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Using a second-order perturbative model for a “fast” incident projectile, together with a conveRgent
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 thé=2 states in Hé. 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 electronchannel to then=2 final states of Hé, these energies lie
impact ionization-excitation, particularly in the presence ofpetween then=3 andn=4 thresholds, i.e., one can expect a
autoionizing resonances, represents a major challenge {ealth of autoionizing resonances, particularly of the form
both experimentalists and theorists. With the rapid advance4, /"), to partly decay into th@=2 final ionic states. In
of computational power, it has recently become possiblenhe corresponding photoionization problem, these resonances
[1,2] to include both first-order and second-order effects inyere studied by Menzait al.[11]. In the present project, we
the interaction of a “fast” projectile with the target, com- therefore investigated the effect of such resonances for the
bined with a convergent close-coupling-type description ofkinematical situations mentioned above.
the initial bound state and the interaction between a “slow”  The principal ideas of our method were outlined in detail
ejected electron and the residual ion. by Fang and Bartschdt] and will not be repeated here.

Treating the ionization-excitation process by a combinayrthermore, the similarities and the differences between our
tion of perturbative and nonperturbative methods was alsgnethod and that of Marchalast al. [3,4] were discussed in
described by Marchalargt al. [3], who first used a three- Fang and Bartschd®]. Very briefly, we describe a fast ion-
state close-coupling expansion and later refined their methoiging projectile with incident momenturky, by a plane wave
[4] to include a convergent expansion in the evaluation of theynd obtain the ionization amplitude for two outgoing elec-

first-order term only. In our recent stuf§] of simultaneous  trons with moment, andk,, respectively, as
ionization-excitation processes, however, we noticed that the

inclusion of a convergent description for the ejected- f(Ky, Ky, ko) =By, Ky ko) + £52(ky Ky ko), (1)
electron—residual-ion interaction is important not only for
the first-order term, but also for the second-order contribuwherefB! and 82 are the first-order and second-order con-
tion to the scattering amplitude. Furthermore, resonance efributions to the scattering amplitude. We use the same close-
fects in the ejected-electron—residual-ion interaction can beoupling expansion to represent the initial target staig
important as well and, therefore, energy and angular resoltand the continuum stat¢¥, (k,)) describing the slow
tion may play a significant role in comparing experimentalejected electron in the field of the residual ion, and hence we
data and theoretical predictions for ejected-electron energiesxpect similar convergence properties for both terms. This
in the resonance regidi2]. seems advisable, since the principal effect of the second-
Although the (2°2/") resonances below the threshold order term in the calculation of observable quantities often
for ionization with excitation to the state and the 2 state comes through interference with the first-order amplitude in
of He" were studied experimentally about a decade ago byhe bilinear product of scattering amplitudes.
Lower and Weigold[5], McDonald and Crowd6], and The most important change made in the present work
Crowe and McDonaldl7], the possible effect of higher-lying compared to earlier calculations involving tRematrix with
resonances has been completely ignored to date in all pulpseudostate$RMPS expansion for the initial bound state
lished comparisons of theoretical predictions and experimernand the ejected-electron-residual-ion interacfiv®, 1,2 lies
tal data for the simultaneous ionization-excitation processin the choice of the He states included in the close-coupling
An analysis of the Hé spectrum, on the other hand, reveals expansion. As before, we used a 23-state model including ten
that such resonances might have a major effect for three dfound states and 13 continuum pseudostates, with the latter
the experimentally chosen kinematical situations in the workchosen to represent the effect of coupling to tdeuble
of Dupre et al. [8], Avaldi et al. [9], and Rouvellouet al.  ionization continuum. However, to allow for the proper treat-
[10], namely those with nominal slow-electron energies ofment of autoionizing resonances with configuration
10 eV and 9.25 eV, respectively. In the ionization-excitation(4/n/"), it was necessary to chooa# the bound states of
He" to be physical states, in contrast to the previous work
where then=4 states were chosen as pseudostates to simu-
*Also at Institute for Nuclear Physics, Moscow State University, late the coupling to the remaining members of the bound
119899 Moscow, Russia. spectrum. Note that this choice is likely to not only change
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FIG. 1. Ejected-electron energy and angle dependence of the 104 0

