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Out-of-plane (e,2e) angular distributions and energy spectra of helium L = 0,1,2 autoionizing levels
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Angular distribution and spectral (e,2e) measurements are reported for the helium autoionizing levels (2s2)1S,
(2p2)1D, and (2s2p)1P . A special out-of-plane geometry is used where the ejected electrons are emitted in a
plane perpendicular to the scattered electron direction. The kinematics are chosen so that this plane contains
the momentum-transfer direction. While the recoil peak almost vanishes in the angular distribution for direct
ionization, it remains significant for the autoionizing levels and exhibits a characteristic shape for each orbital
angular momentum L = 0,1,2. A second-order model in the projectile-target interaction correctly reproduces the
observed magnitudes of the recoil peaks, but is a factor of 2 too large in the central out-of-plane region. Observed
(e,2e) energy spectra for the three resonances over the full angular range are well reproduced by the second-order
calculation. Calculations using a first-order model fail to reproduce both the magnitudes of the recoil peaks and
the spectral line profiles.
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I. INTRODUCTION

The (e,2e) technique investigates electron-impact ioniza-
tion for the experimental case where the kinematics of both
outgoing electrons are fully determined. An incident electron
of energy E0 (momentum k0) ionizes a neutral atom or
molecule, producing a singly charged ion in the ground or
excited state. For asymmetric kinematics, the two outgoing
electrons have different energies, and, for the special case
where one of the outgoing electrons is fast and the other
is slow, they may be labeled “scattered” (sc) and “ejected”
(ej), respectively. The two outgoing electrons of energy Esc

and Eej (momenta ksc and kej) are detected in (delayed)
coincidence at predetermined angles and energies, subject to
the energy balance E0 = Esc + Eej + EI , where EI is the
threshold energy of the chosen final ion state. Experimental
data are commonly presented as a set of (e,2e) angular
distributions where the scattered-electron direction is fixed and
the ejected-electron direction is varied. For the investigation of
direct ionization, a typical set would span a range of kinematic
conditions for the incident, scattered, and ejected electrons. For
experiments on autoionizing levels, data may also be exhibited
as (e,2e) energy spectra, and there have been a number of
such studies on the 2�2�′ autoionizing levels of helium [1–5].
The data are commonly presented in terms of the angular
dependence of parameters fitted to generalized line profiles.
These experiments, however, have been of the coplanar type,
where the linear momentum of the ejected electron lies in
the scattering plane formed by the momenta of the incident
and scattered electrons, respectively (i.e., all three electron
trajectories lie in the same plane). An out-of-plane (e,2e)
experiment is one where the ejected electron is observed in
directions that do not lie in the scattering plane. We recently
reported out-of-plane (e,2e) angular distribution studies on He
autoionizing levels [6]. Here, we present a more extensive
report that includes measurements and calculations of out-of-
plane (e,2e) energy spectra at selected ejected-electron angles.

Our out-of-plane experiments were motivated by the find-
ings of two out-of-plane charged-particle impact ionization

experiments on helium at high projectile energy [7,8]. At high
incident energies, the ejected-electron angular distribution
is expected to be well described by the plane-wave Born
approximation (PWBA). A representative calculation for the
direct ionization process

He(1s2) + P ±
0 → He+(1s) + P ±

sc + eej, (1)

where P ± is the incident ion or electron, is shown in Fig. 1.
The figure is a three-dimensional polar plot where the intensity
of ejected electrons in a particular direction is proportional to
the position vector to the surface in that direction. In the figure,
plane I is the scattering plane, and plane II is perpendicular to
both the momentum transfer K ≡ k0 − ksc and the scattering
plane. There are two main features, the large binary lobe and
the smaller recoil lobe, which are both rotationally symmetric
around K . The relative size of the binary and recoil lobes in
the PWBA is determined by the magnitude of the momentum
transfer; Fig. 1 corresponds to a value of K ≈ 0.7 a.u. (atomic
units). In general, as K increases, the magnitude of the recoil
lobe decreases relative to the binary lobe, and in the limit of
large momentum transfer the recoil lobe vanishes.

