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Electron-impact excitation of the (2 p2) 1 D and (2s2 p) 1 P o autoionizing states of helium
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An experimental study of the excitation of the (2p2) 1D and (2s2p) 1P o autoionizing states of helium by
250-eV electron impact is presented. The ejected-electron angular distributions and energy spectra are measured
in coincidence with the corresponding scattered electrons for a scattering angle of −13◦ and for a range of
ejected-electron angles in both the forward and backward directions. Resonance profiles are analyzed in terms of
the Shore-Balashov parametrization to obtain the resonance asymmetry Aμ and yield Bμ parameters and the direct
ionization cross section f . The spectra and their parameters are compared to the previous measurements of Lower
and Weigold [J. Phys. B 23, 2819 (1990)] and McDonald and Crowe [J. Phys. B 26, 2887 (1993)]. Comparison
is also made with the recent theoretical triply differential cross-section calculations based on the first and second
Born approximations. In general, good qualitative agreement is found between the experimental results. Some
differences are found at the forward and backward directions. These differences in the shape and magnitude of
the cross sections are attributed to the different incoming electron energies used in the experiments. The second
Born approximation with inclusion of the three-body Coulomb interaction in the final state agrees reasonably
well with experiments in the binary region. However, the 1P o resonance yield parameter Bμ is significantly
overestimated at the recoil region, giving a relatively large recoil peak, in contradiction to the experiment. There
is also a discrepancy between the two theories available for the 1D resonance yield parameter Bμ in this region.
Remaining discrepancies between theories and experiments are also discussed.
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I. INTRODUCTION

The process of excitation with autoionization in atomic col-
lisions is a highly correlated process involving the excitation
of the target to an intermediate doubly excited resonance state
which autoionizes with the emission of an electron. Helium
is the simplest many-electron system for the excitation with
autoionization process and has played a pivotal role in our
understanding of correlated electron dynamics [1]. Since the
pioneering synchrotron experiment of Madden and Codling
[2] and the corresponding theoretical investigations of Fano
and co-workers [3–5], the autoionizing doubly excited states
have been continuously studied by several experimental and
theoretical groups. With the improving performance of syn-
chrotron radiation sources, more sophisticated photoionization
experiments were performed to observe high-lying doubly
excited states [6–10]. Unlike the optical method, it is possible
to observe both the optically allowed and forbidden transitions
by charged particle-impact experiments using electron or
ion projectiles [11]. Furthermore, the autoionizing resonance
profile observed by the charged particle-impact experiment
depends on the momentum transfer of the projectile. The
doubly excited states of helium can also be populated by
the double-electron-capture process in the 3He2+ + He(1s2)
collisions [12] or dielectronic recombination of He+ ions [13].
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The doubly excited states of helium lie above the first
ionization threshold, which are strongly coupled with the
He+ continuum. These states are degenerate in energy with
continuum states from the direct ionization process, resulting
in their nonradiative decay, autoionization. Since the same
final states can be reached by either processes, interference
consequently occurs, dependent on both the magnitudes
and relative phases of the competing direct and resonant
amplitudes. This state-continuum interference results in the
observed broad asymmetric profiles, or Fano profiles [4], in
the vicinity of the doubly excited states, which is, in general,
constructive on one side of the energy of the resonance state
and destructive on the other.

The resonance effects due to the electron-impact excitation
and decay of autoionizing states are usually investigated by
either energy-loss spectroscopy of scattered electrons [14–19]
or ejected-electron spectroscopy [20–28]. In general, energy
spectra of electrons ejected from autoionizing states depend
critically on the incident energy as well as the ejection angle.
At small scattering angles and high energies dipole-allowed
transitions are favored, whereas for large scattering angles
and lower incident energies, optically forbidden transitions
become more probable.

The dynamics of excitation with autoionization process
can be uniquely determined by (e,2e) experiments in which
both the scattered (s) and ejected (e) electrons resulting
from the same ionization event are detected simultaneously
in coincidence. In such an experiment the triply differential
cross section (TDCS) d3σ/dEe d�e d�s , i.e., a cross-section
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differential in the angles of emission of the two final electrons
and in one kinetic energy, is measured. The kinetic energy
of the other electron is determined by energy conservation.
In the asymmetric coplanar arrangement, all electrons are
observed in the detection plane defined by the incident and
scattered momentum vectors k0 and ks , respectively. In this
kinematic scheme, the angular distributions of the ejected
electrons at fixed scattering angle have two lobes in directions
near to the momentum transfer direction θK , i.e., the “binary”
lobe with direction θK and the “recoil” lobe with direction
180◦ + θK , where K ≡ k0 − ks is the momentum transferred
from the incident electron to the atom (see, for example, Refs.
[29–31]). Balashov et al. [32] first proposed extending the
idea to include autoionization. Since the distribution of ejected
electrons from an autoionizing state should be symmetric
about the momentum transfer inversion axis in the first Born
approximation, the backward direction (recoil lobe) would be
suitable to enhance the autoionizing resonances against the
direct ionization background. By detecting only one of the
final electrons, one can determine the doubly differential cross
section (DDCS), d2σ/dEe d�e. This is equivalent to integrat-
ing the TDCS over the momenta of the undetected electrons.
Both DDCS and TDCS measurements in the autoionizing
region can provide very sensitive information on details of
the excitation process of the resonance. Moreover, measuring
triply differential (e,2e) cross sections for individual resonance
levels yields valuable information about electron correlations
at different energy regimes as well as information about the
interference in the decay channel with direct ionization.