triple-differential cross section, in atomic uniﬁ/(z Ry sf), for
simultaneous ionization-excitation of He §)!S to then=2 (2s
+2p) states of Hé. For an incident projectile energy of 365.8 e
and an observation angle 6f=4.5° for the fast, outgoing electron
of energyE,~291.2 eV, the PWB2-RMPS results are plotted as a
function of the detection anglé, for slow-electron energies be-
tween 8.8 eV and 9.8 eV. of the slow ejected electron and the residual ion was de-

scribed by an RMPS expansion. For the experimentally cho-

. L - e combinations for the fast electron of
the previous results for slow-electron energies in the VICInltysen (energy, :ng i O
of these resonances. In fact, the amount of the change fé?91.2 eV, 4.57Y10], (570 eV, 4%)[9], and(5500 eV, 0.32°)

away from the resonances will provide an indication about

the overall convergence of the close-coupling expansion. In 0012 ——7———— 71—~ T T T

the present study, we found these changes to be sufficientl [ Ei=291.26V, 6 = 4.5° 6y = 70°

small to conclude that the principal findings about the pos-

sible effects of the (4n/") resonances on the results pre- 0.008

sented below are valid — without the need for performing

even larger calculations beyond our currently available com-

putational resources. 0.004 |-
Figures 1-3 show results for the ejected-electron energy—

and angle dependence of the triple-differential cross sectiorg

for simultaneous ionization-excitation of He?'S to the > 0.000

n=2 (2s+2p) states of Hé. These results were obtained © 0.020 (1T T

in the PWB2-RMPS model mentioned above, i.e., the inter—a 62 = 200°

action of the fast projectile with the target was described by 0.015

a plane-wave Born approximation in first at@pproximatg

second order, while the initial target state and the interaction

FIG. 3. Same as Fig. 1 for an incident projectile energy of ap-
v proximately 5575 eV and an observation angleggf 0.32° for the
fast, outgoing electron of enerdy; ~5500 eV. The slow-electron
energies range between 9.6 eV and 10.4 eV.
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s FIG. 4. Ejected-electron energy dependence of the triple-

differential cross section for simultaneous ionization-excitation of

225 He (1s?)!S to then=2 (2s+2p) states of H&. For an incident

180 projectile energy of 365.8 eV and an observation angledpf

tas 02 (de0) =4.5° for the fast, outgoing electron of energy~291.2 eV, the
PWB2-RMPS results are plotted for ejection angles of 70° and
200° for slow-electron energies between 8.8 eV and 10.2 eV. The
thick and thin solid lines represent the PWB2-RMPS and PWB1-

FIG. 2. Same as Fig. 1 for an incident projectile energy of ap-RMPS results, respectively, while the long-dashed and short-dashed

0.008

90

104 ©

proximately 645 eV and an observation angledgf4° for the fast,  lines indicate the contributions resulting from totalow electron
outgoing electron of energl,~570 eV. The slow-electron ener- plus residual ioporbital angular momenta=1 andL =2, respec-
gies range between 9.6 eV and 10.4 eV. tively.
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FIG. 5. Same as Fig. 4 for an incident projectile energy of ap- [ 61=0.32 10.02eV ----- 1

proximately 645 eV and an observation anglé@pf 4° for the fast, 010 L

outgoing electron of energlg,~570 eV. The slow-electron ener-

gies range between 9.6 eV and 10.4 eV. L
0.05

[8], the results are plotted in the vicinity of the nominal
slow-electron energies of 9.25 eV and 10 eV, respectively. As

can be seen from the figures, the potential effect of reso- 000 Lt o 01 e
nances in an experiment with finite-energy resolution should 0 45 90 135 180 225 270 315 360
certainly not be ignored. ejected electron angle (deg)
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FIG. 7. Ejected-electron angle dependence of the triple-
E, =5500eV, 6; =0.32° 0;=60° 1 differential cross section for simultaneous ionization-excitation of