In an experiment on He ionization by fast C6+ ions [7],
the angular distribution of electrons ejected into the scattering
plane agreed well with theory, but the angular distribution
of those in plane II disagreed with expectations by a factor
of between 3 and 5; no calculations to date have been able to
satisfactorily reproduce these data. Somewhat smaller discrep-
ancies were found in an (e,2e) experiment on helium carried
out with equivalent kinematics [8]. Out-of-plane experiments
on Mg [9,10] found dramatic deviations from the rotational
symmetry about K .

The experiments on He direct ionization are examples
of three-body dynamics because the 1s electron common
to the initial state He(1s2) and the residual ion He+(1s) is
essentially a spectator [11]. Helium ionization-excitation, on
the other hand, where the ion is left in an excited state He+(n�)
(where � � 2), is a four-body process and hence presents
a much greater challenge to theory; coplanar experiments
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FIG. 1. (Color online) Representative PWBA calculation of an
ejected-electron angular distribution for direct ionization. See text
for details.

have recently investigated this process [11–13]. It was found
that second-order models in the projectile-target interaction
were essential to get good agreement when the two outgoing
electrons had different energies. However, even these theories
did not do so well for the case of symmetric energy sharing
[14]. In fact, even the calculation of the total He ionization-
excitation cross section remains a significant problem [15].

Here we present out-of-plane experiments on the three He
singlet autoionizing levels (2s2)1S, (2p2)1D, and (2s2p)1P .
Table I lists the properties of these doubly excited 2�2�′
autoionizing levels with orbital angular momentum L = 0,1,2
[16–18]. The ionization process may be written as

He(1s2) + e0 −−−−−−→ He+(1s) + esc + eej,

↘
He (2�2�′) ↗ (2)

where there is interference between the amplitudes for direct
ionization (upper path) and autoionization via an interme-
diate resonance (lower path) [19]. Thus, He autoionization
by electron impact involves both direct ionization and the
excitation of doubly excited resonances, and is an example of
mixed three-body and four-body processes. Our experiments,
therefore, test how well theory can describe three-body and
four-body dynamics for out-of-plane kinematics.

Section II gives details of the theoretical calculations with
which we compare our results. Section III describes the
apparatus and the geometry of our out-of-plane measurements.
Section IV presents the results, and Sec. V presents our
conclusions.

TABLE I. Helium autoionizing levels and relevant parameters
obtained from the literature [16–18]. EL (where L is the orbital
angular momentum of the level) is the energy above the ground state,
Eej is the corresponding ejected electron energy, and �L is the level
width.

EL (eV) Eej (eV) �L (meV)

2s2 1S0 57.84 33.25 120
2p2 1D2 59.91 35.32 57
2s2p1P1 60.15 35.56 38

II. THEORY

One of the first descriptions of electron-impact autoion-
ization was given by Balashov et al. [20], who combined
Fano’s theory of autoionization [19] with a traditional plane-
wave Born formalism. Since then, much work has been
done using increasingly more sophisticated theories. For
comparison with our angular distribution data, we have
carried out both simple Balashov et al.–type PWBA calcu-
lations, and state-of-the-art first-order and second-order hy-
brid distorted-wave + convergent R-matrix with pseudostates
(close-coupling) calculations (DWB1-RMPS and DWB2-
RMPS, respectively). The distorted-wave theories were also
used to calculate (e,2e) ejected-electron energy spectra.

