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Time-dependent close-coupling studies of the electron-impact ionization of excited-state helium
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The time-dependent close-coupling theory is applied to the study of the electron-impact ionization of helium
from the excited (%2s) configuration. Calculations are made in an effort to resolve the discrepancy between
theoretical calculations and existing experimental measurements for this cross section. We find good agreement
with the existing convergent close-coupling calculations of Bray and Hurdahys. B28, L197 (1995], but
are in substantial disagreement with the experimental measurements of this quantity byeDatdd. Phys.

B 9, 2617(1976].
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I. INTRODUCTION [6—8], and in general, theory is found to be in good agree-
ment with experiment. The time-dependent close-coupling
The electron-impact ionization of helium is the secondmethod has also been used to calculate both the total integral
most simple electron-atom scattering problem, after theand single differential cross sections for heliy8l; again
electron-hydrogen problem. Due to its practical experimentalery good agreement was found with experiment for both
advantages it has been studied extensively by experimewgtses. Also, the semiempirical binary-encounter dipole
over many years. As well as its importance in the undermethod has been applied to heliddD]. At very high inci-
standing of fundamental atomic physics, helium is also anlent electron energiegip to 10 ke good agreement was
important element in fusion plasma devices, where it hasound with experiment.
been used extensively as a diagnostic in recent yedrs In this paper, we examine electron-impact ionization of
This use in fusion physics has demonstrated the need fQfelium from the excited (42s) configuration, using the
accurate electron-impact ionization cross sections from exjme.dependent close-coupling method. Our calculations are
cited states of atoms. The cross sections from all excitegh54e in an effort to resolve discrepancies between theory

states must be known to accurately estimate the ionizatiog,y eyneriment for electron scattering from the metastable

i h ated i : v %tates of helium. The CCC method, while giving good agree-
€ most populated, sometimes extremely large Cross Segg. i ¢4y the total ionization cross section from the ground

tions arising from ionization from excited states counteracts . . .
o ; . ) o state of helium, gives cross sectidds11] that are almost a
this in making these cross sections just as critical. Recentl

there has been a joint theoretical study of the electron-impaﬁ’f’lc.tor (.)f two lower than ?xperlmental measurem@h@ for
ionization of lithium from its ground and first excited state, lonization from the 32s 'S states. This anqmaly with ex-
where excellent agreement was obtained between three lea€"iMment also extends to studies of electron-impact excitation
ing nonperturbative techniquel?]. The extremely large ©Of helium. Whereas for electron-impact excitation from the
cross section calculated from the excited state, as well as tH#ound state there is good agreement between CCC calcula-
very large differences between these calculations and pertufions, R matrix with pseudostate@®MPS [13] calculations,
bative distorted-wave theoretical calculations, has highand experimental measurements; for electron-impact excita-
lighted the need for further study of electron-impact ioniza-tion from the metastable €Ps) °S state of helium, there
tion from excited states. are large differences between theory and experiment. For ex-
With this in mind, we now turn our attention to the citation of then=2 states from the (42s) °S state, the
electron-impact ionization of helium from its first excited CCC and RMPS theories are in very good agreement with
state. In recent times, theory has attempted to match the levehch other, but are up to a factor of two lower than experi-
of experimental study of helium by application of many lead-mental measuremen{d4,15. This problem remains unre-
ing nonperturbative theoretical techniques. The most comsolved.
prehensive application of theory to the electron-helium sys- In our calculations, we use a configuration-average ap-
tem to date has been by the convergent close-couplingroximation for the $2s configuration and resolve our ion-
(CCO method. This method has been used to investigatézation cross sections from th&S or 3S states using the
electron-helium scattering over a wide range of incident eleceorresponding branching ratios, as used in previous
tron energie$3,4] and has generally given excellent agree-configuration-average time-dependent calculatifhg]. In
ment with experiment for the total ionization cross sectionthis case, the branching ratios to both states are the same and
from the ground state. A review of earlier calculations usingequal to 1, so that the configuration-average approximation
the CCC method in electron-helium scattering is given byemployed here predicts the same cross section for both ion-
Fursa and Bray4], which has been updated recenfi). In ization from the!S and 3S states. We present total ionization
recent years, the CCC method has also been employed twoss sections over a range of incident electron energies us-
study the more difficult problem of energy and angular dif-ing a Fourier-transform method which has been recently ap-
ferential cross sections for electron scattering of heliunmplied to electron-impact ionization of £1 [17]. This allows
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us to calculate ionization cross sections over a wide range of 3p (rluert)

