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Electron-impact excitation from metastable helium: 2135—n 3L (L=0, 1, 2;n=2,...%)

D. C. Cartwright and G. Csanak
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 16 August 1996

Integral cross sections for electron-impact excitation from the helidgahd 2'S metastable excited states,
to all energetically highes, P, andD excited states, are reported from threshold to 200 eV. These cross
sections have been obtained using the distorted-wave approximation, and are compared to other experimental
and theoretical results. Special attention is paid to obtaining an adequate representation for the wave functions
of then 1S excited state$n=2, 3, and 4. The total integral electronic excitation cross sections from each of
these metastable states, summed avdor fixed L of the final state, and then summed o\erare also
reported. These results are combined with other cross-section data to obtain the total inelastic integral cross
section for inelastic electron scattering from each of these two helium metastable states.
[S1050-2947@7)08102-X

PACS numbdps): 34.50.Fa

l. INTRODUCTION For 21S—n 1S (n=3) transitions, the transition density
matrices were obtained using the Cohen-McEachran wave
In a series of papefd—3], results from first-order many- functions in the forn{6,7]

body theory (FOMBT) and the distorted-wavéDW) ap-

proximation have been reported for differential cross sec- ¥nim, (X1:X2)=Nrar[¢o(ry)enim (r2)

tions (DCS’9 and integral cross section$CS’s) for the

electron-impact excitation from the grountl’S) state, 2°S,

and 2!S metastable excited states of helium to excited states

with n=2 and 3. The present work extends these earlier

results for excitation from the 2°S metastable excited states —Bloalor)], (2)

to obtain cross sections t8, P, andD excited states with

n=4, and to obtain the total integral excitation cross sectio

(summed over alh). ICS’s for the excitation from the 5

1
+ QDO(rz)(Pm_ML(rl)]ﬁ[a(Ul)ﬁ(o'Z)

where ¢y(r) is the HE" 1s normalized orbital(fixed core,
Qwhich is (in atomic unitg

metastable state of helium to'S levels (1=3 and 4, which @o(r)=2%2721Y (1), 2
were not reported previously, are reported here and com-
pared with recent experimental and theoretical results. and the<pm_ML(r) orbitals are obtained by solving the fixed-
core Hartree-Fock equations, and Tbﬁ_ML(r) orbitals are
Il. THEORY assumed to be normalized according to
The theoretical foundation of FOMBT, both for excitation
from the ground stat¢4] and for excitation from excited f |cp,TLML(r)|2dr=1. 3

states[5], has been reported previously, as well as the spe-

cific implementation of FOMBT and the DW approximation |, order for the wave functio®— , (x;,X,) to be similarly
for the helium targef1-3]. It was also shown recenthb] L

how the DW approximation for excitations out of the meta-
stable states can be obtained by selectively sumrupgio
infinite orded a set of diagrams describing the interaction of f |‘I’m_ML(x1,x2)|2dx1dxz=1, (4)
the scattering electron with the initial and final states of the

target. Consequently, this paper will report only the extenthe normalization constant in E¢L) must be
sion of those previous studies.

normalized according to

Nar=[2(1+]Sqd)?1 7 ®

Density matrix for 2 1S—n 1S (n=3, 4,..) transitions
where

The calculation of the excited-state to excited-state tran-
sition density matrix for 2S—n 1S (n=3,4,..) transitions is *
discussed in detail here because the radial wave functions Sn—L,0=f dr @aem, (N o) ®
used in the computations for tine'S (n=2) states of helium
need to be generated with some care. Thess states re- is the customary overlap integral.
quire more attention than the other states of helium in order The transition density matrix between states=
to obtain an accurate, but still computationally tractable, repmL™M{" andn=nL"M{, using the representation given by
resentation because they are of the same symmetry as the. (1) for both wave functions, and assuming that both are
ground state. singlet states, is given b\p]
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Xm,n(XvX,)EZJ W (X, %) Wi(X',X2)d X,
:NﬁmNﬁnzf dfz[@S(r)¢%LmMT(fz)+@S(rz)¢%LmMT(r)][<Po(r’)@ﬁnME(rz)+@o(rz)%inmg(r’)]
Xf doy[ a(o)B(o,)—B(o)a(ay)][a(o") (o) —B(0")a(o,)]

= Nﬁ_mNm_n

Jdrz@DS(rz)wn—LnMg(rz)wfn—LmMan(r)qoo(r’)+fdrzqo;—LmM[n(rz)sDo(rz)@S(r)son—LnM[(r’)

emrmun(Nerimp(r) |Le(@) al(o’) + B(a) Blo)]
=iz Nl Soa@imemur(r) @o(r")+ Simo@3 (1) @atomp(r) + i myn(1) @reamp(1')]

X[a(o)a(o’)+B(a)B(a")]
=Xmn(r.r)a(o)a(o’)+ B(o)B(0)], Y

where the definitions 0§;,, and S, o are analogous to Eq. ll. RESULTS AND DISCUSSION
(6).