While the PWBA model is not expected to be quantitatively
correct, it is useful in that the formalism developed by Balashov
et al. [20] makes definite qualitative predictions about the
effect of autoionization on the (e,2e) ejected-electron angular
distributions. Specifically, the triply differential cross section
(TDCS) in the neighborhood of an isolated autoionizing
resonance of angular momentum L is given (in a.u.) by

d 3σ

d k̂ej d k̂sc dE0

= 4

K4

ksc

k0
|T (kej,K )|2, (3)

where the amplitude is

T (kej,K ) = t(kej,K ) + t (L)(kej,K )
qL − i

εL + i
. (4)

Here qL is the Fano resonance profile index [19] and εL is
the energy away from the resonance position in units of the
resonance half-width �L/2. The direct ionization amplitude is
t(kej,K ), while t (L)(kej,K ) is the part of the direct ionization
amplitude associated with the resonance. The latter is given by

t (L)(kej,K ) = cLPL(cos θ0), (5)

with

cL =
∫

t(kej,K )PL(cos θ0)d k̂ej
∫

PL(cos θ0)2d k̂ej

, (6)

where PL is a Legendre polynomial and θ0 is the angle between
the ejected-electron direction and the momentum-transfer
vector: cos θ0 = k̂ej · K̂ . Details of our method for calculating
t(kej,K ), when plane waves are used to describe the incident,
scattered, and ejected electrons (PPP), are given in Ref. [21].
In our model, qL was left as an adjustable parameter to be fitted
to the experimental data. We also carried out a slightly more
sophisticated calculation that used plane waves to describe
the incident and scattered electrons, but a distorted wave for
the outgoing ejected electron (PPD). The results were almost
identical to the PPP calculation except that a much lower value
of q0 was needed to agree with experiment; this has been
discussed elsewhere [22].

For direct ionization, the PWBA (and all other theories)
predicts that as K increases, the intensity of the recoil peak
decreases relative to that of the binary peak, and for the
kinematics of our present experiments, where K ≈ 2 a.u., it
essentially vanishes. However, when autoionization is present,
the second term in Eq. (4) does not vanish. The recoil peak,
therefore, remains significant and exhibits a specific shape
determined by the angular momentum L of the autoionizing
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state via the PL dependency of t (L)(kej,K ). Thus, each of the
three He autoionizing levels (L = 0,1,2) is expected to leave
a characteristic signature in the shape of a recoil peak with
behavior given by (PL)2.

Details of the DWB1-RMPS and DWB2-RMPS methods
are given elsewhere [23–26]. The essential point is that the
(fast) projectile-target interaction is treated perturbatively to
first (DWB1) or second (DWB2) order, while the initial bound
state and the e−He+ half-collision of a slow ejected electron
and the residual ion are treated via a convergent close-coupling
expansion. An analysis of our calculations, in terms of effective
Fano q parameters of the resonant partial waves, is given
elsewhere [22]. It is found that the qL parameters for the
first-order calculations are real, whereas those of the second-
order calculations are complex, but with real parts similar to
the first-order values. When the resonant � = L partial waves
with complex qL are combined with the nonresonant � �= L

partial waves, they result in angular distributions—and, most
importantly, spectral line profiles—that are very different from
those of the first-order calculations.

III. EXPERIMENTAL

The experimental apparatus is described in detail else-
where [4,27]. It is a formerly coplanar apparatus that has
been modified to perform a special type of out-of-plane
measurement. It consists of an unmonochromated electron
gun, a gaseous target beam (emitted from a 0.5 mm internal
diameter molybdenum tube that is attached to, and hence
moves with, the electron gun mount), two ejected-electron
spectrometers, and a scattered-electron spectrometer. The two
ejected-electron spectrometers are mounted 180◦ apart on a
turntable, and the scattered-electron spectrometer is mounted
on a second, concentric and coplanar, turntable.