Although (e,2e) measurements provide more detailed
information concerning the dynamics of the collision, the
experimental investigations of the autoionization of helium
by this technique are very limited. This can be attributed to the
low cross sections for the process, difficulties in achieving the
required energy resolution, and the complications arising from
interference between the autoionizing and direct ionization
processes. So far, to the best of our knowledge, only the
doubly excited states below the He+(n = 2) and He+(n = 3)
limits have been measured by electron impact since the
cross sections decrease rapidly with increasing n. The four
lowest (2�2�′) 1,3L levels, (2s2) 1S, (2s2p) 3P , (2p2) 1D,
and (2s2p) 1P o, have been extensively studied, due to the
strong presence of the resonances in the excitation spectrum.
There have been a number of such (e,2e) studies on these
resonances [33–44]. The first comprehensive (e,2e) study
was carried out by Lower and Weigold [36] for a range
of incident electron energies, 100–400 eV, and scattering
angles 3◦, 13◦, and 16◦. Data for the same resonances, but
with lower incident energies (<100 eV) and larger scattering
angles (20◦–30◦), were obtained in a series of papers by the
same (Flinders) group [39–41]. The Newcastle group also
reported high-resolution data for the 1S state [37] and the
1D and 1P o states [38] at 200-eV incident energy and a 12◦
scattering angle. At this kinematics, the resonance profiles,
in general, acquire a complicated asymmetric structure in
the ejection angle range θK − 20◦ < θe < θK + 20◦, while
they have symmetric structures in the region of the recoil
peak [45,46]. The experiments of the Flinders and Newcastle
groups are in coplanar asymmetric geometry. The angles of
the scattered and ejected electrons are fixed and the TDCS for

ionization of helium to the He+ ground state is measured as
a function of the energy of the ejected electron. Both groups
have analyzed their coincidence ejected-electron spectra in
terms of the so-called Shore-Balashov (or, equivalently, Fano)
parametrization [32,47,48] to obtain the direct (e,2e) cross
section f and the resonance parameters Aμ and Bμ for the
resonance states as a function of ejected-electron momentum.
These parameters describe the asymmetry and the magnitude
of the autoionizing contribution to the (e,2e) cross sections.
The results from these groups were in substantial agreement,
as reviewed by Crowe et al. [49], showing a strong dependence
on the momenta of both the ejected and scattered electrons and
indicating strong interference between the direct and resonance
amplitudes.

On the theoretical side, considerable progress has been
made in the past two decades in the description of the resonance
parameters Aμ and Bμ characterizing the 1S, 3P , 1D, and
1P o autoionizing states under these kinematic conditions. The
calculations show high sensitivity of the cross sections to
the approximation used, especially at low and intermediate
incident electron energies [50,51]. Pochat et al. [34] have
performed calculations of the Shore-Balashov parameters in a
first-order distorted-wave model, including exchange between
the incident or scattered electron and the target electrons. They
presented both theoretical and experimental results (without
the sign of the parameters) at 100-eV incident energy and a
15◦ scattering angle for the 1S, 3P , 1D, and 1P o autoionizing
states. The results of their calculations agreed relatively well
with their measurements, however, their results are not in
agreement with the data of Lower and Weigold [36] at almost
identical kinematics. The calculation of Tweed and Langlois
[52] at 70- and 80-eV incident energies are similar to those of
Pochat et al. [34]. Kheifets [53] has also used the distorted-
wave (first) Born approximation, with exchange, to calculate
the Shore-Balashov parameters and the direct (e,2e) cross
section for the same kinematical conditions as the equivalent
data of Lower and Weigold [36]. He also introduced a Gamov
factor into the direct ionization amplitude in order to take into
account postcollision interaction (PCI) between the scattered
and the ejected electrons in the direct ionization process. Good
agreement was obtained with the 400-eV data of Lower and
Weigold [36], but there was less accord with these data for the
200- and 100-eV kinematical cases. McCarthy and Shang [54]
have used an equivalent local form of the distorted-wave
impulse approximation for the direct ionization process and a
six-state momentum space close-coupling approximation for
the resonant scattering amplitudes for comparison with some
of the data of Lower and Weigold [36] at 100- and 400-eV
incident energies. Their results were not given in the forms of
Shore-Balashov parameters, but comparison was made directly
with the measured coincidence spectrum. Fair quantitative
agreement was achieved with the measurements.

