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Inner-shell ionization of xenon 4d electrons have been studied by the binary �e ,2e� spectroscopy at the
impact energies of 1200, 1600, and 2400 eV. Experimental energy-momentum densities and the impact-energy
dependence of momentum distributions of 4d5/2 and 4d3/2 are reported, the results are compared with the
distorted-wave impulse approximation and the distorted-wave Born approximation. Moreover, the cross-
section ratios of 4d5/2 to 4d3/2 are further provided at these different impact energies, which clearly manifest
the relativistic effects. Some similarities and dissimilarities are observed on the impact-energy dependence of
momentum distributions of 4d5/2 and 4d3/2 states and their cross-section ratios.
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I. INTRODUCTION

Electron impact ionization �e ,2e� experiments have been
successfully used in the last 30 years to obtain fundamental
information on the dynamics of the ionization process �1�,
and as a direct measurement of the target initial state one-
electron wave function in momentum space, ���p��2, via the
so-called electron momentum spectroscopy �EMS� or the bi-
nary �e ,2e� spectroscopy �2�. It is now a well-established
technique to investigate the atomic and molecular electronic
structures and electron correlations �2–6�. Within the kine-
matically complete ionization process, the ion recoil momen-
tum q and the electron binding energy can be determined by
the coincident detections of the two outgoing electrons with
the aid of the momentum and energy conservation laws. Un-
der the assumption of binary encounter, Born-Oppenheimer
approximation and the further plane-wave impulse approxi-
mation �PWIA�, the EMS cross section at high energy and
high momentum transfer is given by the overlap of the initial
neutral �N electron� wave function of ��i

N� and the final ion
�N−1 electron� wave function of �� f

N−1� �2,7�,

�EMS �� ��p� f
N−1��i

N��2d� , �1�

where p is the momentum of the target electron prior to
electron ejection. The 	d� represents the spherical average
due to the randomly oriented gas phase target in the collision
region. The versatile information for the detailed studies of
electronic structure, such as symmetries, binding energy,
pole strengths, and electron momentum distributions of the
states involved are given by the EMS cross-section measure-
ments.

Most of previous experiments were limited to the studies
of valence shell of low- and medium-Z atoms and molecules
due to the lower sensitivity and resolutions of instruments.

The scarcity of studies for inner-shell or core states �2,8,9�
could be accounted for by the experimental difficulties,
which include the extremely small cross sections and the
limited sensitivity of the spectrometers, and some complexi-
ties in theoretical calculations. Recently, a new type of
energy- and momentum-dispersive EMS spectrometer has
been developed �10�, which features high sensitivity and
high resolutions. With double toroidal analyzer and two di-
mensions position sensitive detectors, the instruments sensi-
tivity or count rate is about two orders of magnitude higher
than our previous energy-dispersive spectrometer �11�. The
typical energy resolution of 1.2 eV, and the � and � angle
resolutions of ±0.7° and ±1.9° are achieved with the mea-
surements of argon and helium. Besides the simultaneously
obtained high sensitivity and high resolutions performances,
another advantage of this spectrometer is its ability to mea-
sure the �e ,2e� cross sections over a wide range of experi-
mental impact energies, which is especially important for
systematically investigating some dynamics processes which
are energy dependent �12,13�. Using this spectrometer, some
new and extended studies have been reported, which include
the studies of distorted-wave effects and the validities of the-
oretical approximations �12,14–16�, a new method to deter-
mine pole strengths and orbital ordering �17�, and electron
correlation effects study on helium �18�.

In this work, we study the �e ,2e� cross sections for xenon
inner-shell 4d5/2 and 4d3/2 states at the impact energies of
1200, 1600, and 2400 eV, and give the remarkable distorted-
wave effects in the ionization process and the relativistic
effects. Distorted-wave effects in the inner-shell ionization
are clearly observed with the impact-energy dependence of
momentum distributions of 4d5/2 and 4d3/2 states. Moreover,
the cross-section ratios of 4d5/2 to 4d3/2 provide the detailed
information of the relativistic effects on xenon. This paper
investigates the inner-shell ionization at a wide range of im-
pact energies using the binary �e ,2e� method.

