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Equal-energy-sharing„e,2e… ionizing collisions in argon
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Triple differential cross sections~TDCS! of the argon 3s and 3p outer shells were obtained from electron-
impact ionization (e,2e) experiments with coplanar equal-energy sharing scattering geometries. The advan-
tages of a new asymmetric equal-energy-scattering geometry are described. Data are reported for incident
electron energies of 2020, 1220, 620, and 420 eV. Measurements extend to the high-binding momentum region
of the TDCS. The data are compared with recent distorted-wave calculations, with a view to determining the
range of validity of the models for coplanar equal-energy-sharing kinematics.@S1050-2947~98!03805-0#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Selected kinematics in (e,2e) measurements of triple dif
ferential scattering cross sections~TDCS! of selected atomic
states can probe details of atomic structure@1,2#, or of the
collision dynamics@3#. In an (e,2e) collision an incident
electrone0(E0 ,k0) ionizes an electron from a target atom
molecule and the outgoing electrons are conventionally
beled scatteredes(Es ,ks), and ~with lower energy! ejected
ee(Ee ,ke), where each has an energyE and momentumk
with the relevant subscripts. The kinematics of an (e,2e)
event are fully determined, except~usually! for the electron
spin. By energy conservation, the separation energyEsep of
the bound target electron isEsep5E02Es2Ee , and by mo-
mentum conservation the target electron binding momen
is q5uk02ks2keu. The momentum transfer in an (e,2e)
collision isK5k02ks and is largest when the outgoing ele
trons have equal energies.

Many quantum-mechanical scattering models are used
the (e,2e) interaction with varying degrees of success. Tw
of the more successful models are the impulse approxima
and the Born approximation. Within these approximatio
the incident and outgoing electrons are described by p
waves, leading to the PWIA and PWBA models, or by d
torted waves, giving the DWIA and DWBA scattering mo
els.

The plane-wave models essentially ignore electron in
actions with the target atom and the residual ion, and
expected to be valid only when the electron energies are
and the target and residual ion can be treated as spect
that take no part in the event. In this way the (e,2e) collision
can be treated as a direct knock-out of the target electron
the incident electron. The PWIA is qualitatively good up
about q51 a.u., even far from bound-electron Bethe rid
@4# kinematics.

In the distorted-wave models the electron wave functio
are calculated in the appropriate distorting potential that
cludes the electron interactions with the target and resid
ion. The distorted-wave models have been shown to be m
generally applicable, and are often valid even for quite l
electron energies. The DWIA model@1# is known to be a
571050-2947/98/57~5!/3565~8!/$15.00
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good approximation up to aboutq52 a.u. for both noncopla-
nar and Bethe ridge conditions, with incident energ
greater than about 1000 eV. The DWBA is good near
Bethe ridge, and is quite good, at least qualitatively@5#, far
from the Bethe ridge. The distorted-wave models tend to
less good when the incident electron energy is low and
outgoing electrons are detected in coplanar symmetric eq
energy conditions.

For coplanar symmetric kinematics, scattered and ejec
electrons are detected with equal energiesE5Es5Ee , at
equal angles on opposite sides of the incident electron be
and the incident electron energy isE052E1Esep. The prob-
ability of close electron-electron collisions is maximized a
the electron-electron interactions become relatively imp
tant. This geometry provides a good test of scattering
proximations because the bound electron momentumq and
the momentum transferK vary by large amounts.

Distortion effects become relatively important in the hig
q region of the wave function that represents essentially
inner region of the atom. The validity of distorted-wav
models in the high-q region of the wave functions is not we
established, mostly because the TDCS are relatively sm
and are difficult to measure with suitable statistical accura
In some instances, for example, for 1200-eV incident ene
and about 600-eV outgoing electron energy, the availa
experimental data@6,7# differ, and a definitive statemen
about the applicability of the models in the high-q region
cannot be made. The high-q region was studied@8# with
coplanar symmetric scattering at 200-eV incident ener
with a view to determining the roles of postcollision intera
tions between the outgoing electrons and elastic scatterin
the incident electron from the nucleus prior to ionizati
~which is represented in distorted-wave models!. Recently,
Rioualet al., @9# cited a number of investigations of He, N
Xe, and Ar, and of selected molecules, that used symme
energy sharing kinematics. The helium data were matc
well by the DWBA calculations@10#.

