile confirms the validity of the impulse

Yield (107 counts)
oH '
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FIG. 1. Momentum distribution of He!® ions produced by
Compton scattering of photons with hv = 40 keV. The exper-
imental yield is normalized to the integral of the solid blue line.
The horizontal error bars of the data points give the systematic
accuracy of our momentum calibration. The vertical error bars are
the standard statistical error. The lines give the bound-state
electron momentum distribution (Compton profile) for different
helium ground-state wave functions, namely Hylleraas (Hy),
correlated trial (CF), and configuration-interaction (SPM) wave
functions. See text for a discussion thereof.

approximation (compare [24] for theory). Compton scatter-
ing transfers the momentum é to the electron. If the
corresponding energy Q2/(2m,) is large compared to
the binding energy, the ionization probability becomes
independent of the bound momentum of the electron
(compare [4] for the other extreme), and the Coulomb
potential can be neglected for the kinematics. In this case,
as described by the impulse approximation, for a single
active electron the ion momentum distribution is the exact
mirror image of the bound-electron momentum distribu-
tion. The present experimental conditions come close
to this ideal situation. According to the Klein-Nishina
cross section, at 40 keV photon energy, only 0.7% of all
Compton events correspond to an energy transfer below
the helium binding energy of 24.6 eV. Furthermore, two-
electron effects play only a minor role for the data in Fig. 1,
since the He!* momentum distribution contains all ground-
and excited-state ions, and only a very small fraction of
about 1% of the Compton events are not included as they
lead to double ionization.

In the remainder of this Letter, we discuss the most
interesting channel of double ionization. The correspond-
ing momentum distribution of the He?* nucleus [Fig. 2(a)]
is much broader than the He!™ momentum distribution.
As Fig. 2(a) shows, the measured distribution matches the
momentum distribution (Compton profile) of the nucleus
(solid blue line) in the bound helium atom prior to the
photon impact. This indicates the validity of a kind of
sudden approximation for the electron-pair removal. For
this, two ingredients are necessary: (i) two-electron
Compton scattering needs to remove both electrons from
the initial state without altering the nucleus momentum, as
it is assumed in the sudden approximation for one electron;
and (ii) the two-electron removal must provide an unbiased
sampling of the full wave function without selecting
specific regions in momentum space. Ingredient (i) suggests
that, in the Feynman diagrams shown in Fig. 2(c), the
photon-electron vertex, as well as the electron-electron
vertex, describe interactions to which the nucleus is a
spectator only and is not affected in its momentum. Note
that the inclusion of the Feynman diagrams is for visuali-
zation of the process only, they are not the basis of our
theoretical calculations. The passive role of the nucleus in
the electron-electron interaction is also underlined by the
similarity between nuclear momentum distributions from
the different quality bound states shown by the lines in
Fig. 2(a). Despite the significantly different amount of
electron-electron correlations, which lead to the differences
in the single-electron momentum distributions as shown in
Fig. 1, the nuclear Compton profile in Fig. 2(a) is very
similar for all the wave functions, showing that the electron-
electron interaction is quite decoupled from the nucleus.
Ingredient (ii)—the unbiased sampling of the initial state—is
a finding which is even more surprising in the light of
previous literature. For example, it is known that the shakeoff
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FIG. 2. Momentum distribution of He*" ions produced by
Compton scattering of photons at iv = 40 keV. Panels (a) and
(b) show the same experimental data points. The data points are
normalized to the integral of the solid blue line and differ in each
panel, respectively. The horizontal error bars correspond to the
systematic accuracy of our momentum calibration. The vertical
error bars are the standard statistical error. (a) Comparison of the
nuclear Compton profile (the momentum distribution of the
nucleus in bound helium). The lines show the different initial
ground-state wave functions. (b) Comparison of our data with the
calculated singly differential cross section (SDCS) for different
sets of initial ground-state (CF, Hy, SPM) and final-state (BBK,
CW, PW) wave functions (see text for a comprehensive explan-
ation of all lines). (c) Feynman diagrams describing double
ionization by Compton scattering (adapted from [28]). In (c),
two Feynman diagrams with permutations of lines p,; and p,,
were omitted.

probability depends on the initial-state momentum of the
electron before its removal from the two-electron ground
state [25]. This gives rise to the different high-energy
asymptotes of ratios of double to single ionization for
Compton scattering and photoabsorption [26,27] and their
relation to charged-particle impact.