. "y . o A.2's—n L(n=3, 4;L=0, 1, 2 excitations
The spatial part of the transition density matrix is - ( 2 excitat

Because the cross sections involving'S initial and/or

Xm,n(f,f')INﬁmNﬁn[¢%LmMm(r)¢?LnM”(r') final excited states are sensitive to details of the specific
- - wave functions used, various generalized oscillator strengths
+SO,n<P%_mMm(r)‘PO(r/) (GOS’s from our transition densn{/I_Eqs.(?) and(11)] ha_lve
L been calculated and compared with results from Kim and
+S’n,O‘P§(r)(Pm_"ME(r,)]- (8) Inokuti [8], who used highly correlated wave functions.

These GOS results for thé®—n P (n=2 and 3 and for
the 2'S—3 1S, 3D transitions are shown in Fig. 1. The
comparisons in Fig. 1 suggests that the transition density
employed in this study for tha S states utilizing the fac-
, , , tored form for then 'S wave functions is a reasonably good
Xin,n(1,1") = NN @75s(1) @7s(r") + Soneing(r) @o(r') approximation to the exact transition density.

+S o*(Ne-s(r)], 9 In order to highlight the effect of different wave functions

mo®o (M ens(r)] © " for the 215 and 23S states of heliuntwhich differ only in

For excitation from anm S state to ann 'S state
[L"=L"=M"=M[=0], Eqg. (8) becomes

hich h imple f f ¢ the orientation of the electron spin in the excited state orbital
which does not have a simple form of a product of one-g|4iive 1o that in the ground-state orbjtaFig. 2 shows a
electron orbitals. Howeyer, one can obtain a simple prOdUC(Eomparison of our DW approximation DCS results for the
form, to a good approximation, as follows: = __ 235335 and 3°P excitations with that for the 25-3'S
(P If one of the states is highly excitet.g.,n>1) then 5,4 31p eycitations, at 20- and 50-eV incident electron en-
Son~0, and, to a good approximation, E§) becomes ergies. This comparison shows a big difference in the DCS's
Xm,n(rar,):NFSNn_S[QD:n_s(r)(Pn_S(r,)+Sm O¢S(F)¢n—s(f’)] for scat_tering angles greate_r than_40°, and sugggsts that a
' small difference in the spatial portions of the excitedS
=NmsNagl (ID:(n_S(r)—’_Sm ogpg(r)]@ms(r)_ (10) andn 3_8 wave functions can have a big .effect on the DCS’s
_ o T _ for excitation from these lowest two excited states. It should
~ (2) if both m andn are >1 (which is the present situa- be noted here that the ICS’s, which are determined primarily
tion), then to a good approximatid®, ,Syo~0, and Eq(9) by the strong forward scattering peaks in the DCS's, are not

becomes expected to show the sensitivity predicted for the DCS'’s.
The only experimental data presently available against
Xmn(r,r") which the predictions in Fig. 2 can be compared are those of
Miiller-Fiedleret al. [9] for the 235—33S, 33P transitions.
=NmaNagl @(1) + S oes (NI ens(r’) +Soa(r’)]. A comparison with the DCS’s predicted by the DW approxi-

(1)  mation employed here for excitation from thé2state has
been made by Cartwright and Csari8k and the agreement
Equations(10) and (11) are in the desired factored form as in shape was found to be nearly quantitative over the limited
the product of “one-electron” orbitals, which is substan- range in scattering angle for the experiment. Unfortunately,
tially easier to use computationally than E§) while still  there are presently no DCS measurements for scattering
being a very good approximation to it. angles=40° against which the predictions in Fig. 2 can be
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FIG. 1. Comparison of present generalized oscillator stren@S (light lines with open symbo)swith those of Kim and Inokutf8]
(heavy lines with closed symbglfor (i) the 21S—2 P, 3P transitions(two left panel$, and(ii) for the 2'S—31S, 31D transitions(two
right panel$, in helium. The first and third panelfom the lef) are logarithmic in the independent varialidg), and the second and fourth
panels are linear ifg?), the second and fourth panels are lineagfn Both logarithmic and linear representations are shown because they

emphasize different regions of the GOS.

compared which is the region where the greatest variations
with incident electron energy occur. In addition, there are no
experimental DCS data for excitation from théSstate, for

any electron scattering angle, to determine if the DCS'’s for
excitation from the 2S state are indeed substantially smaller
than the corresponding transitions from théS2state for
scattering angles greater than 40°, as is shown in Fig. 2.