More sophisticated calculations have been conducted by
Marchalant et al. [55] and Fang and Bartschat [56,57]. They
have used both the first and second Born approximations
to evaluate (e,2e) cross sections for the 1S, 1D, and 1P o

autoionizing states. Their calculations were compared with
some of the data of Lower and Weigold [36] and McDonald and
Crowe [37,38]. They showed that first-order theoretical models
failed to reproduce the measured coincidence spectra. The
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principal sources of disagreement between first-order theory
and TDCS experiments have been in the shift of the forward
and backward peaks away from the momentum transfer axis,
which first-order theory does not predict, and in the magnitude
of the recoil peak. Only second-order models appear to be
capable of giving a correct description of the autoionization
process. While the second-order calculation agrees in shape,
but not in magnitude, with the experimental data for 200 and
400 eV, it is in complete disagreement with the data when the
incident energy is reduced to 100 eV. At this kinematics, the
ejected and scattered electrons acquire comparable energies
(∼35 eV) and their PCI becomes strong. It may not be
accounted for fully by second-order theory [58].

Second-order calculations with inclusion of Coulomb inter-
actions in the final state (CIFS) for excitation of the 1D and 1P o

autoionizing states of helium by 200-eV electron impact have
been reported by Godunov et al. [59]. They calculated the full
range Shore-Balashov parameters and found a good qualitative
agreement with the experimental data in the forward direction
when both CIFS and second-order effects have been taken
into account. However, in the direction of the recoil peak, the
theoretical results of the resonance yield parameter Bμ for the
1P o state are higher than the experimental results. Recently,
deHarak et al. [60,61] reported the noncoplanar (e,2e) spectral
measurements for the 1S, 1D, and 1P o autoionizing states for
kinematics of 488-eV incident energy and a 20.5◦ scattering
angle. They showed that the second-order distorted-wave
theory in the projectile-target interaction gives good results for
the resonance states. However, neither first- nor second-order
calculations were able to describe the full range of their
experimental results. We feel that this unsatisfactory situation
for excitation with autoionization process calls for further
investigation.

In this paper, we present doubly and triply differential
cross sections in the vicinity of the (2p2) 1D and (2s2p) 1P o

autoionizing states of helium at an incident electron energy
of 250 eV. For a fixed scattering angle of 13◦, abbreviated
as 250 eV|13◦, the measured coincidence ejected-electron
spectra are compared against the measurement of Lower and
Weigold [36] at 200 eV|13◦ and McDonald and Crowe [38]
at 200 eV|12◦. Note that we are working in a regime that we
can neglect exchange between the scattered and the ejected
electrons. Comparisons with the theoretical calculations of
Godunov et al. [59] and Marchalant et al. [55] at 200 eV|12◦
are also made with the Shore-Balashov parameters related to
the cross section for the process and the shape of the spectral
line. In addition to the TDCS data, we have also taken the
noncoincidence ejected-electron energy spectra.

In Sec. II we give a detailed description of the experimental
apparatus and the method of analysis. Results of the (e,2e)
spectral measurements in the coplanar geometry are given in
Sec. III, and Sec. IV presents our conclusions.

II. EXPERIMENT

A. (e,2e) spectrometer

The (e,2e) apparatus developed at Afyon Kocatepe
University in Turkey is an electron-impact spectrometer, spe-
cially designed for electron-electron coincidence experiments.

A brief description of the apparatus is reported elsewhere
[43,62]. It consists of a vacuum chamber, which contains
an electron gun, a Faraday cup, two identical hemispherical
deflector analyzers (HDAs), and an effusive gaseous beam.
The relative position of all components of the spectrometer
inside the vacuum chamber is shown in Fig. 1 (top). The
incident electron beam is generated by a homemade electron
gun [63], capable of producing a steady beam of electrons in
the energy range of 80–500 eV. The multielement electrostatic
lenses were used for the geometric shaping of the electron
beam. The beam diameter and the energy spread are ∼2 mm
and 500 meV, respectively, as measured via the elastically
scattered electrons. Beam currents ranging from a few nA to a
few μA could be generated and were continuously monitored
using a Faraday cup. The beam profile of the incident electrons
was investigated by measuring the incident beam current as a
function of the Faraday cup angle around the collision center,
as shown in Fig. 2. The incident current was measured at two
different electrodes, splash plate (SP) and Faraday cup (FC)
(see the inset of Fig. 2), using two digital picoammeters.