incident electron energies. . . _ 'T:Tlllz(rl:rz)Phi(erat)
In the following paragraphs, we briefly describe the time-
dependent close-coupling theory used to calculate electron
scattering from helium. We then present our results for the + ’E’ U|L1|2,|i|é(r1'rZ)Pleé(rl’rZ*t)’

total ionization cross section and compare to other theoreti-
cal and experimental results. We conclude with a brief sum-
mary.

4

WhereT|1|2(r1,r2) contains kinetic energy, centrifugal bar-
rier, nuclear direct Hartree, and local exchange operators;
In considering electron scattering from helium, we firstand U| NIHT (ry,rp) couples the variousl{l,) scattering

make the “frozen-core” approximation employed in previ- channels These are then propagated in time for éz&h
ous time-dependent calculatiof#] and in the CCC calcula- symmetry as previously. Following our previous work on
tions discussed earlier, where we freeze teetectron. This | j2+ [17], we propagate two time-dependent wave functions
is a good approximation in the energy range considered hergs energies of 40 and 140 eV, and after propagation, extract

We first calculate the 4 hydrogenic ground state of Me  wave functions at many energies using the Fourier-transform
A complete set of radial orbitalB,(r) for helium are then approach as shown in detail in REL7].

obtained by diagonalization of the single-particle Hamil- " ag in our previous time-dependent calculations, the close-

Il. THEORY

tonian coupled equations are solved on a lattice of uniform mesh
2 | spacing, in this casAr =0.2 a.u., with 512 points. After the

19 (I+1) Z time propagation, the probabilities and cross sections for ion-

h(r)=-~ 2 P + 212 T +Vo(N+Vx(), (D) ization may be extracted by the usual projections onto prod-

ucts of bound and continuum radial orbitals for helium, ob-

where the “direct” potential terms are given by tained in the initial diagonalization.

% E%S(rl) IIl. RESULTS
Vp(n)=| —/——— 2
o(r) jo maxry,r) - @ The time-dependent close-coupling method was used to

generate ionization cross sections over a range of incident
and act to shield the outer active electrons from the full Cou€lectron energies from 10 to 190 eV. For each angular mo-
lomb potential of the nucleus. THe,(r,) radial orbital is ~mentum fromL=0-6, two time-dependent wave functions
the exact & orbital of He". The local “exchange” potential Were propagated at energies of 40 and 140 eV, and subse-

is given by quent wave functions were extracted, as described, at energy
increments of 10 eV. As in previous time-dependent calcula-
24;1 (r) 13 tions of total . ioni;ation cross sections_;, our re;ults were
Vy(r)=— a(_s) , (3) “topped up” with distorted-wave calculations for high angu-
™ lar momentum above =6.

_ Electron-impact ionization cross sections for the H24
wherep4(r) is the radial probability density for theslor-  configuration are presented in Fig. 1. In Figa)l we focus
bital of He*. In this equationg is a parameter which may on the peak region of the ionization cross section antbjn
be adjusted so that the single-particle energies for each amve present the ionization cross section at higher energies. We
gular momentum are in good agreement with ashow the time-dependent close-coupling calculations com-
configuration-average experimental spectrum. For examplgared with the experimental measurements of Digorl.
the ionization potential of the ground state of helium, madg12], as well as distorted-wave calculations. The experimen-
up of the exact $He" orbital and a % orbital obtained from  tal measurements were made with metastable helium atoms
diagonalization of the Hamiltonian in E@L), is found to be  predominantly in the 42s S state. Our time-dependent cal-
24.58 eV, using a suitable value far, in excellent agree- culations are substantially lower than the experimental mea-
ment with the exact experimental value. The ionization po-surements over the entire energy range by almost a factor of
tential of the k2s configuration(again, made up from the 2. The distorted-wave calculations, which were made using a
exact sHe" orbital and a 3 orbital obtained from diago- previous configuration-average set of progrdf®j, are sub-
nalization is found to be 4.34 eV, in good agreement with stantially higher than the time-dependent calculations near
the configuration-average experimental value. the peak of the cross sectidtihough closer to experiment in

