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Electron-impact excitation of n = 2 levels of helium at intermediate energies
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Five-state close-coupling equations for electron-helium scattering are solved in the energy region from 30 to
100 eV. Integral and diA'erential cross sections' for excitation of the ground state to the n = 2 states 2'S,
2'S„2'P, and 2'P are presented. Calculated shapes of differential cross sections versus angle for various

energies are in fair agreement with measurements, but the magnitudes of the cross sections are

overestimated. Allowance for coupling between 2'S and 2 P brings calculated differential cross sections into

good quantitative agreement with experiment.

I. INTRODUCTION

A five-state close-coupling approximation has
been applied tp the scattering of electrons and the
excitation of the ~=.2 states of atomic helium for
a range of incident energies between 29.6 and 100
eV. This range has been studied theoretically in
various approximations, and both calculations and
measurements have been reviewed recently by
Bransden and McDowell. '. No theoretical methods
have produced results in this energy range which
give good agreement simultaneously with the ex-
perimental shape of the cross section versus en-
ergy and differential cross section versus angle
for excitation to 2'S, 2'S, 2'P'. , and 2'Po.

Theoretical methods which have been used in this
intermediate energy range to calculate differential
cross sections for excitation to some of ihe g= 2

states include a first Born approximation and Born
augmented by various first-order exchange ampli-
tudes. ' These approximations predict correct
angle dependence for small momentum transfers
but are orders of magnitude too small at large mo-
mentum transfers. Similar failings are evident
for calculations in a Vainstein approximation, '
Glauber, and multichannel eikonal approximation. '
Joachain and Vanderpoorten' use an eikonal dis-
torted-wave method but limit their discussion to
small-angle scattering. A second-order potential
method' which employs an impact-parameter for-
malism is not expected to be accurate for impact
energies below 300 eV.

A distorted-wave (DW) approach has been applied
with success in the intermediate energy range in a
calculation of excitation of the 2'P state by Madi-
son and Shelton. ' In this work, both the incident
and scattered waves are assumed to be distorted
by the static potential produced by the He atom
in its ground state. Hidalgo and Geltman' used a
Coulomb-projected Born (CPB) approximation
which, although it neglects exchange, does allow

for an interaction between the incident electron
and the nucleus. They obtained differential cross
sections for 2'S and 2'P' excitation which are much

greater than those given by the ordinary Born ap-
proximation at large scattering angles. A second-
order potential method (SOPDW) in which a par-
tial-wave formalism is used, has been applied
with success by Bransden and Winters" to excita-
tion of the 2'S and 2'S states. Finally, two meth-
ods have been used in the intermediate energy re-
gion to calculate cross sections for excitation to
the four pg= 2 states. There are various distorted-
wave polarized-orbital methods""' (DWPO) and a
first-order many-body theory (MBT)."

Scott and McDowell" found that the DWPQ meth-
od reproduces well the shape of the differential '

cross section for excitation of 2'S, but that the
depth of the minima were not accurately pre-
dicted. In addition, the DWPO model is consid-
erably less successful in predicting differential
cross sections of the 2'S state. For excitation of
2'P', Scott and McDowell's DWPO model" gave
good agreement with experiment for energies 29.6
and 40.1 eV at angles 8& 60', but a differential
cross section was predicted which is much too low
at larger angles. Again, for excitation of the trip-
let state 2'P', the DWPO model was considerably
less successful than in the case of 2'P'.

Thomas et gl."used a first-order method based
on many-body theory to obtain excellent results
for excitation of 2'j" for' energies over 40 eV in
the whole angular range except for angles less
than 15'. For excitation of 2'S, the main feature
of a strong minimum around 50' is predicted.
However, similarly to the DWPO model, ihe MBT
procedure was considerably less accurate in pre-
dicting angular distributions for excitation of 2'S
and 2'P'.