The scattered and ejected electrons are analyzed in energy
by two HDAs with small solid angles (0.006 sr) that image the
entire collision region onto the exit plane of the hemispherical
analyzer. This is achieved by coupling five-element electro-
static zoom lenses before the entry plane of the hemispherical
analyzer [64]. The radius of the inner and outer hemisphere
are R1 = 87.5 mm and R2 = 112.5 mm, which gives a mean
radius of the HDA of R0 = 100 mm. Energy resolutions of
better than 0.1% of the incident energy (limited by the spread in
the incident electron beam) were achieved. The scattered- and
ejected-electron analyzers are mounted on rotary turntables,
coplanar with the incident beam, which can be rotated
between ±20◦ and 30◦–135◦, respectively, with reference to
the incident-beam direction (where the negative angle denotes
that the scattered-electron analyzer is on the opposite side
of the electron beam to the ejected-electron analyzer). The
effective angular range is limited by the presence of the
Faraday cup in the forward angles and the electron gun in
the backward angles.

Channel electron multipliers (CEMs) are used to detect
the scattered and ejected electrons. In (e,2e) experiments,
time-correlated pulses are produced by the two CEMs when
the electrons arriving at the detectors arise from the same
ionizing event. This is accomplished by the coincidence
electronics system illustrated in Fig. 1 (bottom). These pulses
are capacitively decoupled and amplified. The amplified pulses
are used to trigger the constant fraction discriminators to
produce standard fast timing pulses. These fast timing pulses
are then used to start and stop a time-to-amplitude converter
(TAC), which measures the time difference between the pulses
appearing at its start and stop inputs. The pulse originating
from the scattered-electron analyzer is used as the start and the
pulse originating from the ejected-electron detector is passed
through a time delay unit and used as the stop. The TAC output
is recorded on a pulse height analyzer (PHA), from which the
true coincidence signal is determined. The TAC produces a
time spectrum or histogram (counts versus time difference),
which is displayed via the Trump-PCI interface card and its
associated software (Maestro, ORTEC). Figure 3 shows an
example of coincidence peak and a binding energy spectrum
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FIG. 1. (Color online) (Top) 3D drawing
of the (e,2e) spectrometer, showing the main
sections: an electron gun (EG), two electron-
energy analyzers (A1 and A2), and a Faraday
cup (FC). (Bottom) A schematic diagram of the
spectrometer and the electron pulse handling
electronics. Electron coincidences are recorded
by a time-to-amplitude converter (TAC), fol-
lowed by pulse height analysis (PHA) using
the electron signal from one analyzer (scattered
electron) as a start pulse and the other (ejected
electron) as a stop. MCS (multichannel scaling)
registers the number of counts in subsequent
time intervals.

of helium, a plot of the intensity of the coincidence signal
obtained from TAC outputs as a function of the energy loss, in
the region of the He+ ground state at 24.59 eV. Experiments
were conducted at 250-eV incident electron energy. Under
these conditions the coincidence peak full width at half
maximum was typically 6 ns [Fig. 3(a)], and the binding energy
spectrum had an energy resolution of 0.8 eV [Fig. 3(b)]. Data
acquisition is under computer control, with the PC being used

to start and stop the scalar, ramp the deceleration voltage of
the analyzers, monitor count rates, and other experimental
conditions.

The entire spectrometer is kept in an ultrahigh vacuum
chamber with suitable μ-metal shielding that reduces the
ambient magnetic fields to less than 0.5 mG throughout the
angular range of the analyzers. The chamber is pumped by a
500 l/s turbomolecular pump, which after sufficient baking
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FIG. 2. (Color online) The intensity distribution of the electron
current as a function of the angular displacement of the Faraday cup.
The inset shows the detailed scheme of the Faraday cup electrodes.
The currents measured from the FC and SP are shown by solid circles
and a solid line with open circles, respectively. The Gaussian fit for
the beam profile (FC) is shown with the solid (red) line.

produces a base pressure of ∼7 × 10−8 mbar. The background
pressure increases to ∼8 × 10−6 mbar after the target gas
has been introduced. All experiments are conducted under
steady-state conditions which are achieved by powering all
electronic equipment for sufficiently long periods of time
in order to eliminate any drift in power supplies during the
measurement process.

The procedure for (e,2e) data acquisition involves simul-
taneously scanning both the ejected- and scattered-electron
analyzer through the desired energy range, in opposite senses,
and accumulating a coincidence timing spectrum at each
energy set for a fixed ejected angular position. The energy
range is scanned many times to reduce the effect of instabilities
in the gun current or target pressure. Typical true coincidence
count rates for these measurements range from 0.01 to
0.15 s−1.