All three spectrometers are similar and consist of elec-
tron optics that transport and focus the electrons from the
interaction region into the entrance slits (ejected-electron
spectrometers) or aperture (scattered-electron spectrometer)
of hemispherical-sector electrostatic energy analyzers. Each
ejected-electron analyzer is terminated by a microchannel plate
(MCP) assembly followed by a position sensitive detector
(PSD) consisting of a resistive anode. The outputs of the
two PSDs are fed to the same position decoding electronics
(PDE). The scattered detector is terminated by a high-count
channeltron. The fast ejected-electron MCP signals, and the
fast scattered-electron signal from the channeltron, are fed to
three independent sets of NIM units that provide fast output
signals for (delayed) coincidence timing, and also enable the
PDE output (via a simple logic gate) to be assigned to the
appropriate ejected-electron spectrometer.

The geometry of the apparatus, as used in the present
experiments, is shown in Fig. 2. With reference to the
Cartesian coordinates shown in the diagram, the scattered- and
ejected-electron detectors are fixed so as to accept electrons
in the directions k̂sc = ẑ and k̂ej = ±x̂, respectively. The
gun moves on the surface of a cone with axis ẑ, and of
half-angle equal to the scattering angle θsc. In terms of a
spherical coordinate system, as the gun rotates, its position
is described by the polar angle θ = θsc = const and variable
azimuthal angle φ. This geometry is equivalent to rotating the

FIG. 2. (Color online) Geometry of the apparatus. The incident
(k0) and detected ejected- (kej) and scattered- (ksc) electron directions
are indicated.

ejected-electron detectors around z while keeping the gun and
scattered-electron detector fixed. Thus, as the gun position is
varied from φ = 0◦ → 180◦, the ejected detector on the left
effectively varies from φej = 0◦ → −180◦, and the ejected
detector on the right effectively varies from φej = 180◦ → 0◦,
with a combined range equal to the full φej = 0◦ → 360◦.
In fact, reflection symmetry in the scattering plane means
that the angular distributions obtained by the two detectors
should be mirror images of one another. Thus, having two
ejected-electron detectors in our configuration doubles the
effective count rate, and also enables a comparison of the
two detectors and the determination of possible instrumental
effects. Indeed, the measured angular distributions had to be
corrected for the φ dependence of the instrument functions
of the ejected- and scattered-electron detectors; the correction
procedure is described in detail elsewhere [27].

We have carried out (e,2e) out-of-plane experiments for
the special kinematical case where the momentum-transfer
vector is perpendicular to the scattered-electron direction. For
an incident electron of energy E0, the condition for this is
θsc = arcsin(

√
�E/E0), where �E is the energy loss (i.e.,

the energy of the 2�2�′ autoionizing levels above the ground
state ≈60 eV). The corresponding momentum transfer is K =√

2�E, which is independent of the initial energy and has the
value K = 2.1 a.u. in the autoionizing region.

The experiments reported here were carried out with an
incident electron energy E0 = 488 eV, for which the desired
scattering angle is θsc = 20.5◦. With these kinematics, the
measured (e,2e) out-of-plane angular distribution of ejected
electrons corresponds to plane III of Fig. 1. This plane contains
the momentum-transfer vector K ; it is perpendicular to ksc

and hence also to the scattering plane. (Note that all ejected-
electron directions k̂ej in plane III are perpendicular to k̂sc.)

We report two types of experiments: (e,2e) ejected-electron
angular distribution measurements, and (e,2e) spectral mea-
surements at various ejected-electron directions. For the
angular distribution measurements, the apparatus was tuned
to accept electrons in a uniform energy window of 0.4 eV [4],
and the theoretical predictions were energy integrated over the
same window. The (e,2e) spectra were taken by scanning the
pass energy of the spectrometers over each resonance while
using the full resolution of the PSDs. For the present experi-
ments, the energy resolution was degraded in order to increase
the coincidence count rates. The calculated spectra were folded
with the experimental resolution, which was found by fitting
the noncoincident ejected-electron spectra to generalized line
shapes, as was done in earlier work [4]. The spectral resolution
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varied from 100 to 170 meV for the different angles; this
variation is probably due to drifts in the energy scales during
the long run times necessary—each angular distribution, and
each spectrum, took several days to accumulate.