II. EXPERIMENT AND REACTION THEORY

EMS is a high-energy electron impact ionization experi-
ment in which the kinematics of all the electrons are fully
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determined. Measuring the energies and momenta of the in-
cident �E0 , p0� and two outgoing electrons �E1 , p1 and E2 , p2�
can determine the measurements of the target electron bind-
ing energy and recoil momentum. One of the mostly used
kinematic geometries for EMS is non-coplanar symmetric
geometry. In this kinematics, two outgoing electrons have
equal scattering polar angles ��1=�2=45° � and energies
�E1
E2�. The magnitude of the recoil ion momentum q can
be determined by the measurement of the out-of-plane azi-
muthal angle difference between the two outgoing electrons
�2,10�. In PWIA, the momentum p of the ejected electron
prior to knockout is equal in magnitude but opposite in sign
to the momentum of the recoiling ion. The magnitude of the
momentum p is related to the azimuthal angle difference of
�,

p = ��2p1 cos � − p0�2 + �2p1 sin � sin�

2
��2�1/2

, �2�

where p1 and p0 are the momenta of the outgoing and inci-
dent electrons, respectively. Within the PWIA, the EMS
cross section is given by the overlap of the ion and neutral
wave functions as shown in Eq. �1�. The momentum space
target-ion overlap can be evaluated by using configuration-
interaction �CI� descriptions of the many-body wave func-
tions or Green’s function �GF� methods �19�.

A detailed description of the spectrometer used in the
present work has been given before �10�, thus only a brief
introduction is provided. In our �e ,2e� experiment, an inci-
dent electron beam is produced by an electron gun equipped
with a tungsten filament. After the incident electron beam
collides with targets, the outgoing scattered and ejected elec-
trons are decelerated by the cone lenses before entering the
double toroidal analyzer �DTA� in order to achieve higher
energy resolution. Then the two outgoing electrons are en-
ergy analyzed and dispersed by the DTA, and detected by a
pair of two-dimensional position sensitive detectors. Since
the DTA can well maintain the azimuthal angles of the pass-
ing electrons, both energies and angles can be simulta-
neously determined by their arrival positions at the detectors.
The experiments are carried out at the impact energies of
1200, 1600, and 2400 eV with 100 eV passing energy in the
analyzer.

III. RESULTS AND DISCUSSIONS

A. Energy-momentum density

One typical experimental result of the electron density
map for xenon inner-shell 4d states is obtained and shown in
Fig. 1 as a function of binding energy and azimuthal angle
difference of � �also electron momentum p�, which is mea-
sured at the impact energy of 1600 eV. This contour image
represents energy-momentum density of inner-shell electrons
and contains a wealth of information on relative intensities,
momentum distribution, and symmetries of the states in-
volved. It can be seen that the 4d5/2 and 4d3/2 states are well
resolved in the energy-momentum density map. The indi-
vidual momentum distributions of 4d5/2 and 4d3/2 states can
be obtained by summing up the intensities along the � angle

or momentum p direction at the corresponding binding-
energy range in the map.

Furthermore, significant turn up effects at the low mo-
mentum �small � angle� region of 4d5/2 and 4d3/2 states are
clear observed from the experimental energy-momentum
density map, which is due to the continuum waves associated
with the ionization of 4d electrons are distorted from plane
waves, also called the distorted-wave effects �2,8,9�. Since
the distorted-wave effects largely depend on the impact en-
ergy �13�, the experiments were performed at a wide range of
impact energies to systematically study the distortion effects
in the ionization process of xenon inner-shell 4d electrons.

B. Momentum distributions

Experimental momentum distributions for low- and
medium-Z atoms and molecules are found to be in good
agreement with those theoretical descriptions by the nonrel-
ativistic calculations �2,3�. In the case of xenon, the relativ-
istic effects will manifest more remarkably. The EMS studies
on the xenon valence shell 5p, 5s and satellites states have
been carried out before �20–23�. In the case of inner-shell
4d5/2 and 4d3/2 states, the distorted-wave effects also become
significant at the low momentum region �8,9�. The measure-
ments of xenon 4d momentum distribution have been previ-
ously made by Brunger et al. �9� and Brion et al. �8� at the
impact energies of 1000 and 1200 eV, respectively. Since the
limitation of instruments sensitivity, only the total 4d cross-
section profiles were obtained for improving the statistical
quality of the derived momentum distributions.

With our new EMS spectrometer, the experimental mo-
mentum distributions on the individual 4d5/2 and 4d3/2 states
were measured at the impact energies of 1200, 1600, and
2400 eV as shown in Figs. 2 and 3, respectively. Also in-
cluded in the figures are the distorted-wave impulse approxi-
mation �DWIA� �8� and distorted-wave Born approximation
�DWBA� �9� calculations under the nonrelativistic theory,
which were digitized from the literatures and normalized to
the experimental data. As shown in Figs. 2 and 3, the DWBA

FIG. 1. Experimental energy and angle � �also electron momen-
tum p� density of xenon inner-shell 4d states, obtained at the impact
energy of 1600 eV.
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and DWIA methods can provide somewhat good descriptions
of the turn up effects at the low momentum region, which
become smaller at the higher impact energies. Such phenom-
enon is consistent with the distorted-wave predictions at the
low momentum region of atomic Cr 3d, Zn 3d, Mo 4d, and
Cd 4d momentum distributions �8�. With the impact-energy
dependence of momentum distributions of 4d5/2 and 4d3/2
states, the distorted-wave explanation for the cross-section
turn up effects become more convincing for the atomic nd
electrons ionized.