B. Method of analysis

We have analyzed the ejected-electron spectra using the
Shore-Balashov parametrization [32,47,48]. In this case, the
triply differential cross section can be written (for nonoverlap-
ping resonances) in the form

d3σ

dEe d�ed�s

= f +
∑

μ

Aμεμ + Bμ

1 + ε2
μ

, (1)

where εμ = 2(Ee − Eμ)/�μ is the energy in half widths away
from the position of the μth resonance and the sum runs over
the autoionizing levels labeled by μ. For the (2�2�′) 1,3L states
of helium, Eμ and �μ are well known, e.g., Hicks et al. [21].
The parameter f is simply the direct ionization cross section
in the resonance region and is a slowly varying function
of energy. The parameters Aμ and Bμ contain the collision
dynamics and are assumed constant over the energy range of
the resonance. Both parameters contain an interference term

FIG. 3. (Color online) (a) Typical time delay spectrum (the points
are connected by straight lines). The coincidence and background
windows are also indicated. A delay (∼100 ns) is employed to
displace the coincidence signal from near zero time difference.
(b) Binding energy spectrum of helium obtained at 250-eV impact
energy. The (red) solid line shows the Gaussian fit to the spectrum.

between the direct and resonant ionization amplitudes [52], but
while the Aμ parameter is composed of this term completely,
the Bμ parameter has an additional term which gives the
resonant cross section in the absence of any direct ionization
cross section. The Aμ parameter therefore characterizes the
asymmetry of the resonance profile, while the Bμ is related
more to the resonance yield. From these parameters, one
can extract complete information about the resonance and its
interference with the continuum thus providing a sensitive test
of current scattering theories.

Instead of Eq. (1) separable autoionization resonances may
also be parametrized in the equivalent Fano [3] representation

d3σ

dEe d�ed�s

= σ ′
μ +

∑
σμ

(qμ + εμ)2

1 + ε2
μ

, (2)

where qμ is the dimensionless Fano shape parameter, σμ is the
resonance, and σ ′

μ is the nonresonant direct ionization cross
section. McDonald and Crowe [27] have shown that the qμ

parameter is related to the Shore-Balashov parameters Aμ and
Bμ by

qμ = Bμ ± (
A2

μ + B2
μ

)1/2

Aμ

, (3)

where the sign of qμ is the same as that of Aμ. For (e,2e)
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FIG. 4. Noncoincidence ejected-electron energy spectra of helium at an impact energy of 250 eV for ejection angles from 30◦ to 135◦. The
error is estimated to be ∼±3%.

processes, the Shore-Balashov parametrization in Eq. (1) is to
be preferred to the Fano representation [38].

For the present spectral (e,2e) measurements, the
spectrometer was operated in the following way: The energy
of the incident electron beam was 250 eV. One analyzer
measured “ejected” electrons over a range of energies between
35 and 36 eV, a region encompassing the 1D and 1P o resonant
states. “Scattered” electrons were collected in the second
analyzer over a complementary 1-eV range, the position of
which was determined by energy conservation. In the present
work the scattered-electron analyzer was fixed at −13◦, while
the coincidence ejected-electron spectra were measured over
the range 30◦–130◦ of ejection angles in the binary region. The
recoil region of the cross section was measured independently
by moving the scattered-electron analyzer from −13◦ to
+13◦. At each ejection angle, the measured spectrum is fitted,
in a least-squares fit analysis, with the usual Shore-Balashov
function. We note that the form of the Shore-Balashov
equation is convoluted with the instrumental response in
the fit. We have calibrated the energy scale of our spectrum
against the high-resolution measurements of Hicks et al. [21].

III. RESULTS AND DISCUSSION

We have studied electron ejection from the (2p2) 1D and
(2s2p) 1P o autoionizing states of helium having ejected-
electron energies of 35.32 and 35.56 eV, respectively.
The ejected-electron angular distributions and energy spec-
tra have been measured both in singles and in coinci-
dence with the scattered electrons and compared with the avail-
able experimental and theoretical data. The Shore-Balashov
parameters have been determined by the procedure outlined.

A. Noncoincidence results

Figure 4 shows the noncoincidence ejected-electron energy
spectra in the vicinity of the 1D and 1P o autoionizing states of
helium at different ejection angles. The spectra are differential
in energy and angle and are referred to as the relative DDCSs.
The parameters f , Aμ, and Bμ extracted from these spectra are
shown in Fig. 5 as a function of ejected-electron angle. The
measured parameters are compared with other experimental
data where available. The DDCS for direct ionization f shows
a maximum ∼50◦. The DDCS results of Müller-Fiedler et al.
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FIG. 5. (Color online) The Shore-Balashov parameters Aμ and Bμ and the direct ionization cross section f from the noncoincidence
ejected-electron spectra given in Fig. 4 as a function of ejected-electron angle for the 1D and 1P o states of helium at an incident energy of
250 eV. The top right-hand panel shows an example of the measured spectrum at 120◦. The long-dashed and short-dashed lines indicate the
contributions of 1D and 1P o resonances, respectively, convoluted with our instrumental resolution (150 meV) and the solid line the overall fit
to the data.