IV. RESULTS AND DISCUSSION

Our experimental results and theoretical predictions are
shown in Figs. 3 and 4. The (e,2e) angular distributions are
shown in Fig. 3 for direct ionization and the three autoionizing
levels. The binary peak position (i.e., momentum-transfer
direction) corresponds to φ = 0, and therefore φ is numerically
equal to θ0, the angle, defined above, between the momentum-
transfer vector and the ejected-electron direction. The recoil
peak position is therefore at φ = 180◦, but all other angles
lie outside the scattering plane (see plane III of Fig. 1). All
experimental data and calculations were normalized to unity
at the binary peak of each individual angular distribution.

Figure 3(a) is the angular distribution for direct ionization.
The PWBA underestimates the width of the binary peak,
whereas both the DWB1-RMPS and DWB2-RMPS calcula-
tions are in good agreement with experiment over the entire
angular range, within the statistics of the present experiment.
The data show conclusively that the recoil peak is extremely
small, and we therefore expect autoionization to have a
profound effect on this part of the angular distribution. That
this is indeed the case is seen in Figs. 3(b)–3(d), which show
the angular distributions of the 1S, 1D, and 1P autoionizing
levels. For the PWBA calculations, values of qL were chosen
to give the correct recoil peak intensities. The resultant
curves agree quite well with the experimental data, with fitted
values q0 = −15, q1 = −6.3, and q2 = −4.8. These are larger
by factors of between 3 and 8 than first-order calculated
values found in the literature [28]—this possibly indicates
the need for a second-order calculation of qL that treats the
four-body projectile-target interaction more completely. The
exceptionally large magnitude of q0 is an artifact of using
a plane wave with Gram-Schmidt orthogonalization for the
ejected-electron wave function. Repeating the PWBA calcu-
lations with distorted waves for the ejected-electron wave
functions yields almost identical angular distributions with
fitted values of q1 and q2 within 10% of the above values, but
a value q0 = −3, which is a difference of a factor of 5 [22].

As predicted, a comparison of the PWBA predictions with
the data shows that each autoionizing level has a signature
described by the behavior of the appropriate (PL)2. In Fig. 3(b)
the data for 1S are clearly nonzero over the entire angular
range, as expected from (P0)2 = const. Both the 1D and 1P

angular distributions in Figs. 3(c) and 3(d) show pronounced
recoil peaks and minima close to 90◦, and the data in the
range φ = 60◦ → 135◦ are consistent with the behavior of
(P2)2 and (P1)2, respectively. The first-order DWB1-RMPS
model does a good job for φ = 45◦ → 135◦, but it severely
underestimates the magnitudes of the recoil peaks. On the
other hand, the second-order DWB2-RMPS calculations are
in excellent agreement with the data in the recoil peak for
all three autoionizing levels, but are about a factor of 2 too
large in the out-of-plane region φ = 45◦ → 90◦ for the 1D

and 1P levels. Note that when autoionization is absent, these
two theories also disagree by a factor of 2 in this region [see
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FIG. 3. (Color online) Helium out-of-plane (e,2e) ejected-
electron angular distributions for 488 eV electrons scattered through
20.5◦. The vertical bars represent the experimental results and
include both statistical and systematic errors. (a) Direct ionization
with 34.1 eV ejected electrons. (b)–(d) Direct ionization plus
autoionization via (2s2)1S, (2p2)1D, and (2s2p)1P . The solid (red)
and dashed (blue) lines are DWB2-RMPS and DWB1-RMPS cal-
culations, respectively, while the dot-dashed (green) lines are fitted
PWBA calculations described in the text. Theory and experiment are
normalized to unity at φ = 0.

Fig. 3(a)]. This may be responsible, via the interference term,
for the similar disagreement in Figs. 3(c) and 3(d).

