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Resonance effects in simultaneous electron-impact ionization-excitation of helium
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Using a second-order perturbative model for a ‘‘fast’’ incident projectile, together with a convergentR
matrix with pseudostates close-coupling model for the initial bound state and the scattering of a ‘‘slow’’ ejected
electron in the field of the ion, we found a substantial effect of autoionizing resonances in simultaneous
ionization-excitation of then52 states in He1. Although widely ignored to date, we show that the effect must
be accounted for in a meaningful comparison between theoretical predictions and the available experimental
data.
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As a highly correlated process, simultaneous electr
impact ionization-excitation, particularly in the presence
autoionizing resonances, represents a major challeng
both experimentalists and theorists. With the rapid adva
of computational power, it has recently become poss
@1,2# to include both first-order and second-order effects
the interaction of a ‘‘fast’’ projectile with the target, com
bined with a convergent close-coupling-type description
the initial bound state and the interaction between a ‘‘slo
ejected electron and the residual ion.

Treating the ionization-excitation process by a combi
tion of perturbative and nonperturbative methods was a
described by Marchalantet al. @3#, who first used a three
state close-coupling expansion and later refined their me
@4# to include a convergent expansion in the evaluation of
first-order term only. In our recent study@1# of simultaneous
ionization-excitation processes, however, we noticed that
inclusion of a convergent description for the ejecte
electron–residual-ion interaction is important not only f
the first-order term, but also for the second-order contri
tion to the scattering amplitude. Furthermore, resonance
fects in the ejected-electron–residual-ion interaction can
important as well and, therefore, energy and angular res
tion may play a significant role in comparing experimen
data and theoretical predictions for ejected-electron ener
in the resonance region@2#.

Although the (2l 2l 8) resonances below the thresho
for ionization with excitation to the 2s state and the 2p state
of He1 were studied experimentally about a decade ago
Lower and Weigold@5#, McDonald and Crowe@6#, and
Crowe and McDonald@7#, the possible effect of higher-lying
resonances has been completely ignored to date in all
lished comparisons of theoretical predictions and experim
tal data for the simultaneous ionization-excitation proce
An analysis of the He1 spectrum, on the other hand, revea
that such resonances might have a major effect for thre
the experimentally chosen kinematical situations in the w
of Dupré et al. @8#, Avaldi et al. @9#, and Rouvellouet al.
@10#, namely those with nominal slow-electron energies
10 eV and 9.25 eV, respectively. In the ionization-excitati
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channel to then52 final states of He1, these energies lie
between then53 andn54 thresholds, i.e., one can expect
wealth of autoionizing resonances, particularly of the fo
(4l nl 8), to partly decay into then52 final ionic states. In
the corresponding photoionization problem, these resona
were studied by Menzelet al. @11#. In the present project, we
therefore investigated the effect of such resonances for
kinematical situations mentioned above.

The principal ideas of our method were outlined in det
by Fang and Bartschat@1# and will not be repeated here
Furthermore, the similarities and the differences between
method and that of Marchalantet al. @3,4# were discussed in
Fang and Bartschat@2#. Very briefly, we describe a fast ion
izing projectile with incident momentumk0 by a plane wave
and obtain the ionization amplitude for two outgoing ele
trons with momentak1 andk2, respectively, as

f ~k2 ,k1 ,k0!5 f B1~k2 ,k1 ,k0!1 f B2~k2 ,k1 ,k0!, ~1!

where f B1 and f B2 are the first-order and second-order co
tributions to the scattering amplitude. We use the same clo
coupling expansion to represent the initial target stateuc0&
and the continuum stateuC f

2(k2)& describing the slow
ejected electron in the field of the residual ion, and hence
expect similar convergence properties for both terms. T
seems advisable, since the principal effect of the seco
order term in the calculation of observable quantities of
comes through interference with the first-order amplitude
the bilinear product of scattering amplitudes.