[65] at 200-eV incident energy and 40-eV ejected-electron
energy have been used for comparison. The only previous
experimental data with which the present Shore-Balashov
parameters can be compared are those of McDonald and
Crowe [26] at an incident energy of 200 eV.

The resonance contributions together with the strong back-
ground of direct ionization processes lead to a complicated
asymmetric structure of the resonance profile in the DDCS. A
strong overlap also occurs because of the very close proximity
of these levels to each other. The spectra are nearly peaklike
with little asymmetry at the backward angles and exhibit
drastic changes with the ejection angle. The top right-hand
panel of Fig. 5 shows a typical example of the measured
spectrum, the fit to the data, and the final form of the resonance
profile obtained from the convolution. The 1D state is optically
forbidden, but at backward angles is strongly enhanced. The
1P o state remains a recognizable peak shape in all the spectra,
particularly in the backward direction. The 1P o state is excited
by direct dipole transition and is therefore a very important
resonance.

The Aμ and Bμ parameters for the 1D state have a single dip
at 60◦–70◦ and a relatively large positive peak for backward
angles. The large positive values of Bμ are a confirmation of
constructive interference while the negative values indicate
destructive interference. For the 1P o state, the Aμ parameter

behavior is oscillatory and predominantly negative. The Bμ

parameter is positive at all angles except at 60◦, where it
becomes slightly negative, and is of comparable magnitude
to the corresponding Aμ parameter. Agreement between the
data of McDonald and Crowe [26] is quite good for angles
below 100◦, but above the present Bμ parameters tend to have
higher values.

B. Coincidence results

Figures 6 and 7 show the coincidence (e,2e) spectra
measured in the binary and recoil region for the 1D and
1P o autoionizing states. The corresponding Shore-Balashov
parameters Aμ and Bμ deduced from the fitting of the
individual spectra are shown in Fig. 8. The experimental
results are presented together with the results of Lower and
Weigold [36] and McDonald and Crowe [38], which are the
only experimental data available for comparison. In Fig. 8,
the Shore-Balashov parameters are also compared to the
theoretical TDCS calculations of Godunov et al. [59] and
Marchalant et al. [55]. Since their original spectral data are
not available, we have used their published Shore-Balashov
parameters to obtain the profiles. Their resonance profiles are
convoluted with our experimental resolution of 150 meV. For
each experiment and theory the parameters Aμ, Bμ, and f
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FIG. 6. (Color online) Coincidence (e,2e) ejected-electron energy spectra in the vicinity of the (2p2) 1D and (2s2p) 1P o states of helium
in the binary region for an incident energy of 250 eV and a scattering angle of −13◦, corresponding to a momentum transfer of 1.06 a.u. Solid
circles: Present experimental data. Solid line: A fit of the Shore-Balashov parametrization to the data. The vertical bars represent the statistical
errors. Dashed-dotted line: Lower and Weigold [36]. Dashed line: McDonald and Crowe [38]. The downward pointing arrows indicate the
positions of the 1D and 1P o resonances. The incident k0, detected ejected ke, and scattered ks electron directions are also indicated.

have the same relative scale and the direct ionization cross
section f at the (2s2) 1S resonance was normalized to unity at
one angle (θe = 60◦ for the present experiment and θe = 50◦
for the previous experiments and calculations), as the two
parameters are then automatically normalized. Therefore, the
values of the resonant parameters are consistent between the
experiments and theories.

In the binary peak region, asymmetric profiles are evident in
the (e,2e) spectra (see Fig. 6), but in the recoil peak direction
the 1D and 1P o states appear enhanced and peaklike (see
Fig. 7), though this does not of course preclude interference
effects. Note that the 1P o resonance yield is small as compared
with the maxima of the 1D resonance yield in the recoil region.
With increasing ejection angle from −130◦ to −50◦ the yield of
the optically allowed 1P o resonance grows relative to the yield
of 1D resonance. The results of McDonald and Crowe [38]
lie above the experimental data points in the recoil region.

This is expected due to the different values of the incoming
electron energy. The results of Lower and Weigold [36] lie
somewhat below the experimental data points in the recoil peak
direction, even for direct ionization. We also observe distinctly
different profiles than those of Lower and Weigold [36] at −50◦
and −60◦.