Figure 2(b) compares the measured momentum distri-
butions with our nonrelativistic calculation. We have
evaluated the matrix element in Eq. (5) with four sets of

initial and final states. For the initial state, we have used
wave functions with different degrees of correlation,
as shown in Figs. 1 and 2(a). For the final state, we have
used the fully correlated Brauner-Briggs-Klar (BBK) wave
function [29] which accounts for the electron-nucleus and
the electron-electron interaction on equal footing [30]. For
calculations of double ionization by photoabsorption [31]
and for (e,2e) processes [29], this fully correlated final-
state wave function has also been shown to yield extremely
good results for very correlation-sensitive observables,
such as the distribution of the mutual angle between the
electrons. Our “best” calculation using the highly corre-
lated initial state and the BBK wave function for the final
state [solid blue line in Fig. 2(b)] yields extremely good
agreement with our experimental data. All the other
calculations (labeled CF + PW, Hy + CW, SPM 4 CW
in the figure legend), where we have used final states
which do not account for electron-electron repulsion—
namely, a Coulomb wave with Z = 2 for electron 2 and
either a Coulomb wave with Z = 1 (CW) or a plane wave
(PW) for electron 1—are off. In terms of the Feynman
diagrams [Fig. 2(c)], using final states without an electron-
electron interaction term corresponds to neglecting the
knockoff process. This underlines that at the present photon
energy, the shakeoff limit is not yet reached.

To further elucidate the role of electron correlations
on the observables, now, we inspect the momentum and
angular distribution of the emitted electrons (Fig. 3).
Comparison with the electron momentum distribution in
the ground state [see Fig. 1, shown in Fig. 3(a) as dash-dot-
dotted black line] shows that the continuum electrons have
significantly smaller momenta. This is expected as, e.g., for
the shakeoff as well as for the knockoff mechanism, a small
energy transfer to the secondary electron is favored. The
experimental electron-momentum distribution [Fig. 3(a)] is
very well described by our calculation using the fully
correlated initial and final states. When we remove the
knockoff process by using a plane wave for the final state
while keeping the fully correlated initial state (dashed
red line labeled CF + PW) we find large discrepancies at
higher electron momenta, which is in agreement with the
findings in Ref. [7]. In Fig. 3(b), we find the electron
angular distribution to be almost isotropic with a tendency
toward forward angles. We note that this angular distribu-
tion is integrated over all electron momenta from 0.1 to
1.1 a.u., where the lower bound is due to our experimental
momentum resolution. For photon scattering angles
below 15° corresponding to 3% of the Klein-Nishina cross
section, the energy transfer Q%/(2m,) is below 111 eV
[which is the sum of the double-ionization threshold of
79 eV and continuum energies of 16eV = (1.1a.u.)?/(2m,)
per electron]. For those cases, the Compton scattered
electron and the secondary electron are indistinguishable,
and both contribute to the events in Figs. 3(a) and 3(b).

In these cases, é is almost perpendicular to the photon
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FIG. 3. Double ionization by Compton scattering of photons at

hv = 40 keV. Respectively, the single differential cross sections
for electron momenta (a) and the emission angle 9, between the
electron and incident photon beam direction (b) are shown. The
data are integrated over 0.1-1.1 a.u. electron momentum and
normalized to the integral of the solid blue line and differ in each
panel, respectively. The error bars are the standard statistical
error. Colored lines are calculations using different initial and
final states [same as in Fig. 2(b)]. The dash-dot-dotted black line
is the momentum distribution of the bound electron.

propagation direction. The peak visible at cos(d) ~0.1 in
the calculation using a plane wave for the faster electron
(CF 4 PW) is due to these low-momentum-transfer double-
ionization events. In reality, the Coulomb interaction with
the nucleus and, even more, the electron-electron interaction
redistribute these electrons in angle. This is in accordance
with, e.g., the findings from (y,2e) experiments where, at
low energies, the electrons are not directed strongly along the
polarization axis, and the electrons show a f# parameter
around zero [32,33].

In conclusion, we have presented a differential meas-
urement of a one-electron and a two-electron Compton-
scattering process occurring at a free atom in the gas phase.
Our results for one-electron Compton scattering show that
single-electron momentum distributions can be measured
with a precision that allows us to identify the modification
of these distributions due to electron correlations in the
bound state. Such precision measurements of Compton
profiles can be extended to small and medium-sized
molecules. In this case, our experimental technique will
allow us to measure ionic molecular fragments in coinci-
dence with the Compton electron. From these fragment

ions, the orientation of the molecule in the laboratory
frame, as well as its dissociative state, can be inferred
giving access to momentum profiles of molecular orbitals
in the molecular frame of reference. We envision chiral
molecules to be a particularly intriguing species for such
studies [34]. Our second finding on double ionization by
Compton scattering shows that the sum momentum of the
ejected electrons is preserved upon ejection of the two
electrons, and that this quantity even remains unperturbated
by the actual double-ionization mechanisms (i.e., shakeoff
and knockoff). For bound states of atoms and small
molecules, this is a novel observable, as the momenta of
such electron pairs have not been accessible by other means
today. While, in the present study, we have used the
measured ion momentum to access the electron sum
momentum, this can also be done in the future for
fragmenting molecular systems by detection of both
electrons. Interesting candidates for such studies of elec-
tron-pair momenta in molecular systems are aromatic rings
for which Cooper-pair-like pairing mechanisms have been
speculated to be a possible reason for the anomalous
stabilization energy associated with aromaticity [35].
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