The most important change made in the present w
compared to earlier calculations involving theR matrix with
pseudostates~RMPS! expansion for the initial bound stat
and the ejected-electron-residual-ion interaction@12,1,2# lies
in the choice of the He1 states included in the close-couplin
expansion. As before, we used a 23-state model including
bound states and 13 continuum pseudostates, with the l
chosen to represent the effect of coupling to the~double!
ionization continuum. However, to allow for the proper trea
ment of autoionizing resonances with configurati
(4l nl 8), it was necessary to chooseall the bound states o
He1 to be physical states, in contrast to the previous w
where then54 states were chosen as pseudostates to s
late the coupling to the remaining members of the bou
spectrum. Note that this choice is likely to not only chan

,
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the previous results for slow-electron energies in the vicin
of these resonances. In fact, the amount of the change
away from the resonances will provide an indication ab
the overall convergence of the close-coupling expansion
the present study, we found these changes to be sufficie
small to conclude that the principal findings about the p
sible effects of the (4l nl 8) resonances on the results pr
sented below are valid — without the need for performi
even larger calculations beyond our currently available co
putational resources.

Figures 1–3 show results for the ejected-electron ene
and angle dependence of the triple-differential cross sec
for simultaneous ionization-excitation of He (1s2)1S to the
n52 (2s12p) states of He1. These results were obtaine
in the PWB2-RMPS model mentioned above, i.e., the in
action of the fast projectile with the target was described
a plane-wave Born approximation in first and~approximate!
second order, while the initial target state and the interac

FIG. 2. Same as Fig. 1 for an incident projectile energy of
proximately 645 eV and an observation angle ofu154° for the fast,
outgoing electron of energyE1'570 eV. The slow-electron ener
gies range between 9.6 eV and 10.4 eV.

FIG. 1. Ejected-electron energy and angle dependence of
triple-differential cross section, in atomic unitsa0

2/(2 Ry sr2), for
simultaneous ionization-excitation of He (1s2)1S to the n52 (2s
12p) states of He1. For an incident projectile energy of 365.8 e
and an observation angle ofu154.5° for the fast, outgoing electro
of energyE1'291.2 eV, the PWB2-RMPS results are plotted a
function of the detection angleu2 for slow-electron energies be
tween 8.8 eV and 9.8 eV.
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of the slow ejected electron and the residual ion was
scribed by an RMPS expansion. For the experimentally c
sen ~energy, angle! combinations for the fast electron o
~291.2 eV, 4.5°)@10#, ~570 eV, 4°)@9#, and~5500 eV, 0.32°)

-

FIG. 3. Same as Fig. 1 for an incident projectile energy of a
proximately 5575 eV and an observation angle ofu150.32° for the
fast, outgoing electron of energyE1'5500 eV. The slow-electron
energies range between 9.6 eV and 10.4 eV.

FIG. 4. Ejected-electron energy dependence of the trip
differential cross section for simultaneous ionization-excitation
He (1s2)1S to the n52 (2s12p) states of He1. For an incident
projectile energy of 365.8 eV and an observation angle ofu1

54.5° for the fast, outgoing electron of energyE1'291.2 eV, the
PWB2-RMPS results are plotted for ejection angles of 70° a
200° for slow-electron energies between 8.8 eV and 10.2 eV.
thick and thin solid lines represent the PWB2-RMPS and PWB
RMPS results, respectively, while the long-dashed and short-da
lines indicate the contributions resulting from total~slow electron
plus residual ion! orbital angular momentaL51 andL52, respec-
tively.
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@8#, the results are plotted in the vicinity of the nomin
slow-electron energies of 9.25 eV and 10 eV, respectively
can be seen from the figures, the potential effect of re
nances in an experiment with finite-energy resolution sho
certainly not be ignored.

FIG. 5. Same as Fig. 4 for an incident projectile energy of
proximately 645 eV and an observation angle ofu154° for the fast,
outgoing electron of energyE1'570 eV. The slow-electron ener
gies range between 9.6 eV and 10.4 eV.