In Fig. 8, the Aμ and Bμ parameters for both resonances
show a rapid variation with ejected-electron angle indicating
their sensitivity to the interference process. In this case
their oscillatory character could be attributed to the angular
momentum or symmetry of the state. In the binary peak region,
the Aμ and Bμ parameters of the 1D state show a sharp negative
minimum ∼60◦, followed by a broad positive maximum. In
the recoil region both parameters increase positively with
increasing ejection angle. For the 1P o state, the Aμ parameter
is predominantly negative in both regions. The Bμ parameter
dips sharply negative at 60◦ and then positive to peak again
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FIG. 7. (Color online) Same as Fig. 6, but for the recoil region.

at 100◦, while in the recoil region it increases positively with
increasing ejection angle. Note that the spectra and resonant
parameters given in these figures are quite different in shape
and magnitude to the corresponding noncoincidence results
given in Figs. 4 and 5. In general, there is qualitatively good
agreement between the present and the previous experimental
data for the resonant parameters. Where differences do occur,
they are found mainly at backward angles (above −100◦) and
forward angles (below 60◦). In Fig. 8, Lower and Weigold
[36] observed a dip in the value of the resonant parameters
at∼−80◦, which is not seen in the present experimental data.

Unlike the earlier studies, the present study was un-
dertaken at an incident electron energy of 250 eV, while
the previous works were done at an incident energy of
200 eV. Therefore, the relative contribution of interfering
resonant and direct ionization is expected to change. The
main differences will be in the shift of the binary peak
for the direct ionization away from the momentum trans-
fer direction as well as in the magnitude of the recoil
peak.

Figure 9(a) is the angular distribution for direct ionization,
where we present the TDCS results for an ejected-electron
energy of 34.5 eV. The present data displays a maximum
at ∼60◦, definitely displaced with respect to the momen-
tum transfer direction, which in the present experiment is
approximately θK = 53◦. Note that the values of θK are 45◦
for Ref. [36] and 44◦ for Ref. [38]. An ∼10◦ shift can be
seen in the position of the present binary peak relative to the
early experiments, consistent with the change in momentum
directions. The same TDCS results, but, at the resonance
energies of the 1D and 1P o states are also shown in Figs. 9(b)
and 9(c). For the resonance states, the previous experimental
results deviate strongly from the present data in the angular
range between 30◦ and 60◦, with their results showing a local
maximum near 40◦ and a decreasing cross section below 40◦.
By contrast, the present experimental data decreases rapidly
below 60◦. This discrepancy is presumably the result of using
different incoming electron energies.

For direct ionization the binary peak is the dominant one
for our kinematical situation and the recoil peak essentially
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FIG. 8. (Color online) The Shore-Balashov resonant parameters Aμ and Bμ for the 1D and 1P o states as a function of the ejection angle.
Experimental results: Solid circles, present results at 250 eV|13◦; open triangles, results of Lower and Weigold [36] at 200 eV|13◦; open
squares, results of McDonald and Crowe [38] at 200 eV|12◦. Theoretical results of Godunov et al. [59]: Solid line, second Born calculations
with CIFS (GMSC-B2 + CIFS); dashed line, calculations in the first Born approximation (GMSC-B1). Theoretical results of Marchalant
et al. [55]: Solid stars, second Born calculations (MWW-B2); open stars, first Born calculations (MWW-B1).

vanishes. In Figs. 8 and 9, a smaller recoil peak is observed
in present experimental data for both the resonant parameters
and TDCS results than in previous experiments. This is due to
the different values of incoming electron energy. Furthermore,
the presence of autoionization results in a clearly visible
recoil peak in Figs. 9(b) and 9(c) with a shape that was
strongly dependent on the orbital angular momentum L of
the resonance. A noncoplanar (e,2e) investigation was recently
published on helium with the same conclusions [61]. Although
the system and kinematics investigated here are very different
from those in the study of Ref. [61], some experimental
insight may be gained from a qualitative comparison between
coplanar and noncoplanar experiments for autoionization of
helium.

In Figs. 8 and 9, the parameters and TDCS results are
compared with the calculation of Godunov et al. [59]. It
is clear that second-order approximations with inclusion of
the three-body Coulomb interaction in the final state (CIFS)
have greatly improved the situation over the first Born
approximation. However, looking at the recoil region for the
1P o resonance yield parameter Bμ we see that the first and
second Born results are approximately two and four times
larger than the experimental values, respectively. Note that
the parameter Bμ gives the height of the resonance. Indeed,
the first Born value for the height of the 1P o cross section
is always much closer to experiment than the second Born
prediction. We note that, in the same kinematical case, the
second Born theory of Marchalant et al. [55] predicts a larger
value of the Bμ parameter for the 1D state at the recoil region
than the theory of Godunov et al. [59]. We see a factor-of-3

difference. In this case, however, it is currently unclear why
such a strong discrepancy is observed. This anomaly should
be investigated further. The second Born calculation shown
in Fig. 9 is in fair agreement with experiments except for
the smaller ejected-electron angles where the binary peak in
the present experiment is displaced further away from the
direction of the momentum transfer (shown as an arrow in
the figure). The manifest difference, which becomes obvious
when comparing theory and experiment, is increasing relative
recoil peak intensity in Fig. 9(b) for the 1P o resonance, which,
conversely, decreases in all experiments.

