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Excitation of the autoionizing states of helium by electron impact is shown in calculations Brilaee
limit to leave a clear signature in the singly differential cross section foteh2e) process. It is suggested that
such behavior should be seen generallyan?e) experiments on atoms that measure the single differential
cross section.
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Doubly excited, autoionizing states of the helium atomautoionizing state. These peaks also provide a sensitive mea-
have been the subject of numerous experimental and theoreture of postcollision interaction effects—a situation we ex-
ical studies ever since thé® states were detected in photo- pect will carry over to the full problem. Moreover, by using
absorption by Madden and Codlirif] some 40 years ago. the method of exterior complex scalif§CS to compute
These states, as well as additional optically forbidden stateghe required wave functions, we are able to compute accurate
were subsequently observed in electron impact studies bipnization cross sections without having to make arprioi
Simpsonet al. [2] and there have since been numerous exassumptions about the form of the ionization amplitudes.
perimental studies of excitation autoionization. The process Most of the recent theoretical work a1-He ionization
is generally regarded as occurring in two steps: excitation ofising nonperturbative methods has been carried out with a
the autoionizing state, followed by its decay. It was also resingle active electron model with one of the target electrons
alized quite early[3] that postcollision interactions between frozen in the % orbital of He". Such a model is incapable of
scattered and ejected electons could complicate this simpldescribing excitation autoionization, which requires two ac-
picture. In any case, since it is not possible to distinguishive target electrons. In our recent study of electron-He ion-
electrons that have been ejected directly from an atom fronzation in theSwave model[10], we showed how the exte-
those that are first promoted to an autoionizing state, the twdor complex scaling method could be applied to the full
processes will interfere, as shown by van den Behkl.[4].  three-electron problem without invoking a frozen-core
The observable consequences of this interference are praiodel. Plottkeet al. [11] have also examined th&wave
nounced changes in the energy and angular dependence mbdel for e€™-He using the convergent close-coupling
the ejected electrons in the vicinity of autoionization reso-method. In the ECS method, the radial coordinates of the
nanceg5]. electrons are scaled beyond some pdétgtusing the trans-

Theoretical treatments of excitation autoionization haveformationr — Ry+(r —R)€'?. This transformation allows one
assumed that, for situations where one of the final state cone solve for the scattered wave portion of the full wave func-
tinuum electrons is near an autoionizing level, the ionizatiortion with the simple boundary condition that the solution
amplitude can be written as a sum of direct and resonantanish asr —o for any electron along the exterior scaling
terms. The resonant part of the amplitude is frequently paeontour. This condition is formally equivalent to outgoing
rametrized in terms of Shore or Fano paramefi@fswhereas scattering boundary condition$or producing the solution
the direct or background component is generally approxifor r <R;), even in the presence of long-range potentials, as
mated using a perturbative treatment, such as the plane-wavas been discussed at length elsewh&gg.

[7] or distorted-wave8] Born approximations. Such treat-  In all applications of ECS to scattering problems, the full
ments, not surprisingly, can be very sensitive to the modelvave functionW* is partitioned into unperturbed and scat-

used for the direct ionizatiofi9]. Our purpose here is to tered wave components,

present the initial results of a completely nonperturbative

treatment of the excitation autoionization of helium in the U =dy+ Vg, (1)

Swave model. Th&wave model simplifies the full problem . . . .

by treating only states with zero orbital angular momentum.WhICh then yields a driven equation for the scattered wave
y g only g

While such a model cannot give a quantitatively accurate (E-H)Vse=(H-E)D,. 2)

description of the fulk™-He ionization problem, it does rep-

resent a true four-body Coulomb problem and thereforéexpansion of the wave function on a grid using an appropri-

shows much of the complexity associated with the full prob-ate discretization methadinite difference or finite elements
lem. In particular, we will show how doubly excited target reduces Eq(2) to a system of complex, linear equations. In

states leave a clear signature in the single differential crosthe present study, the discretization was achieved by using

section(SDCS for ionization, in which pairs of resonance Rescigno and McCurdy’s combined finite element-discrete

peaks appear, symmetrically related by the energies of eitheariable representatiotFEM-DVR) [15]. With two radial

the scattered or ejected electron, signaling the decay of aglectron coordinates, it is feasible to solve these equations
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TABLE |. Energy levels forSwave helium that are relevant to the results presented in this paper.