The DW approximation results for the'@—n L (n=3
and 4, and_=0, 1, and 2 excitations for the ICS’s obtained
in this study are shown in Figs. 3 and 4, where they are
compared with the experimental results of Lockwaatdal.

[10], with the converged close-couplingCC) calculations
results of Bray and Furdd 1], with the multichannel eikonal
theory results of Flannery and McCaft2] and Mansky and
Flannery[13], and with the 29-stat®-matrix theory calcu-
lation results(RM) of Fon, Berrington, and KingstofiL4].

The comparisons contained in Figs. 3 and 4 suggest the fol-
lowing conclusions.

(a) Except for the 2S—31S excitation, the ICS results
deduced from the experimental emission cross section data
(Lockwood et al. [10]) are larger than the corresponding
theoretical results. This is expected because the experimental
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emission cross-section data contain cascade contributions gig. 2. Comparison of present DW approximation DCS results
from many higher-lying electronic states, and their contribu-at 20- and 50-eV incident electron energies for tH62:3 1S tran-
tions are generally difficult to accurately subtract from thesition with that of the 2S—33S transition(left pane} and for that

emission data in order to obtain a trdigect excitation cross
section to a specific helium excited state.

of the 2'S—3 P transition with that of the 35—3 3P transition
(right pane), for helium.
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FIG. 3. Comparison of present
distorted-wave(DW) approxima-
tion ICS results for the 253 L
(L=0, 1, and 2 electron-impact-
induced transitions in helium with
the experimental results of Lock-
wood [10]; with the multichannel
eikonal theory results of Flannery
and McCann(Flan/McQ [12] and
of Mansky and FlannenfMans/
Flan [13]; with the converged
close coupling results of Bray and
Fursa[Bray (CC)] [11]; and with
the 29-stateR-matrix theory re-
sults of Fon, Berrington, and
Kingston[RM(29)] [14]. Note the
large magnitude of these ICS's.

(b) Although over only a small incident electron energy well with the CC results of Bray and Furgl] for incident

range, the 29-statR-matrix resultsfRM(29)] of Fon, Ber-

perfect. These recent CC results of Bray and Fiid4 ap-

electron energies above about 30 eV and are generally larger
rington, and Kingstori14] are generally in good agreement for energies less than about 30 eV. The fact that the DW
with the more recent “converged close coupling” results approximation predicts a larger ICS at low incident electron
(CO) of Bray and Fursdl1], although the agreement is not energy is expected because the CC method includes second-
and higher-order electron-target interactions neglected in the
pear to be the most complete calculations of inelastic elecBW approximation, which are expected to be important at
tron scattering by helium reported to date.

low incident electron energies.

(c) The present DW approximation results generally agree (d) It is interesting to note that the DW approximation
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FIG. 4. Same as Fig. 2 except
for the 2'S—4 (L=0, 1, and
2) transitions. First Born approxi-
mation results(Born) obtained in
this study are also shown.
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panel as the heavy curve.
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becomes quantitatively accurate for all symmetry final states B. Excitation to higher principal quantum number
at about 30 eV and above. At those energies, the difference rq,,re 5 contains a summary of the integral cross sections

in magnitudes predicted for the ICS's by the DW and CCyor excitation from the 23S metastable states of helium to
models for excitation of th@ °S (n=3) atomic states may 4| states witn=3. 4. and 5 and fot. =0. 1. and 2. The

be a result of differences in the -S target wave functions upper three panels are for the' initial state, the lower

employed in these two studies. three for the 2S initial state. For each of the two rows of