It also should be noted that DWBA method reproduces
the 4d5/2 and 4d3/2 momentum distributions better than
DWIA does. Nevertheless, there are some differences be-
tween the DWBA calculation and the experimental data. Ex-
perimental momentum distributions indicates that the
DWBA calculation underestimate the momentum distribu-
tion intensity at the region of 1.0 a.u.� p�1.6 a.u., and the

first minimum in the cross section is at a smaller value of
momentum than the DWBA indicates �9�. At the higher than
2.5 a.u. momentum region some discrepancies are also re-
markable. These discrepancies indicate that the DWBA and
DWIA calculations need to be improved and the relativistic
effects also should be included in the calculations of xenon
4d5/2 and 4d3/2 states. Furthermore, comparisons between
4d5/2 and 4d3/2 states show somewhat discrepancies in the
shape of the experimental momentum distributions, which
could be due to the influence of relativistic effects in the
inner-shell of xenon �24�.

C. Cross-sections ratios

The relativistic effects in the xenon 4d states can be sen-
sitively observed by plotting the �e ,2e� cross-section ratios
of 4d5/2 to 4d3/2 versus the momentum p. Since the nonrela-
tivistic structure theories predict that the cross-section ratio
of 4d5/2 to 4d3/2 should be independent to the momentum p,
while the ratio should be given simply by the relative statis-
tical weights of �2j+1�, namely 3:2. Figure 4 shows the ex-
perimental ratios of 4d5/2 to 4d3/2 obtained at the impact
energies of 1200, 1600, and 2400 eV, in which the cross
sections of 4d5/2 and 4d3/2 states were measured at the same
azimuthal angle difference of �, and not at the same values
of p, since the different binding energies give slightly differ-
ent values of p with the same values of � as described by Eq.
�2�. Therefore interpolated cross sections of 4d5/2 were used
in driving the 4d5/2 to 4d3/2 ratios. As the dashed line showed
in Fig. 4, the nonrelativistic theory predicted a constant ratio
of 1.5, which totally failed to reproduce the variation of the
experimental ratios. This indicates the significant influence
of relativistic effects in xenon inner-shell 4d states.

FIG. 2. �Color online� Experimental momentum distributions of
xenon inner-shell 4d5/2 state measured at the impact energies of
1200, 1600, and 2400 eV. The solid lines are the distorted-wave
nonrelativistic calculations of DWIA and DWBA.

FIG. 3. �Color online� Experimental momentum distributions of
xenon inner-shell 4d3/2 state measured at the impact energies of
1200, 1600, and 2400 eV. The solid lines are the distorted-wave
nonrelativistic calculations of DWIA and DWBA.

FIG. 4. Cross-section ratios of xenon 4d5/2 to 4d3/2 measured at
different impact energies of �a� 1200 eV, �b� 1600 eV, and �c�
2400 eV.
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It can be seen from Fig. 4 that the shape of branching
ratios of 4d5/2 to 4d3/2 are quite similar with the variations of
impact energies. However, the relative intensities of the
cross-section ratios largely depend on the impact energy, es-
pecially at the momentum range of 1.2 a.u.� p�2.6 a.u. the
ratio intensities become smaller with the increase of the im-
pact energies.

IV. SUMMARY

This study reported the binary �e ,2e� measurements on
the inner-shell of xenon 4d electrons at the impact energies
of 1200, 1600, and 2400 eV. The experimental momentum
distributions of 4d5/2 and 4d3/2 states clearly show significant
variations in the low momentum region with increasing im-
pact energy. The distorted-wave calculations give appropriate

description of the cross-section turn up at the low momentum
region. Further comparisons between experimental results
and distorted-wave calculations indicate that the DWBA
method reproduces well the momentum distributions of the
4d electrons. Moreover, the cross-section ratios of 4d5/2 to
4d3/2 clearly manifest the remarkable influences of relativis-
tic effects in the xenon. The fact that the ratios are so depen-
dent on impact energy shows that distortion effects are quite
important in the relative cross sections of �e ,2e� reaction on
xenon 4d states.
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