Argon is a heavier atom and the structure is more co
plex than helium, so distortion effects might be expected
become more important sooner. Measurements on Xe@11#
and Ne@12# showed the DWBA model calculations were n
3565 © 1998 The American Physical Society
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as good for heavier targets at low energies. DWBA calcu
tions for the high-q region were in reasonable agreeme
with recent low-energy symmetric (e,2e) measurements on
argon @13#, but the agreement at smaller angles was qu
poor.

New data are reported here from coplanar equal-ene
sharing (e,2e) measurements of the argon 3s21

(Esep529.24 eV) and 3p21 (Esep515.76 eV) atomic states
with a range of incident electron energies from 420 to 20
eV, with data extending well into the high-q region of the
TDCS. The data are compared with the DWIA and DWB
models, with a view to determining the validity of the mo
els for coplanar equal-energy-sharing kinematics. Some l
tations of the models are exposed, particularly when
electron-electron interactions are relatively strong at low
cident energies and small relative scattering angles. The
planar asymmetric equal-energy-sharing geometry has
been used often, and some of the advantages of this ge
etry will be described. Section II briefly describes t
distorted-wave models, and Sec. III describes the multich
nel (e,2e) spectrometer used for this work. Calibratin
(e,2e) measurements of the helium 1s21 state are discussed
Section IV discusses data from the coplanar equal-ene
sharing measurements on argon 3s21 and 3p21 states.

II. DISTORTED-WAVE MODELS

The (e,2e) TDCS for electron-impact ionization of
single electron from an inert target atom is

d5s

dVsdVedEe
5~2p!4

kske

k0
(
av

uTf~ks ,ke ,k0!u2 ~1!

with

Tf~ks ,ke ,k0!5^ks ,keuTuak0&. ~2!

The expression in Eq.~1! includes a sum over final and av
erage over initial magnetic and spin state degeneracies,
dV5sinu du df. The Tf matrix in Eq. ~2! is the reaction
amplitude, it couples the initial statesa and the final states
Tf includes interactions between the incident and target e
trons and the nucleus. It is the part of the TDCS that is
subject of approximation.

In the distorted-wave Born approximation calculation

Tf[^x2~ks!x
2~ke!un3uax1~k0!&. ~3!

The electron-electron potentialn3 is responsible for ioniza-
tion. The initial statea contains an electron bound to th
atom core with separation energyEsep. The distorted waves
for the incident and scattered electrons,x1(k0) andx2(ks),
respectively, are calculated in a potentialU15^aun1
1n3ua&. The scattered electron interacts with the inert c
via the potentialn1 , with the addition of a spin-average
exchange term. A suitable potentialn2 that describes the
interaction of the outgoing ‘‘ejected’’ electron with the ta
get’s ion core is used to calculatex2(ke). For a many-
electron atom the Hartree-Fock potential is suitable.

In the plane-wave impulse approximation it is assum
that electron interactions with the core can be ignored,
the electron-electron Coulomb interaction is treated exa
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using theT matrix t3 for the Coulomb potentialn3 . Because
the interaction is translationally invariant the impulse a
proximation permits factorization of the reaction amplitu
Tf into a collision factor and a structure term. The impul
approximation is usually only valid for high electron kinet
energies, but this condition is relaxed by replacing the pla
waves with distorted waves in the structure factor, keep
the factorization. The distorted waves are constructed in
same way as in the DWBA, and the DWIAT-matrix element
is

Tf[^k8ut3uk&^x2~ks!x
2~ke!uax1~k0!&, ~4!

wherek5 1
2 (ks2ke) andk85 1

2 (k02q). The parameterq is
the target electron momentum, calculated by moment
conservation, its magnitude was given earlier. The factor
tion approximation in the DWIA is not exact, and th
electron-electron collision cannot be treated as a free c
sion except on or very near the Bethe ridge. As the DW
does not properly account for the electron-ion interaction
is expected to be a relatively poor approximation in the hig
q region of the TDCS.