Figure 10 compares the (e,2e) ejected-electron spectra of
the first and second Born calculations of Godunov et al. [59]
and Marchalant et al. [55] with the present and previous
experimental data in the binary and recoil peak direction,
50◦ and −130◦. The agreement between the second-order
theory and experiment is particulary good. At −130◦, the
second Born calculation of Godunov et al. [59] gives 1D

and 1P o resonances of comparable height, while the present
and previous experiments indicate that the 1D resonance
is higher than the 1P o resonance. However, the shape of
the experimental data and second Born cross sections of
Marchalant et al. [55] shows good agreement, although
the second-order results for the Aμ and Bμ parameters are
much larger than experiment. Nevertheless, the second Born
approximation of Marchalant et al. [55] predicts that the 1D

peak will be slightly larger than the 1P o peak, while the first
Born approximation predicts that the 1D contribution will only
be a small shoulder on the low-energy side of a pronounced
1P o peak.
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FIG. 9. (Color online) Helium (e,2e) ejected-electron angular
distributions for 250 eV electrons scattered through −13◦and for (a)
direct ionization, (b) (2s2p) 1P o, and (c) (2p2) 1D states. The vertical
bars represent the experimental results and include statistical errors.
Full circles denote our experimental results, while the triangles and
squares are those of Lower and Weigold [36] and McDonald and
Crowe [38]. The arrows indicate the momentum transfer direction.
The direct ionization cross section has been obtained at an ejected-
electron energy of 34.5 eV. Theoretical results of Godunov et al. [59]:
Solid line, second Born calculations with CIFS (GMSC-B2 + CIFS);
dashed line, first-order Born approximation calculations (GMSC-B1).

IV. SUMMARY AND CONCLUSION

In this paper we have presented recent measurements of the
doubly and triply differential cross sections for autoionizing
states of helium in the energy region of the (2p2) 1D and (2s2p)
1P o resonances using a newly developed (e,2e) spectrometer.
Asymmetric coplanar kinematics have been used to study
the autoionizing (e,2e) spectra. These results have shown the
contrasting roles of the nondipole transition of the (2p2) 1D

and the (2s2p) 1P o dipole one. For most cases, the resonance
profiles and parameters agree well with previous experimental
results. However, some differences were found at forward
and backward directions compared with previous experimental
studies. These differences in the shape and magnitude of the
cross sections are attributed to the different incoming electron
energies used in the experiments.

Comparing the TDCS results at the resonance energies
where ionization can be formed either directly or indirectly

FIG. 10. (Color online) (e,2e) ejected-electron spectra for
250-eV incident energy and −13◦ scattering angle in the binary and
recoil peak direction, 50◦ and −130◦. The upper panel shows the first
and second Born calculations and the lower panel the experimental
measurements.

via an autoionizing state provides us with the opportunity to
study the interference effects between the direct ionization and
autoionization process. For the kinematical condition investi-
gated, the yields of the 1D resonance dominates over the 1P o

resonance yield for ejection angles between −100◦and −130◦
in the recoil peak region, where autoionization dominates
direct ionization, and the resonances are clearly visible above
the direct ionization background. Therefore, the characteristics
of the TDCS are sensitive to the orbital angular momentum
L of the resonance. Our conclusions support similar findings
by deHarak et al. [61] at higher energies. Since a sensitive
test of theory is the ability to obtain the correct binary-recoil
intensity ratio, the relationship between the TDCS for different
autoionizing states is an important consideration, from the
standpoints of theory [66].

The second-order theory of Godunov et al. [59] was
found to be in good agreement with the general shape of
the resonant parameters. The Coulomb interaction in the
final state (CIFS) between the scattered electron, ejected
electron, and residual ion can strongly influence both direct
ionization and resonance parameters (f,Aμ,Bμ) around the
binary lobe. However, the 1P o resonance yield parameter
Bμ is significantly overestimated at the recoil region by a
factor of 2–4, which results in a relatively large recoil peak in
blunt contradiction to the experiment. This indicates that the
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theoretical description of the excitation with autoionization
mechanism has yet to be solved. We hope that our results will
stimulate the further development of theoretical approaches in
this field.

A further study of the angular distributions of ejected
electrons from autoionizing states at lower energies and
different scattering angles is in progress. In this way, the
momentum transfer dependence of the resonance profiles will
be explored.
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