Energy(a.u)=E,-il'/2

State ECS Draegeet al. (Ref. [13])*  Manby and Dogget(Ref. [14])
ksK's 0
2sks -0.5 -0.5 -0.5
2s3s(!S) -0.571923 -0.284733)i -0.57188195 -0.28263)i -0.571495 —0.330 9463)i
2s3s(®S) -0.584855 -0.903326)i -0.58 48547 7 -0.58481068  -0.95986)i
2s2s(!S) -0.722837 -0.119922)i -0.72265081 -0.12G52)i -0.722281  -0.122052)i
1sks -2 -2
1s3s(!s)  -2.060 79 -2.060 79
1s3s(®S)  -2.068 49 -2.068 49
1s2s(!9)  -2.144 20 -2.144 19
1s2s(3s)  -2.174 26 -2.174 26
1sls(!s)  -2.87903 -2.879 03

#The values given for the widths are the corrected values cited in[R4.

directly. However, with three electron coordinates, even withmade with the results of Draeget al. [13], who used quan-
zero orbital angular momentum for each electron, the size adfum defect theory to compute the energy positions and a
the linear systems become very large and impractical tmumerical solution of coupled-channel scattering equations
solve. We addressed this difficulty by recasting the problento obtain the widths, and Manby and Doggdi#], who used
with an equivalent time-dependent formulatifit0,1§ that  Feshbach theory. The values we found for the bound and
does not require us to solve large linear systems. autoionizing states were insensitive to changes in the rotation
The time-dependent formulation follows from noting that angle, the size of the grid, and the order of the DVR func-
the solution of Eq(2), which we seek, can be formally writ- tions employed, so these calculations indicate they are cor-
ten as rect to the number of figures given.
We now turn to the evaluation of scattering cross sections
_ - i(E+iot in the Swave electron-He problem. The most practical ap-
Wsc=-i] € x(Hdt, ®) proach to calculating both the excitation and breakup cross
sections is to formulate the problem in terms of integral ex-
where, under ECS, the “wave packet(t)=e H{(H-E)®, Pressions for the underlying scattering amplitufte. The
will limit to zero for large{r} ast—, so the +ein Eq.(3)  @mplitudes for discrete excitations can be readily computed
can be dropped. Equatia8) is thus formally equivalent to bY starting with the formal expression
the solution of Eq(2). Instead of solving large linear sys- 2
tems, it requires that we propagaiéd) on the ECS contour fin= T=(n(ry,r)sin(kyr) [E = Hy[¥), (4)
in multiple dimensions for times sufficiently large to con- vka
verge the Fourier transform that provides the numerical repwhere ¢, is a discrete target state ai is the unperturbed
resentation of¥'sc. We showed in Ref[10], where further  Hamiltonian corresponding to the incident channel arrange-

computational details are fully explained, that this formula-ment. We can then use Green’s theorem to express the am-
tion could be practically applied to thf@wave electron-He plitude as a surface integral

problem. Here we extend these calculations by considering
collision energies where autoionizing states of the target
atom can be excited. All of the computational parameters,
such as the number and spacing of the finite elements, the R
order of the DVR, and the parameters of the time propaga- = Wsdrq,rr3) V ép(ra,ro)sin(k,r5)]-ds, (5)

tion, are identical to what was used in that earlier study. here th | ¢ oF* by We foll ¢
We begin with a description of the bound and doublyW ere the replacemen Y ¥sc I0TOWS Trom an ex-

excited target states relevant to this study. These can gmination of the integrand of E€) on the s_urface. .
found by diagonalizing the complex-scaled target Hamil-. '_I'he_develop_ment ofav_vquable expression f(_)r_the single
tonian because the bound states are unaffected by the tra g[nza_tlon amphtude ona f|n|'Fe \{olume IS more difficult. The
formation and the doubly excited states naturally appear a llowing expression for the ionization amplitude:
e|genvqlues.of this Hamiltonian, with complex elgenvalugs f(ky,ky) = 2<go(k°1)(r1)qo(k‘;)(rz)%(fsﬂE‘ HiVso, (6)
whose imaginary parts are equal to half the corresponding

autoionization widthg17]. Table | shows the relevant states where <pf(°) is a Coulomb function anap, is a bound Hé

for the Swave He target. Where possible, comparison isorbital, while formally correct, is not useful on a finite vol-

0

1 .
fin="7=| [n(rnrasin(kyrs) V¥sdry,rars)
VK Js
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ume. The problem is that the scattered wave contains
asymptotic terms arising from both discrete excitations and
ionization, and the discrete terms contaminate the evaluation
of the ionization amplitude when the integration is carried
out on a finite volume. While we have yet to find a perfect
solution to this problem, we have shown that useful results
can be obtained by making a judicious choice of distorted
waves to represent the final continuum electrons and by us-
ing the technique of “asymptotic subtraction” to remove the
asymptotic contribution of the discrete two-body channels to
the scattered wave before computing the ionization ampli-
tude. Details can be found in R4fL0].