The DWIA takes account of postcollision electro
electron interaction~PCI! effects, since the electron-electro
T matrix describes the whole interaction. In contrast,
DWBA does not take account of the PCI effects, but th
can be included by using effective charges to calculate
distorted waves. Sometimes the Gamow factor,G(n)
52pn/@exp(2pn)21#, where n51/uks2keu is used as a
scaling factor in the DWBA to approximate PCI effects. T
Gamow factor is a factor in theT matrix.

III. EXPERIMENT

Measurements of argon 3s21 and 3p21 state TDCS have
often been restricted toq,2 a.u. by the limiting detection
efficiency of the apparatus. A multiparameter coinciden
detection system@14# allowed simultaneous acquisition o
data from the 3s21 and 3p21 energy-loss peaks, and signifi
cantly reduced the uncertainty associated with each d
point for a given acquisition time. The two electron ener
analyzers were identical 180° electrostatic analyzers with
put optics designed to operate with a deceleration ratio o
to 50:1. The crucial feature of each analyzer that mad
ideal for the TDCS measurements was the output of
position-sensitive detector formed by two microchann
plates and a resistive anode. Each resistive anode image
an energy-dispersed scattered electron signal with an en
range of about 30% of the pass energy of the analyzer.
optimization and operation of the apparatus are discus
elsewhere@15#.

The acceptance angle of each detector was 2.7°, and
coincidence energy resolution was 2.560.2 eV, sufficient to
separate the argon 3p21 state at 15.76 eV and the 3s21 state
at 29.24 eV. The coincidence time resolution was 0.8
with a time walk@16# of less than 0.12 ns per histogram ce
resulting from different electron paths through the analyz
The background signal intensity from accidental coin
dences was small in equal-energy-sharing geometries,
the signal-to-noise ratio was usually better than 10:1. T
target gas was admitted through a 0.3-mm-diameter sin
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FIG. 1. Helium 1s21 TDCS measured in coplanar asymmetric equal-energy-sharing geometry for incident electron energies of~a! 1220
eV, ~b! 620 eV, and~c! 420 eV. The angle acceptances and energy resolution are folded into the calculated DWBA~ !, and DWIA ~----!
TDCS.
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orifice gas jet. The 4-mA incident electron beam had a diam
eter of less than 1 mm with small divergence at energ
around 1000 eV, and an energy spread of about 0.75 eV.
beam broadened to more than 1.5 mm at 400 eV, but t
showed that the ejected electron analyzer viewed the s
interaction volume from all detection angles.

Some of the measurements were done with coplanar e
energy sharing conditions, but with asymmetric scatter
geometry in which the scattered electron detector was fi
on the bound-electron Bethe ridge at about 45°. The eje
electron detector was scanned through a range of angle
the opposite side of the incident beam, from 21° to 11
Data were limited to the binary scattering peak because
detector dimensions prevented operation with both detec
on the same side of the incident electron beam. The eq
energy-sharing asymmetric scattering geometry offered
experimental advantages of a fixed reference signal from
scattered electron detector that was used to correct for v
tions in the target gas intensity or incident electron curre
Another advantage was that this geometry had constant
mentum resolution as the ejected electron detector was s
over the angular range of interest, in contrast to truly sy
metric geometries where the momentum resolution va
significantly@17#. The momentum transferK is constant and
electron exchange effects are small, so the Mott scatte
factor remains constant. Also, the angular range for a gi
variation ofq is broader by as much as a factor of two th
for truly symmetric~energy and angle! measurements. Thi
feature reduces the importance of small angular acceptan
and so improved the coincidence data acquisition rates
high q, where there was a need to test calculated TDCS d