Figure 4 shows experimental and theoretical (e,2e) spectra
taken at 30◦ intervals between the binary and recoil peaks (i.e.,
at angles corresponding to every other data point of Fig. 3). We
have attempted to obtain roughly equal statistical experimental
uncertainties at all angles. This required exceptionally long run
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FIG. 4. (Color online) Helium out-
of-plane (e,2e) autoionizing spectra for
488 eV electrons scattered through 20.5◦

and selected values of φ. The vertical
bars represent the experimental results
and their statistical errors. The solid
(red) and dashed (blue) lines are DWB2-
RMPS and DWB1-RMPS calculations,
respectively. Each theory and experiment
is scaled to each other by a least-chi-
squares fit.

times at, for example, φ = 90◦ compared with those at φ = 0.
Even so, the spectra taken at the former angle are relatively
poor. Each panel in the figure has been arbitrarily normalized
to the maximum data point. Since this part of the experiment
was designed to compare spectral line shapes, each theory

has then been scaled separately by a simple single parameter
least-chi-squares fit to the data, rather than by using the relative
magnitudes of Fig. 3.

The spectra for φ = 0 show that, even in the binary peak,
the second-order calculation is in much better agreement with
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experiment than the first-order calculation. This is perhaps sur-
prising, given that the nonresonant partial waves, for which the
first-order and second-order calculations are similar, dominate
in the binary peak. However, it is the cross terms between
these and the resonant terms that give rise to the spectral line
shapes, and hence a second-order calculation is still necessary
to obtain agreement with experiment, even at φ = 0.

In fact, the second-order calculations are in better agree-
ment than the first-order calculations with the data for all
angles where the statistics enable a definite conclusion to be
reached. In particular, the relative intensities of the 1D and 1P

line shapes are well predicted by the second-order calculation.
This is especially noticeable in the recoil peak (φ = 180◦) for
which the first-order calculation has the intensity ratio inverted.
There is some evidence that the 1S line shape is not well repro-
duced by either calculation for angles greater than 60◦, but the
statistics preclude any definite conclusion from being reached.

V. SUMMARY AND CONCLUSIONS

We have measured out-of-plane angular distributions for He
direct ionization and L = 0,1,2 autoionizing levels, and have
obtained spectra of the levels for selected angles. For direct
ionization, a three-body process, both first-order and second-
order distorted-wave calculations give an adequate description,
as was true for out-of-plane experiments on Mg [9,10]. We find
that the presence of autoionization has a dramatic effect on the
angular distribution, as predicted by Balashov et al. [20], with
each autoionizing resonance presenting its own, L-dependent,

“signature.” In a comparison of experiment and theory, two
regions are of particular interest: a central, fully out-of-plane,
region φ = 45◦ → 135◦, and the recoil peak φ = 135◦ →
180◦, which intersects the coplanar region along −K̂ . For an
incident energy of 488 eV and a momentum transfer of 2.1 a.u.,
we find that a second-order model in the projectile-target inter-
action is necessary to correctly reproduce the magnitude of the
recoil peak when autoionization is present; the corresponding
first-order model underestimates the magnitude by a factor
of 3. A second-order model is also necessary to reproduce
the spectral line profiles and the relative intensity of 1D and
1P . This need for a higher-order description is consistent
with the findings of the excitation-ionization experiments (i.e.,
four-body processes) mentioned above [11–13]. However,
neither the DWB2-RMPS nor the DWB1-RMPS model is able
to reproduce the data over the full 0◦ → 180◦ out-of-plane
range; DWB2-RMPS is good in the recoil peak but not
satisfactory in the central region, while the opposite is true for
DWB1-RMPS. For our kinematics, therefore, we conclude that
current sophisticated theories are still not entirely adequate for
out-of-plane experiments on He autoionization. Experiments
and calculations are planned for lower incident energies where
the out-of-plane region is expected to be more important.
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