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Out-of-plane (e, 2e) measurements are reported for the helium autoionizing levels �2s2�1S, �2p2�1D,
�2s2p�1P, and for direct ionization. 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.
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There has been much recent interest in two types of
experiments on atomic ionization by charged-particle im-
pact. This interest is fueled by the fact that sophisticated
theories failed to reproduce the experimental results of out-
of-plane experiments on He direct ionization at high inci-
dent projectile energies (where even first-order theories
were expected to be adequate) [1,2], and coplanar experi-
ments on He ionization-excitation [3–5]. In an out-of-
plane experiment, the (slow) electron ejected with momen-
tum ~kej is observed in directions that do not lie in the
scattering plane formed by the incident and (fast) scattered
projectile momenta, ~k0 (energy E0) and ~ksc, respectively. In
the more traditional coplanar experiments, all three mo-
menta lie in the same plane. The experiments of interest
here measure the triply differential cross section (TDCS)
d3�=dk̂ejdk̂scdE0 (either absolute or relative) for fixed ~k0

and ~ksc, i.e., the angular distribution of ejected electrons in
coincidence with the scattered projectile. If the latter is an
electron, the experiments are of the (e, 2e) type. Over the
past 30 years, computational techniques have improved to
the extent that there is now good agreement between
theoretical predictions and coplanar data for simple target
systems such as H and He. A discussion of the current state
of theoretical calculations for these processes can be found,
for example, in [6]. As stated above, some recent out-of-
plane experiments, however, have been poorly described
by theory. Of particular interest here are those experiments
with high incident energies. For these the plane-wave Born
approximation (PWBA) may be used to illustrate the ex-
pected qualitative features of the TDCS.

Figure 1 shows a 3D cartoon of a representative PWBA
calculation for direct ionization. The ejected electron in-
tensity in a particular direction is proportional to the posi-
tion vector to the surface in that direction. In the PWBA the
angular distribution of the ejected electrons is rotationally
symmetric around the momentum transfer ~K � ~k0 � ~ksc,
with a large lobe (the binary peak) in the�K̂ direction, and
a much smaller lobe (the recoil peak) in the �K̂ direction

(typically for K * 0:7 a:u:). In the figure, plane I corre-
sponds to a coplanar experiment, and plane II is perpen-
dicular to ~K and the scattering plane. In a recent
experiment on He ionization by fast C6� ions [1], the
angular distribution of electrons ejected into plane I agreed
well with theory, but the experimental results 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 discrepancies
were found in an (e, 2e) experiment carried out with
equivalent kinematics [2]. Out-of-plane experiments on
Mg [7,8] found dramatic deviations from the rotational
symmetry about ~K.

These experiments on He direct ionization are examples
of three-body dynamics because the 1s electron common
to the initial state and the residual ion is essentially a
spectator [5]. Helium ionization-excitation on the other
hand, where the ion is left in an excited state, is a four-

FIG. 1 (color online). Representative PWBA calculation of an
ejected electron angular distribution for direct ionization. See
text for details.
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body process and hence presents a much greater challenge
to theory; coplanar experiments have recently investigated
this process [3–5]. 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 [9]. In
fact, even the calculation of the total He ionization-
excitation cross section remains a significant problem [10].

Here we present the first out-of-plane experiments on
autoionizing levels, namely, the three singlet He levels
�2s2�1S, �2p2�1D, and �2s2p�1P. This process may be
written as

 

where there is interference between the amplitudes for
direct ionization (upper path) and autoionization via an
intermediate resonance (lower path) [11]. Since He auto-
ionization by electron impact involves both direct ioniza-
tion and the excitation of doubly excited resonances, it is
an example of mixed three-body and four-body processes.
Our experiments therefore test how well theory can de-
scribe three-body and four-body dynamics for out-of-plane
kinematics. Table I lists the properties of the three singlet
He 2‘2‘0 autoionizing levels with orbital angular momen-
tum L � 0, 1, 2 [12–14]. These have been extensively
studied in coplanar geometry using the (e, 2e) technique
[15–18]. The experiments were analyzed by fitting them to
the TDCS to yield the angular dependence of three pa-
rameters that describe the line profile of each resonance.
The out-of-plane experiments reported in this Letter are
somewhat simpler: we examine the gross effects of auto-
ionization on the ejected electron angular distribution after
summing the data across a resonance.

We 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.
The condition for this is �sc � arcsin�

���������������
�E=E0

p
�, where �E

is the energy lost by the incident electron; for an auto-
ionizing level �E � EL. The corresponding momentum
transfer is K �

����������
2�E
p

, independent of the initial energy.

With these kinematics we measured the (e, 2e) out-of-
plane angular distribution of ejected electrons correspond-
ing to plane III of Fig. 1. This plane contains the momen-
tum 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.) Our
experiments were carried out with an incident electron
energy E0 � 488 eV and a corresponding scattering angle
�sc � 20:5� for an energy loss of � 60 eV and a momen-
tum transfer K � 2:1 in the autoionizing region.