Double-differential cross section~DDCS! and TDCS data
for particular experimental conditions were obtained sim
taneously, and the DDCS data were used to normalize
TDCS data. The DDCS data were compared with a se
empirical binary encounter model@18#. That model was only
expected to be a good representation when the dipole in
action is small, such as for hydrogen and helium. The exp
s
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mental TDCS data are not absolute, but because the a
3s21 and 3p21 TDCS were simultaneously obtained, th
relative magnitudes could be compared easily. The ar
data were scaled to obtain the best fit to the 3p-state TDCS
calculated by the DWBA, that included the 3p21 spectro-
scopic factor of 0.95@1#. The TDCS of the observed 3s21

state at 29.24 eV was then adjusted to match the scaled
perimental intensity. The scaling factor required to achie
agreement between the calculated and observed 3s21 TDCS
is the spectroscopic factor for the 3s21 state, known to be
0.55 when measured using non-coplanar symmetric kinem
ics @19#. The spectroscopic factors are independent of
incident energy.

IV. RESULTS

A. Characterization with helium

Helium is a suitable target to use when characterizing
performance of the (e,2e) apparatus, as the TDCS are rel
tively large and are well understood for intermediate a
high incident electron energies. Some of the helium TD
data acquired using coplanar asymmetric equal-ene
sharing kinematics are shown in Fig. 1, and compared w
the distorted-wave model calculations. The incident elect
energies were~a! 1220 eV,~b! 620 eV, and~c! 420 eV. The
DWBA is shown in each plot as a solid line and the DWI
by a dotted line. The standard error is plotted for each d
point, but often the uncertainty is smaller than the size of
data symbol. The experimental data were scaled to give
best visual fit to the calculated (e,2e) TDCS, and the vertical
logarithmic scales in parts~a!, ~b!, and~c! are identical.

A distinction between the distorted-wave Born and im
pulse approximations could not be made from the 1220
data; both appear equally applicable in the observed ang
range. The distorted-wave models are expected to work q
well at 620 eV, and the data in Fig. 1~b! show the DWBA
and DWIA are quite indistinguishable, even at high ejec
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FIG. 2. Argon 3s21 TDCS measured in coplanar asymmetric equal-energy-sharing geometry with incident electron energies of~a! 2020
eV, ~b! 1220 eV,~c! 620 eV and~d! 420 eV. The angle acceptances and energy resolution are folded into the calculated DWBA~ !, and
DWIA ~----! TDCS.
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electron angles, corresponding to highq. The high statistical
accuracy of the data obtained using this (e,2e) apparatus
showed that in the 420-eV data the DWIA calculation und
estimated slightly the TDCS for highq, and incorrectly pre-
dicted the direction of maximum momentum transferK ~but
by less than 1°!, given by the position of the maximum in th
TDCS.

B. Coplanar asymmetric equal-energy-sharing argon data

Measurements were conducted on the argon 3s21 and
3p21 states in coplanar asymmetric equal-energy-sha
geometry. The 3s21 and 3p21 data were acquired simulta
neously, but are plotted separately for clarity. The data
compared with the DWBA and DWIA calculated TDCS
-

g

re

Figures 2~a! and 3~a! show the 3s21 and 3p21 data, respec-
tively, acquired with an incident energy of 2020 eV. Th
scattered and ejected electron energies were each 1000
The 3s21 data show a single peak at a detection angle c
responding toq50 a.u. The 3p21 data show two maxima
resulting from binary collisions in which the target electro
ejected from the atom has a particular momentum. The
peak at smaller angle, whereq,0 a.u., corresponds to th
incident and target electrons having momenta in the sa
direction, and the second peak at larger angles, wherq
.0 a.u., is where the incident and target electron mome
are in opposite directions. The minimum between the pe
corresponds toq50 a.u., which has zero probability. Th
observation of the binding momentumq in the electron col-
were
FIG. 3. Argon 3p21 TDCS measured in coplanar asymmetric equal-energy-sharing geometry. The incident electron energies~a!
2020 eV,~b! 1220 eV,~c! 620 eV, and~d! 420 eV. The angle acceptances and energy resolution are folded into the calculated DWBA~ !,
and DWIA ~----! TDCS.