(¢) The comparisons with the multi-channel Eikonal yhree panels, thee value for the final state is 0, 1, and 2 from
(MCE) results of Flannery and McCarii2] and of Mansky et tq right. Also shown in each of the six panels is the sum

and ‘I‘:Ignnery[13] shown in ’l,:ig. 3 suggest that including o the integral cross sections from a particular initial state
only “direct channel coupling” and no electron exchange for (21S or 239) to all higher electronic states of a given orbital
electron-impact excitation does not produce reliable 'Cs’sangular momentum symmetry. For example, the upper-left
except for dipole-allowed transitions. That is, the MCE aP-panel shows separately the integral cross sections for
proximation neglects all electron-exchange processes in thels . 35 andn 1S transitions(n=3, 4, and 5 and their
inelastic electron scattering process, which clearly has aym over aln (n=3, 4, 5,..%). The sum over alh includes
large effect for incident energies less than about 30 eV, angross sections which were not explicitly calculated but were
for excitation of excited states which are not dlpole CON-gbtained from the’]_‘?’ Scaﬁng of the cross-section depen-
nected to the initial state, at all incident electron energiesdence reported previouslyl]. For a specific final-staté

The MCE approximation is also deficient in that it predicts avalue, Fig. 5 illustrates how rapidigwith increasingn) the
zero cross section for the pure exchange transiti@ng., sum of integral cross sections for each initial state converges
225—n3L and for 2°S—nlL). to the total for each final-state symmetry. It is interesting to
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TABLE I. Sum of integral cross sections front@ state(A?).

To all To all To all To all To all To all To all To all To all

Energy(eV) nls n'p n'D niL n3s nsp n 3D n 3L n 3L
3.00 2.56+00 1.08+012 1.33+01 2.00+02 2.00+02
4.00 1.41-00 5.1A#00 3.09+00 9.6 400 1.18+01 1.83+02 2.13+01 2.16+02 2.13+02
4.50 1.16+00 3.90+00 2.30+00 7.30+00 1.16+01 1.73+02 1.8A#01 2.03+02 2.13+02
5.00 8.1701 2.94+00 1.63+00 5.39+00 1.12+01 1.63+02 1.62+01 1.90+02 1.96+02
6.00 5.29-01 1.80+00 8.13-01 3.14+00 9.38+00 1.46+02 1.28+01 1.68+02 1.71+02
7.00 3.6101 9.50-01 4.67-01 1.78+00 7.93+00 1.33+02 1.10+01 1.52+02 1.54+02
8.00 2.56-01 6.40-01 3.10-01 1.214-00 6.90+00 1.23+02 9.90+00 1.40+02 1.414-02
10.00 1.46-01 2.82-01 1.41-01 5.63-01 5.39+00 1.0A#02 8.34+00 1.21+02 1.21+02
12.00 8.38-02 1.70-01 8.00-02 3.34-01 4.40+00 9.50+01 7.114-00 1.06+02 1.0A#02
15.00 4.43-02 7.91-02 3.67~-02 1.60-01 3.49+00 8.16+01 6.0400 9.12+01 9.13+01
20.00 1.91-02 3.2702 1.43-02 6.60-02 2.60+00 6.64+01 4.78+00 7.38+01 7.39+01
30.00 5.82-03 9.51-03 3.84-03 1.92-02 1.70+00 4.89+01 3.34+00 5.40+01 5.40+01
40.00 2.51+03 3.99-03 1.54-03 8.04-03 1.26+00 3.90+01 2.58+00 4.28+01 4.28+01
50.00 1.28-03 2.04-03 7.63-04 4.08-03 1.00+00 3.25+01 2.09+00 3.55+01 3.55+01
60.00 7.4F+04 1.20-03 4.50-04 2.40-03 8.40-01 2.78+01 1.76+00 3.04+01 3.04+01
81.60 2.99-04 4.68-04 1.65-04 9.32-04 6.08-01 2.14+01 1.30+00 2.33+01 2.33+01
100.00 1.62-04 2.54-04 8.79-04 5.04-04 4.95-01 1.81+01 1.06+00 1.96+01 1.96+01
200 2.47F01 1.06+01 5.58-01 1.14+01 1.14+01

31.08+01=1.08x 10"

note that, except for the integral cross sectionaa2, the *

sum of integral cross sections for excitatistom the 21°S > o2Y2ts—n 13L) (labeled A),
states to a specific-value final state is largest far=2 (D n=2or 3

state$. For purposes of completeness, Tables | and Il contain ”

the integral cross sections shown in Fig. 5. DN Ooe(23S—n 13) (labeledB), (12
Figure 6 shows separately the sums of the integral cross "
. o 1
sections for excitation from the 35 (left pane) and 2!S E UE;’VO(Z 35n3L) (labeled C),

(center panglinitial metastable states, to all higher bound n
states withL values of 0, 1, or 2. The right panel in Fig. 6

shows a further summation of the integral cross sections to
energetically higher electronic states according to n

20r 3

)

> o2¥23s—n L) (labeledD).
2or 3

TABLE Il. Sum of integral cross sections from'3 state(A?).