0.06 He (1s?)!S to then=2 (2s+2p) states of Hé. For fast-electron
(energy, anglecombinations 0f291.2 eV, 4.5°)(570 eV, 4°), and
0.04 (5500 eV, 0.32°), the PWB2-RMPS results are plotted for slow-
electron energies around 9.25 eV and 10 eV, respectively. To illus-
trate the effect of a finite-energy resolution, the results marfkgd
002 were convoluted with a Gaussian profile of width 400 meV
= (FWHM), while the other curves are for the energies given in the
< 00 legend. The experimental data are taken from Rouvetoal. [10]
B 008 (top, normalized to the PWB2-RMPSAvaldi et al. [9] (centey,
a and Dupreet al.[8] (bottom).
0.06 To illustrate this point further, Figs. 4—6 present the
ejected-electron energy dependence of the triple-differential
0.04 f cross section in the above kinematical situations, this time

for two fixed slow-electron detection angles near the pre-
0.02 |- i dicted maxima corresponding to the binary and recoil peaks.
In addition to the PWB2-RMPS, results summed to conver-
0,00 Ezarmses s oo e gence over the partial-wave angular moment of the ejected
o6 9.8 10.0 10.2 10.4 electron, we also show the first-order PWB1-RMPS results
and the contributions from the dipol@=1) and quadrupole
(A=2) terms in the projectile-target interaction. The latter
FIG. 6. Same as Fig. 4 for an incident projectile energy of ap-two are the dominant contributions for relatively low inci-
proximately 5575 eV and an observation angledgf=4° for the  dent projectile energies, while the high-energy cdsg. 6)
fast, outgoing electron of enerdy; ~5500 eV. The slow-electron is completely dominated by the dipole term in the projectile-
energies range between 9.6 eV and 10.4 eV. target interaction, resulting in relatively small second-order
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effects and predominantly a tot@low electron plus residual The convoluted results and those for slow-electron ener-
ion) orbital angular momenturh=1. gies of 10 eV are — coincidentally in light of the dense
Finally, Fig. 7 shows comparisons of the PWB2-RMPSresonance structure — very similar in the other two cases.
predictions with the available experimental data in the abovéonsequently, there is no substantial improvement in the
cases. We see that a small change in the theoretical energgreement between theory and tfzsolute experimental
chosen for comparison can have significant effects on botHata in the magnitude of the results. As before, the agreement
the shape and the magnitude of the predictions. Also, wél shape is excellent and certainly has not deteriorated
note that the angular dependence from the calculation at tH8rough the convolution procedure. Since changing the the-
nominal ejected energy of 9.25 eV at the top of the figure iLretical energy by just 100 meV can change the magnitude of
quite different from what we obtain after convoluting with a the predlct|on$ by a fa}ctor of 2, hOW‘?Vef’ it seems clear t_hat
typical Gaussian energy profile of 400 méMWHM). (The direct comparisons without convolution could be very mis-

o) r i . leading.
actual energy resolution in the Dupes al. [8] experiment In summary, we have presented detailed results from a
was 5 eV, indicating that even their results at a nominal Y P

second-order calculation for electron-impact ionization exci-
slow-electron energy of 5 eV could be affected by reso- P

nances, particularly those associated withrtke3 threshold. tation of hel_|um for_ the energy region near the/(@")
S 4 . resonances in the ejected-electron—residual-ion channel. The
A realistic calculation for such an energy width would re-

quire a number of theoretical points beyond our current Compverall agreement with the existing experimental data is im-

putational resourceslnterestingly, our results after convolu- proved when the effect of these autoionizing resonances Is
tion are very similar in shape, but different in magnitude properly accounted for. Furthermore, previously made direct

from those obtained for the nomical energy of 9.25 eV in thecomparisons between the available experimental data and

most recent calculation by Marchalasital.[13]. Note, how- Cagj?tg%nfe\tge;h?orntﬂg'ggéeesngiggugeghﬁef’(laow electron
ever, that these particular experimental data are not absolut: '
and have been normalized to provide a good visual fit to the  This work was supported by the United States National

theoretical predictions after convolution. Science Foundation under Grant No. PHY-0088917.
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