in the
e
nd

57 3569EQUAL-ENERGY-SHARING (e,2e) IONIZING . . .
TABLE I. Coplanar asymmetric equal-energy-sharing kinematics fitting parameters used to obta
best visual fit of the observed argon 3s21 and 3p21 TDCS to the calculated DWBA and DWIA TDCS for th
listed incident electron energies. The numbers in~ ! indicate the uncertainty in the last digit in the scaling a
angle parameters.

DWBA DWIA Ratio of
Incident Sum factor Angle shift Sum factor Angle shift DWBA to

energy~eV! 3s 3p ~degrees! 3s 3p ~degrees! DWIA

2000 0.50~2! 0.95 0.1 ~2! 0.51 ~2! 0.95 0.0 ~2! 1.49 ~5!

1200 0.48~2! 0.95 20.6 ~2! 0.50 ~2! 0.95 20.6 ~2! 1.57 ~4!

600 0.48 ~2! 0.95 0.0 ~2! 0.52 ~2! 0.95 20.4 ~2! 1.74 ~4!

400 0.52 ~3! 0.95 20.2 ~2! 0.52 ~3! 0.95 20.8 ~2! 2.03 ~5!
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lision is distorted by momentum transfers due to the rema
der of the target, represented in the calculations by disto
waves. This reduces the depth of the minimum. The fin
momentum resolution of the apparatus also reduces
depth. Our analysis suggests that even a slight azimu
misalignment of the electron detectors~less than 0.1°! from
the coplanar condition has a large effect on the momen
resolution in the region nearq50 a.u.

The 3s21 and 3p21 data were simultaneously acquire
providing an accurate method of comparing the relat
TDCS magnitudes predicted by the model calculations. T
3p21 data in Fig. 3 were scaled to provide the best visua
to the 3p21 DWBA TDCS for positiveq, corresponding to
detection anglesue greater than about 45°, and included t
accepted spectroscopic factor of 0.95@1#. In Fig. 2, the cal-
culated 3s21 TDCS were adjusted to obtain the best visual
to the 3s21 data. Similar data are shown in Figs. 2 and 3
incident electron energies of~b! 1220 eV,~c! 620 eV, and~d!
420 eV. The experimentally detennined 3s21 spectroscopic
factor for the observed state at 29.24 eV and the ang
shifts required for the best visual fit between the obser
TDCS and the TDCS using the DWIA and DWBA mode
are presented in Table I. In general for asymmetric eq
energy-sharing kinematics, the observed 3s21 spectroscopic
factor was consistently about 10% smaller than expected
all incident electron energies and for both scattering mod
Also, the DWIA model predicted smaller TDCS than th
DWBA, with the difference increasing as the incident ener
decreased. Both models predicted the direction of maxim
intensity quite well, given that there is uncertainty of60.2°
in the detection angles. However, the DWIA TDCS need
to be shifted an additional20.4° for the 620-eV and an extr
20.6° for the 420-eV data than the relevant DWBA calc
lated TDCS.

For 1220-eV incident energy, with scattered and ejec
electron energies of 600 eV each, the data for the 3s21 and
3p21 peak are shown in Figs. 2~b! and 3~b!. Similar mea-
surements were reported previously@6,7# but different con-
clusions about the accuracy of the DWBA calculation we
made in both cases, and were prompted mainly by differ
experimental observations in the high-q region. These data
which extend to higherq than either of the previous mea
surements, show the DWBA calculation compares well, e
at highq, for the 3s21 and 3p21 states.