The two-electron wave functions are constructed follow-this range, are still lower than the experimental measure-
ing previous time-dependent calculatidi®g as antisymme- ments in the higher-energy range by a factor of 2. The
trized products of a radial wave packet and EByg(r) radial  distorted-wave calculations are also in good agreement with
orbital. From projection onto the time-dependent Sehro early Born calculation$19] which show the same trends.
dinger equation a set of time-dependent close-coupled partial In an effort to resolve this discrepancy, we also calculated
differential equations is obtained the distorted-wave ionization cross section from tiseshell
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800 e ‘ - the experimental measurements. As discussed, the branching
_ / TEE\I ) 0 @ ratios for both of these state$g and 3S) is in fact 1, so the
) 600 1 j;z,—--«--_:\\.\ L) 1 configuration-average method predicts the same cross sec-
o i ’,/ ""'~~~:‘.:;:::.§_‘_ . ] tion from both the $2s 'S and 3S states. The differences
3% =e=mdiny] between the CCC results for tHé and S states, and be-
§ S A tween these and our time-dependent calculations are prob-

ably due to the different orbitals used in the respective cal-
culations. As shown by Fischg20], there is a degree of term
40 dependence in thes2orbital which gives rise to differences
in this orbital when optimized on théS or 3S state.

IV. SUMMARY

In this Brief Report, we have presented time-dependent
calculations of the electron-impact ionization of excited he-
. lium (1s2s). We have compared our calculations with ex-

. ‘ . . ) 'T perimental measurements and other nonperturbative calcula-

0 20 40 60 80 100 120 140 160 180 200 tions made using the convergent close-coupling method. Our

Incident Energy (¢V) results are also in good agreement with unpublished RMPS

FIG. 1. Electron-impact ionization cross section for He from thecalcu]atlons made by Bar.tscl'[éll].' .

1s2s configuration. The filled circles are the experimental measure- 't IS cléar that there is a serious discrepancy between

ments of Dixonet al. [12], the short- and long-dashed lines are tN€0ry and experiment. The experimental measurements used

CCC calculations from théS and °S states of He $2s, respec- Metastable helium atoms predominantly in ths state.

tively [5], the solid line is the time-dependent close-coupling calcu-However, there exists no agreement between the time-

lation, and the dot-dashed line is the distorted-wave, calculatiolependent and CCC theories and experiment for any energy

(1.0 Mb=1.0x 10" 8 crr?). range. New experimental measurements in this area are re-
quired to further investigate this discrepancy. We hope that

of He (1s2s). This was found to be almost negligible on the this w_orlg wi!l highlight the ne.ed for continuihg experimental
scale of the 2 ionization cross section. Contributions from WOrk in ionization from excited states of light atoms. We
excitation-autoionization from theslwere also calculated NOt€ that our configuration-average approximation for
and these, too, were found to be a small fraction of the 2 €lECtron-impact ionization of atoms does not take into ac-
ionization. In any case, since both these contributions hagount term depend_ence N bqund anc_l gontmuum_orbﬂals. we
thresholds above 40 eV incident electron energy, they could"€ currently working on this nontrivial extension of the
not affect the region around the peak of the ionization crosd"€thod.
section.

We also show CCC calculatiofi§,11] made for both the
1s2s 1S and 1s2s 3S states. Near the peak of the cross We thank K. Bartschat for providing his RMPS results
section the time-dependent calculations fall between this seétefore publication. This work was supported in part by a
of calculations, which is to be expected as we present thgrant for theoretical research in plasma and fusion science
configuration-average cross section of these two states. AGrant No. DE-FG02-96ER5434&nd a grant for scientific
expected, in the higher energy region the time-dependentliscovery through advanced computiri@rant No. DE-
distorted-wave, and CCES calculations are all in very good FG02-01ER5464¢to Auburn University by the U.S. Depart-
agreement with each other, and all consistently lower thament of Energy.

Cross Section (Mb)
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