To all To all To all To all To all To all To all To all To all

Energy(eV) n3s nsp n3D n3L n's n'p niD niL n 3L
3.00 1.46+-00 6.16+00 7.62+-00 1.7#01 3.33+02 3.50+02 3.58+02
4.00 8.3101? 5.26+00 1.26+01 1.86+01 2.38+01 3.01-02 1.54+01 3.406+02 3.59+02
4.50 6.08-01 3.50+00 9.00+00 1.31+01 2.20+01 2.85+02 1.48+01 3.22+02 3.35+02
5.00 4.59-01 2.41+00 6.76+00 9.63+00 1.91+01 2.69+02 1.42+01 3.03+02 3.12+02
6.00 3.18-01 1.32+00 4.02+00 5.6A4-00 1.61-01 2.45+02 1.34+01 2.74+02 2.80+02
7.00 2.2701 7.86-01 2.55+00 3.56+00 1.31+01 2.21-02 1.28+01 2.46+02 2.50+02
8.00 1.55-01 5.22-01 1.69+00 2.37#00 1.1A401 2.05+02 1.2101 2.29+-02 2.314-02
10.00 9.09-02 2.72-01 8.33-01 1.20+00 8.92+00 1.74+02 1.06+01 1.93+02 1.94+02
12.00 5.61-02 1.62-01 4.40-01 6.58-01 7.76+00 1.56+02 9.7+00 1.74+02 1.74+02
15.00 2.91-02 8.41-02 2.24-01 3.38-01 6.02+-00 1.30+02 8.00+00 1.44+02 1.45+02
20.00 1.28-02 3.56-02 8.87-02 1.3701 4.59-00 1.04+02 6.35+00 1.15+02 1.15+02
30.00 4.05-03 1.05-02 2.44-02 3.89-02 3.11+-00 7.51+01 4.45+00 8.26+01 8.2401
40.00 1.7703 4.38-03 9.86-03 1.60-02 2.38+00 5.79+01 3.45+00 6.3701 6.3701
50.00 9.29-04 2.1703 4.92-03 8.02-03 1.91+-00 4.53+01 2.84+00 5.01+01 5.01+01
60.00 5.50-04 1.23-03 2.75-03 4.53—-03 1.60+00 3.70+01 2.42+00 4.10+01 4.10+01
81.60 2.21-04 4.85-04 1.07-03 1.78-03 1.21+00 2.614-01 1.73+00 29101 291401
100 1.21-04 2.59-04 5.69-04 9.49-04 9.99-01 2.10+01 1.42+00 2.34+01 2.34+01
200.00 5.35-01 8.89+00 7.16-01 1.01+-01 1.01+-01

33.31+01=8.31x 10"
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trates the further summations
1 given in the text in Eq(12). The
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] helium is also shown in the right
panel, to illustrate the relatively
large magnitudes for excitation
from the two metastable states.
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To illustrate how much larger the electron-impact excitationhere, along with other key electron collision cross sections
cross sections from the metastable states are relative to thiavolving metastable and ground state helium, is shown in
from the helium ground state, the right panel in Fig. 6 alsoFig. 7, because helium appears to be the only atomic or
shows the sum of integral cross sections from the groundnolecular target for which all such information is known.
state of helium to all higher bound statdg, as well as the (i) The left panel shows various integral cross sections,
separate sums of excitation cross sections to all singlet anfdr ground-state helium as the initial state: for total scattering
triplet states. The results from this study used to generate thend total ionizatior{15], elastic scattering16], and excita-
curves labeledA) through(D) in Fig. 6 are also contained in tion to all bound excited statg¢4].
Table III. (i) The center panel in Fig. 7 is the same as the right
A summary comparison of those integral electron-impactpanel in Fig. 6 except the curve labeleB)(represents a
excitation cross sections to bound atomic states reportesheasure of the total cross section for production of thg 2

TABLE lll. Sum of integral cross sections from®3 and 2'S state(A?).