When the incident electron energy was lowered to 620
and the scattered and ejected electron energies were 30
each, the TDCS data for the argon 3s21 and 3p21 states
-
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shown in Figs. 2~c! and 3~c!, respectively, were obtained
The shape of the DWBA calculation for the 3s21 state agrees
well with the data, but the DWIA calculation predicts a min
mum in the 3s21 cross section near 65° that is not present
the experimental data. The DWIA is expected to be less
plicable as the energy of the electrons decreases becaus
factorization approximation becomes less good. Also,
impulse approximation is less valid for low electron energ
as collisions are further from the free-electron condition.
simultaneously detecting the 3s21 and 3p21 TDCS, it was
observed that the DWBA overestimates the 3p21 TDCS by
5% at small scattering angles. The DWIA model does
predict the shape of the 3s21 or 3p21 distribution as well as
the DWBA and, at ejected electron angles greater than ab
85°, the DWIA overestimates the 3p21 TDCS.

Data obtained with 420-eV incident energy are shown
Figs. 2~d! and 3~d!. The agreement between the observ
3s21 TDCS and the calculated DWBA TDCS is good, b
the DWIA does not agree well. At small detection angles
agreement for the 3p21 state between experiment and th
calculated models is good, although the agreement at la
angles appears to deteriorate, and the DWIA is poor neaq
50 a.u.

C. Coplanar symmetric argon data

Data for coplanar symmetric scattering TDCS were o
tained with the same incident energies as the coplanar as
metric equal energy sharing data discussed above. The s
metric energy-sharing geometry is expected to be the m
revealing test of the DWBA as postcollision interactions
the final state become more important and, as noted ea
the DWBA does not contain this interaction explicitly. Th
3s21 symmetric TDCS data were normalized to the 3s21

asymmetric TDCS at the common detection angle of 4
Data for the 3s21 and 3p21 states are plotted in Figs. 4 an
5, respectively, and are compared with the DWBA a
DWIA calculations. Unfortunately the physical size of th
electron detectors prevented measurements from exten
to relative scattering angles less than about 64°~each detec-
tor at 32°!, where the predicted TDCS show some interest
structure. The data were treated in the same way as the a
metric data, and the spectroscopic factor of the obser
3s21 state at 29.24 eV and the angular shifts required for
best visual data fits are presented in Table II. In general
symmetric equal-energy-sharing kinematics, the spec
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FIG. 4. Argon 3s21 TDCS as for Fig. 2, but for coplanar symmetric scattering geometry.
e-
IA
r-

m
p

na

c

e

i
f
n

4
n

was

of
ter
s
ly
es
g
al-
rgy

per
scopic factor for the 3s21 state was within one standard d
viation of the expected value of 0.55. Once again the DW
TDCS was smaller than the DWBA TDCS, and the diffe
ence increased as the incident energy decreased. Both
els predicted the direction of maximum intensity well, exce
in the 420-eV data. As well, in the 420-eV data an additio
shift of 20.860.2° in the calculated 3p21 DWIA TDCS was
required relative to the 3s21 TDCS.

The observed TDCS for the 3s21 and 3p21 states of ar-
gon measured in coplanar symmetric geometry with an in
dent energy of 2020 eV is shown in Figs. 4~a! and 5~a!,
respectively. With such high incident electron energy ev
the DWIA is a good model. The angular range of the 3s21

TDCS is only about two-thirds of the range measured
asymmetric geometry at the same incident energy. Data
an incident electron energy of 1220 eV, with scattered a
ejected electron energies of 600 eV, are shown in Figs.~b!
and 5~b!. These data show the shapes of the DWBA a
od-
t
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n

n
or
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d

DWIA calculation compare well for the 3s21 and 3p21

states, however, it appears that the apparatus limit
reached at high scattering angles where the observed 3s21