FIG. 6. Same as Fig. 4 for an incident projectile energy of
proximately 5575 eV and an observation angle ofu154° for the
fast, outgoing electron of energyE1'5500 eV. The slow-electron
energies range between 9.6 eV and 10.4 eV.
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To illustrate this point further, Figs. 4–6 present t
ejected-electron energy dependence of the triple-differen
cross section in the above kinematical situations, this ti
for two fixed slow-electron detection angles near the p
dicted maxima corresponding to the binary and recoil pea
In addition to the PWB2-RMPS, results summed to conv
gence over the partial-wave angular moment of the ejec
electron, we also show the first-order PWB1-RMPS resu
and the contributions from the dipole~l51! and quadrupole
~l52! terms in the projectile-target interaction. The latt
two are the dominant contributions for relatively low inc
dent projectile energies, while the high-energy case~Fig. 6!
is completely dominated by the dipole term in the projecti
target interaction, resulting in relatively small second-ord

-

-

FIG. 7. Ejected-electron angle dependence of the trip
differential cross section for simultaneous ionization-excitation
He (1s2)1S to then52 (2s12p) states of He1. For fast-electron
~energy, angle! combinations of~291.2 eV, 4.5°),~570 eV, 4°), and
~5500 eV, 0.32°), the PWB2-RMPS results are plotted for slo
electron energies around 9.25 eV and 10 eV, respectively. To il
trate the effect of a finite-energy resolution, the results marked~c!
were convoluted with a Gaussian profile of width 400 me
~FWHM!, while the other curves are for the energies given in
legend. The experimental data are taken from Rouvellouet al. @10#
~top, normalized to the PWB2-RMPS!, Avaldi et al. @9# ~center!,
and Dupre´ et al. @8# ~bottom!.
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effects and predominantly a total~slow electron plus residua
ion! orbital angular momentumL51.

Finally, Fig. 7 shows comparisons of the PWB2-RMP
predictions with the available experimental data in the ab
cases. We see that a small change in the theoretical en
chosen for comparison can have significant effects on b
the shape and the magnitude of the predictions. Also,
note that the angular dependence from the calculation a
nominal ejected energy of 9.25 eV at the top of the figure
quite different from what we obtain after convoluting with
typical Gaussian energy profile of 400 meV~FWHM!. ~The
actual energy resolution in the Dupre´ et al. @8# experiment
was 5 eV, indicating that even their results at a nomi
slow-electron energy of 5 eV could be affected by re
nances, particularly those associated with then53 threshold.
A realistic calculation for such an energy width would r
quire a number of theoretical points beyond our current co
putational resources.! Interestingly, our results after convolu
tion are very similar in shape, but different in magnitud
from those obtained for the nomical energy of 9.25 eV in
most recent calculation by Marchalantet al. @13#. Note, how-
ever, that these particular experimental data are not abso
and have been normalized to provide a good visual fit to
theoretical predictions after convolution.
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The convoluted results and those for slow-electron en
gies of 10 eV are — coincidentally in light of the dens
resonance structure — very similar in the other two cas
Consequently, there is no substantial improvement in
agreement between theory and the~absolute! experimental
data in the magnitude of the results. As before, the agreem
in shape is excellent and certainly has not deteriora
through the convolution procedure. Since changing the t
oretical energy by just 100 meV can change the magnitud
the predictions by a factor of 2, however, it seems clear t
direct comparisons without convolution could be very m
leading.

In summary, we have presented detailed results from
second-order calculation for electron-impact ionization ex
tation of helium for the energy region near the (4l nl 8)
resonances in the ejected-electron–residual-ion channel.
overall agreement with the existing experimental data is
proved when the effect of these autoionizing resonance
properly accounted for. Furthermore, previously made dir
comparisons between the available experimental data
calculations for the nominal energy of the slow electr
should be revised for the cases discussed here.
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