When the incident electron energy is high enough to pro-
mote the target to a doubly excited state, then one expects to
find structure in the energy sharing or single differential FIG. 1. SDCS for ionization from the 35 state at 37.0 e\up-
cross section for ionization at ejected electron energies coper curvg and 44.0 eV(lower curvg incident electron energy,
responding to the decay of the autoionizing state. Whetheshowing the characteristic symmetric appearance of autoionizing
such a structure is observable depends on the probability déatures in the SDCS, in this case due to tk2sg"S) state.
exciting the resonance state relative to the total ionization
probability. To get some idea of the magnitude of these efejected electron energies near those corresponding to the de-
fects, we first computed the excitation cross sections to theay of the 22s(1S) autoionizing state, as a function of inci-
doubly excited states, using the amplitudes given by(&x. dent electron energy. The calculations clearly show that as
as if the resonance states were bound excited states. For thige incident energy increases, the magnitude of the peaks
purpose, we obtained unit normalized target states by diagalecrease as they shift closer to the unperturbed energy of the
nalizing the real target Hamiltonian on a smé#40 bohjy doubly excited target state. The effects of the postcollision
box. We calculated excitation cross sections for th2s¢S), interaction are expected to decrease with increasing incident
2s3s(39), and &3s(19) states, starting from the ground state energy above the excitation energy for the autoionizing state,
and as well as from thes2s(23S) and 1s3s(3'°9) excited ~ and Fig. 2 shows exactly that effect.
states at a few energies near threshold. This allows us to Figure 3 shows similar results for the’Sand 3'Sinitial
define ratios between excitation and total ionization cros$tates, in this case for ejected electron energies near those
SECONSR= 0y 010y Starting from the ground state, tRe ~ corresponding to the decay of thes38('S) autoionizing
value we found for exciting thes2s(1S) state was less that state. We note the widths of the resonance features seen in
one part per thousand, which is in fact very similar to thethe SDCS are similar to those seen in Fig. 2 for te2sg"S)
values one would calculate for the physical problem usincautoionizing state despite the fact that tre82'S) autoion-
measured values for thes2s(1S) excitation[3] and total ion-  izing state has an intrinsic width that is about four times
ization [19] cross sections. Because of small computationasmaller than the width of thes2s('S) state.
errors in our calculated SDCS that arise, as we have stated The widths of the doubly excited states do appear to cor-
above[10], from our inability to completely remove the con- relate with the number of steps in our time propagation
tamination from discrete excitation channels, we could noscheme required to converge the autoionization features in
reliably resolve any autoionization structures in the ground-

sDCS (107 ecm? v

state ionization cross sections. However, fResalues we ok pBSoSsks ] ol T Jeszs (S sk ]

computed for exciting the 2s('S) and 23s(!39) states I I

starting from excited target states—2S, 23S, 3!S and ~25F 4 sof .

33s—were significantly larger, on the order of several per- i [

cent, and for these cases, excitation-ionization resonances in " 2 14" ]

the SDCS could be readily identified. & 15k 1 3 i
Figure 1 shows the SDCS from theé’@ state at incident i

(=]
electron energies of 37.0 and 44.0 eV. At the lower energy, g 10+
which is ~2.5 eV below the energy required to excite the “

2s2s(19) autoionizing state, we find the usual bow-shaped 5_'

SDCS, while at 44.0 eV, the SDCS shows two sharp peaks, ~ Lo — R

symmetrically positioned with respect #/2 as they must LT . %gv) 355 36 34 343 . %2\,) 355 36
1 1

be, at energies for either scattered or ejected electron corre-
sponding to the decay of t_hesz_s(ls) autoionizing state. In FIG. 2. SDCS for ionization from the %5 (left) and 2'S (right)

fact, because of postcollision interactions, there is a shift Otates, for various incident electron energies, at ejected electron
~0.25 eV between the unperturbed energy of the autoionizenergies near the decay of the?&*S) resonance state. For thé®

ing electron and the energy at which the peak appears in thease, incident energies aftep to bottom from 41.0 to 45.0 eV in
SDCS. This effect is further illustrated in Fig. 2, where weincrements of 0.5 eV. For the & case, the energies are from
plot the SDCS, from both the 35 and 2'Sinitial states, for  39.5 to 45.0 eV in increments of 0.5 eV.
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30_ 25 (5) > 156 60_ 25 (5> 1] ~1000 atu. This scaling would indicate that propagation
times on the order of half a million atu, which are completely
- 25_ ] 50_ ] impractical, would be required to see peaks corresponding to
= 20k 4 4wk | the 23s(°9) doubly excited state. This undoubtedly explains
“g 1 ] | ] why we have not seen peaks corresponding to this state in
Qo
s 15k 4 3o} - any of our calculated SDCS.
2} {1 } 7] . In summary, we have presented nonperturbative calcula-
g 10} 4 20F //\ - tions of electron-helium ionization in th®@wave model that
ZI 1 | //\ 1 clearly show structure in the SDCS corresponding to excita-
Sk . 10'_/ . tion ionization. In this model, the structures are seen in the
[ 1 1 |, ] cross sections for ionization, starting from excited helium
s 39 20 98 39 40 target states. The peaks in the SDCS initially appear at
g, (eV) g, (eV)

ejected electron energies slightly greater than those corre-
sponding to the decay of the doubly excited states, in agree-

FIG. 3. SDCS for ionization from the 3 (left) and 3'S(right) ™\ iy experimental observatioi3]. Our calculations
states, for various incident electron energies, at ejected electron

energies near the decay of the8&('S) resonance state. For thé3 suggest that such peaks should be Sgen in the _e_xperimental
case, incident energies aftep to bottom from 41.5 to 43.0 eV in SI_DC_S_for cases where the cross section for exciting the au-
increments of 0.5 eV. For the %% case, the energies are from (©010NiZIng states are large enough to appear above the back-

41.0 to 42.5 eV in increments of 0.5 eV. ground of direct ionization.
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