TDCS flattens out. This may have prevented observation
the minimum predicted by both models. At angles grea
than 70° the observed 3s21 true coincidence signal rate wa
less than about 131023 events/sec. Even at this relative
high incident electron energy the DWBA overestimat
slightly the 3p21 TDCS at small scattering angles, indicatin
that electron-electron interactions in the final state may
ready be important. Data for 620-eV incident electron ene
are shown in Figs. 4~c! and 5~c!, and for 420-eV incident
energy in Figs. 4~d! and 5~d!. The DWIA is a reasonable
approximation in both instances, but it predicts dee
minima than observed at highq. In Figs. 5~c! and 5~d! the
agreement of the DWBA with the observed 3p21 TDCS
where q.0 a.u. is good, and the 3s21 TDCS is predicted
well at all angles for all incident electron energies.
FIG. 5. Argon 3p21 TDCS as for Fig. 3, but measured in coplanar symmetric scattering geometry.
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TABLE II. As for Table I, but for coplanar symmetric geometry.

DWBA DWIA Ratio of
Incident Sum factor Angle shift Sum factor Angle shift DWBA t

energy~eV! 3s 3p ~degrees! 3s 3p ~degrees! DWIA

2000 0.55~2! 0.95 20.4 ~2! 0.53 ~2! 0.95 20.4 ~2! 1.46 ~4!

1200 0.56~2! 0.95 20.4 ~2! 0.52 ~2! 0.95 20.2 ~2! 1.52 ~4!

600 0.56 ~1! 0.95 20.4 ~2! 0.55 ~1! 0.95 20.6 ~2! 1.74 ~4!

400 0.52 ~3! 0.95 20.2 ~2! 0.51 ~3! 0.95 21.3 ~2! 2.15 ~5!
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It is notable that the DWIA and especially the DWBA fa
for the 3p21 state at scattering angles less than 45° wh
q,0 a.u. Simultaneous acquisition of the 3s21 and 3p21

states using this apparatus provides the necessary evid
that the difference observed at small angles in the 3p21

TDCS is more likely to originate from the calculations rath
than from an experimental effect. The DWIA model could
expected to be poor due to breakdown of the impulse
proximation at low energies. The inclusion of electron-i
interactions by using the DWBA does nothing to improve t
comparison forq,0 a.u., but the agreement for largeq
.0 a.u. is significantly better. A similar situation was o
served@20# in argon data on the Bethe ridge for an incide
electron energy of 1000 eV and ejected electron energ
120 eV, where the DWBA overestimated slightly the 3p21

TDCS for small scattering angles whereq,0 a.u. The post-
collision electron-electron interactions~PCI! are automati-
cally included in the DWIAT matrix, but as noted earlier
the DWBA does not explicitly include the PCI effects fo
lowing the collision. This omission is corrected to some e
tent by including the Gamow factor, described earlier, in
DWBA. The PCI effects would be largest for small relativ
scattering angles and would therefore tend to reduce the
dicted TDCS at low angles if they could be properly a
counted for. However, the experimental evidence sugg
that the Gamow factor does not adequately account for
effects, and an alternative method of including PCI effects
the distorted-wave calculations may be required.
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V. CONCLUSIONS

A systematic study of the argon 3s21 and 3p21 TDCS for
coplanar equal-energy sharing kinematics has provide
good test of the validity of the DWBA and DWIA scatterin
models in this kinematics. In particular, coplanar symme
data show the models systematically overestimated
TDCS of the argon 3p21 state forq,0 a.u. as the inciden
electron energy was decreased from 2020 to 420 eV.
agreement was worst at 420 eV, even when the Gamow
tor was included in the DWBA model. The same da
showed that the DWBA worked well in the same ener
range forq.0 a.u. for the 3p21 state, and at all values ofq
for electrons ionized from the argon 3s and helium 1s orbit-
als. The DWBA and DWIA models were tested for the fir
time using a relatively new coplanar asymmetric equ
energy-sharing kinematics. The DWBA was in good agr
ment with the experimental data over the range 420–2
eV incident electron energy, while agreement with t
DWIA was limited to 2020 and 1220 eV incident energie
andq.0 a.u.
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