We performed three types of calculations for compari-
son with the experimental data: a simple PWBA calcula-
tion and sophisticated first-order and second-order hybrid
distorted-wave� convergent R-matrix with pseudostates
(close-coupling) calculations (DWB1-RMPS and DWB2-
RMPS, respectively). Details of the latter methods are
given elsewhere [19–22]. 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. While the PWBA model is not
expected to be quantitatively correct, it is useful in that the
formalism developed by Balashov et al. [23] makes defi-
nite qualitative predictions about the effect of autoioniza-
tion on the (e, 2e) ejected electron angular distributions.
Specifically, the TDCS in the neighborhood of an isolated
autoionizing resonance of angular momentum L is given
(in atomic units) by

 

d3�

dk̂ejdk̂scdE0

�
4

K4

ksc

k0
jT� ~kej; ~K�j

2; (2)

where the amplitude is

 T� ~kej; ~K� � t� ~kej; ~K� � t�L�� ~kej; ~K�
qL � i
"L � i

: (3)

Here qL is the Fano resonance profile index [11] and "L is
the energy away from the resonance position in units of the
resonance half-width �L=2. The direct ionization ampli-
tude 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�0�; (4)

with

 cL �

R
t� ~kej; ~K�PL�cos�0�dk̂ej
R
PL�cos�0�

2dk̂ej;
; (5)

where PL is a Legendre polynomial and �0 is the angle
between the ejected electron direction and the momentum
transfer vector: cos�0 � k̂ej 	 K̂. Details of our method for

calculating t� ~kej; ~K�, when plane waves are used to describe
the incident, scattered, and ejected electrons, are given in

TABLE I. Helium autoionizing levels and relevant parameters
obtained from the literature [12–14]. The energy above the
ground state is EL, where L is the orbital angular momentum
of the level, 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
2s2p 1P1 60.15 35.56 38
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[24]. In our model, qL was left as an adjustable parameter
to be fitted to the experimental data. For direct ionization,
the PWBA and all other theories predict that asK increases
the intensity of the recoil peak decreases relative to that of
the binary peak, and for the kinematics of the present
experiment (K � 2) it essentially vanishes. However,
when autoionization is present the second term in Eq. (3)
does not vanish. The recoil peak, therefore, remains sig-
nificant and exhibits a specific shape determined by the
angular momentum L of the autoionizing state via the PL
dependency of t�L�� ~kej; ~K�. Thus each of the three He auto-
ionizing levels (L � 0, 1, 2) is expected to leave a charac-
teristic signature in the shape of a recoil peak with behavior
given by �PL�2.

The experimental apparatus is described in detail else-
where [18,25]; its geometry is shown in Fig. 2. Two ejected
electron detectors are positioned at 
90� with respect to
the scattered electron detector; all three lie in the same
plane. The gun moves on the surface of a cone, with axis
k̂sc, of half-angle equal to the scattering angle �sc. This is
equivalent to rotating the ejected electron detectors around
k̂sc (in plane III of Fig. 1) while keeping the gun and
scattered electron detector fixed. For the present experi-
ments the apparatus was tuned to accept electrons in a
uniform energy window of 0.4 eV [18]; the theoretical
calculations were energy integrated over the same window.
Figure 3 exhibits our experimental results and theoretical
predictions; �0 � 0 is the binary peak position (i.e., mo-
mentum transfer direction) and �0 � 180� is the recoil
peak position—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.
Figure 3(a) is the angular distribution for direct ioniza-
tion. The PWBA underestimates the width of the binary
peak, whereas both the DWB1-RMPS and DWB2-RMPS
calculations are in good agreement with experiment over
the entire angular range, within the statistics of the pres-
ent experiment. The data show conclusively that the re-
coil 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 distribu-

tions 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

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

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 re-
sults and include both statistical and systematic errors. (a) Direct
ionization with 34.1 eV ejected electrons. (b)–(d) Direct ioniza-
tion plus autoionization via �2s2�1S, �2p2�1D, �2s2p�1P. The
solid (red) and dashed (blue) lines are DWB2-RMPS and
DWB1-RMPS calculations, respectively, while the chained
(green) lines are fitted PWBA calculations described in the
text. Theory and experiment are normalized to unity at �0 � 0.
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q0 � �15, q1 � �6:3, and q2 � �4:8. These are larger
by factors of between three and eight than first-order
calculated values found in the literature [26]—this possi-
bly indicates the need for a second-order calculation of qL
which treats the four-body projectile-target interaction
more completely. As predicted, a comparison of the
PWBA calculations with the data shows that each auto-
ionizing level has a signature determined 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 � constant. Both the 1D and 1P angular dis-
tributions in Figs. 3(c) and 3(d) show pronounced recoil
peaks and minima close to 90�, and the data in the range
�0 � 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 �0 � 45� ! 135�, but it se-
verely underestimates the magnitudes of the recoil peaks.
On the other hand, the second-order DWB2-RMPS calcu-
lations 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 �0 � 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 Fig. 3(a)]. This may be responsible, via the
interference term, for the similar disagreement in Figs. 3(c)
and 3(d).

In summary, we have measured out-of-plane angular
distributions for He direct ionization and L � 0, 1, 2 auto-
ionizing levels. For direct ionization, a three-body process,
both first-order and second-order distorted-wave calcula-
tions give an adequate description, as was true for out-of-
plane experiments on Mg [7,8]. We find that the presence
of autoionization has a dramatic effect on the angular
distribution, as predicted by Balashov et al. [23], 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 �0 � 45� ! 135�, and the recoil
peak, �0 � 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 interaction 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.
This need for a higher-order description is consistent
with the findings of the excitation-ionization experiments
(i.e., four-body processes) mentioned above [3–5].
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.

This work was supported by the United States National
Science Foundation under Grants No. PHY-0555541
(N. L. S. M.) and No. PHY-0244470 (K. B.).

[1] M. Schulz, R. Moshammer, D. Fischer, H. Kollmus, D. H.
Madison, S. Jones, and J. Ullrich, Nature (London) 422,
48 (2003).
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