2Sto 2%Sto 21sSto 23%sto 23Sto 23sto 23%s, 2!sto
Energy(eV) allnSL allniL alln 13 allniL alln 3L alln 3L alln &3
3.00 7.62+00 3.50+02 3.58+02 1.33+01 2.00+02 2.00+02 5.58+02
4.00 1.86+018 3.40+02 3.59+02 9.6 400 2.16+02 2.25+02 5.84+02
4.50 1.31#01 3.22+02 3.35+02 7.30+00 2.03+02 2.13+02 5.48+02
5.00 9.63-00 3.03+02 3.12+02 5.39+00 1.90+-02 1.96+-02 5.08+-02
6.00 5.6700 2.74+02 2.80+02 3.14+00 1.68-02 1.714-02 4.51+02
7.00 3.56-00 2.46+02 2.50+02 1.78+-00 1.52+-02 1.54+-02 4.04+02
8.00 2.37400 2.29+02 2.314+02 1.214-00 1.40+02 1.414-02 3.72+02
10.00 1.26-00 1.93+02 1.94+02 5.63-01 1.214-02 1.214-02 3.16+02
12.00 6.58-01 1.74+02 1.74+02 3.34-01 1.06+02 1.07-02 2.814+-02
15.00 3.38-01 1.44+02 1.45+02 1.60-01 9.12+01 9.13+01 2.36+02
20.00 1.3701 1.15+02 1.15+02 6.60-02 7.38+01 7.39+01 1.89+02
30.00 3.89-02 8.26+01 8.27+01 1.92-02 5.40+01 5.40+-01 1.374-02
40.00 1.66-02 6.37-01 6.37+01 8.04-03 4.28+01 4.28+01 1.074-02
50.00 8.02-03 5.014+01 5.014+01 4.08-03 3.55+01 3.55+01 8.56+01
60.00 4.53-03 4.10+01 4.10+01 2.40-03 3.04+01 3.04+01 7.15+01
81.60 1.78-03 2.91+-01 29101 9.32-04 2.33+01 2.33+01 5.24+01
100.00 9.49-04 2.34+01 2.34+01 5.04-04 1.96+01 1.96+01 4.31+01
200.00 1.0%01 1.01+01 1.14+01 1.14+01 2.16+01

31.86+01=1.86x 10"
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FIG. 7. Summary of key integral cross sections for electron scattering by atomic helium in the ground and two metastable electronic
states. Left panel: integral cross sections for elastic scattering, ionization, total scattering, and for excitation to all bound states from
ground-statehelium. Center panel: sum of integral excitation cross sections to all higher bound states fro# #red2S states is shown
separately. The definitions of the curves are given in(Eg). The curve labele& denotes an estimate of the cross section for production
of the metastable 35, 21S states by electron impagsee text and Eq(12)]. The light vertical dashed line denotes the lowest-energy
excitation threshold for ground-state helium. Right panel: additional integral cross-section information for electron collision processes
involving the two helium metastable states which are included here for completeness. See text for details.

and 2'S metastable states according to the definition sion cross sections for excitation from the two helium meta-
stable states shown in Fig. 7. Specifically, electron collisions
o with metastable helium atoms should be expected to play an
_ MBT 1 1 3 MBT, 1 1 1 important role in a partially ionized helium plasma environ-
o(E) n§=:2 T, (1 752N "L)H g (175-279) ment for the following reasons.
(i) The magnitudes of the integral cross sections for elas-
tic scattering, excitation, and ionization involving the two
+ (direct production of 2S), (13) metastable states are a_factor of _100,_ or more, greater than
that for ground-state heliurgshown in Fig. 7.

(i) The energy threshold for excitation and ionization
where the cross-section data were taken from the work ofrom the metastable states are at a few eV compared to about
Cartwright et al. [1] and Trajmaret al. [2]. The point of 20 eV for the ground statéhe vertical line, center panel,
showing this panel is to illustrate how much larger the crossig. 7). In most partially ionized plasma there are orders of

sections for excitation from the two metastable states arenagnitude more electrons at low energy than above the ion-
than that for total production of the two metastable states. jzation threshold.

(iii) The right panel in Fig. 7 is a summary of additional
key integral cross-section data for electron collisions involv-
ing the 2°S and 2'S states. The curves labeled “elastic CC”
and “total CC” are from the recent “convergent close- The authors thank Igor Bray, Flinders University, for pro-
coupling” work of Bray and Furs@ll]. The data illustrated viding the results of his CC calculatioriRef. [11]) prior to
in Fig. 7 are also given in Table Il publication, and for many stimulating discussions. This work

It is important to recognize the practical significance ofwas performed under the auspices of the U.S. Department of
the magnitudes and energy dependence of the integral collEnergy.

=(net production of 2S)
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