The two major factors limiting the accuracy
achieved by a close-coupling approximation are
the number of states included in the expansion and
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the choice of ato~ic states to be used.
We.have included in the close-coupling expan-

sion only the fiv~ atomic states j.nvolved in the ex-
citation processp 11sj 23SP 21St 23POP and 21PO

We anticipate that convergence of the expansion
with respect to inclusion of various pseudostates
will be the subject of a further study. At present
we attempt to obtain the correct qualitative behav-
ior of the differential cross sections for the vari-
ous excitation processes. Neglect of the higher
states is expected to cause an overestimate of the
calculated excitation cross sections. '~ Addition of
pseudostates may decrease excitation cross sec-
tions as occurs, for example, with H,"He',"and
Be+ 17

The atomic eigenstates used in our calculations
are constructed from three Slater-type orbitals
which we label 1s, 2s, a,nd 2p. The 1s orbital is
the three-parameter ground-state orbital given by
Clementi. " The 2s orbital is obtained with the
CIV3 program of Hibbert" and is eptimized simul-
taneously on the energies of the 2'S and 2'S ex-
cited states. We obtain

P„(r)= 0.964 15m e ' " —0.677 4&r' e

+ 0.152 52'.s em. es43 r

Similarly, the 2p orbital is optimized on the en-
ergies of the 2'Po and 2'P' excited states, and is
given by

P,q(r) = 0.225 23''e '"
The configuration-interaction functions for the

target states are represented by

1'S, 2'S: c,1s'+ c,ls2s+ c,2s'+ c 2p',

2 S: 1s2s,
2'P', 2 P'. c~1s2P+ c22s2P.

Table I gives the c, coefficients together with
the corresponding eigenenergies relative to the
1'S level. The final two columns give the energy
differences calculated by Berrington gg g/. ,

"who
used a more elaborate configuration-interaction
wave function in their study of excitation of the z= 2

states at energies below 25 eV, and the experimen-
tal energy differences from the tables of Moore. "
Calculated energy differences are in fair agree-
ment with experiment and with the results of Ber-
rington et a/. However, the oscillator strength for
our wave functions for 1'S-2'P' is 0.341 and 0.318
in the dipole length and dipole velocity approxima-
tions, respectively. This compares with 0.279 ob-
tained in both length and velocity approximations
in more elaborate structure calculations. "

Since crosg sections at large values of angular
momentum L are directly proportional to the os-
cillator strength calculated in the dipole length
approximation, we anticipate that in a high-energy
limit where the Bethe approximation is valid, we
would overestimate the optical excitation cross
section by 22%. In addition, at lower energies
we anticipate that use of a truncated (nonconverg-
ing} close-coupling expansion will lead to overes-
timation of the excitation cross sections. Thus
the magnitude of our cross sections will be too
large, but the relative shape of the differential
cross section may be reasonable.

Comparison of our results will be made in
Sec. II with DWPO, MBT, DW, CPB, and SOPDW
theories as well as with experimental results.

II. RESULTS

The integro-differential equations which arise
in the close-coupling approximation are solved
by means of a noniterative integral equation meth-
od (NIEM}." The basic step size at small values
of the radial distance r is 0.01',. Exchange terms
are neglected at y= 22.3g„where the longest-
ranged orbital has fallen to less than 10~.

A check on the accuracy and CPU times of the
NIEM program was made with an R-matrix com-
puter program. This was made at a preliminary
stage of the calculation, when the best orbitals had
not been determined. Thus the partial cross sec-
tions quoted in Table III differ from those which
contribute to the integral cross sections given in
Table IV. For the R-matrix program it was nec-
essary to use 25 continuum orbitals for each scat-

TABLE I. Coefficients of configurations in atomic states.

State Cg C2 C4 Energy (a.u.)

S
2 9
2 ig
2 3~0

2 f~o

-0.999 3
1.0
0.006 60
0.997 58

.0.996 84

0.005 06 0.009 33 0.005 51

0.994 51 0.10383 0.01068
0.069 58
0.079 45

0.0
0.7397
0.7639
0.7751
0.7879

0.0
0.7105
0.7397
0.7511
0.7605

0.0
0.7284
0.7577
0.7705
0.7798

Berrington et al, . (Ref. 20).
Moore (Ref. 21).
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TABLE II. CPU time (SEC) for R matrix and NIEM

programs.
TABLE III. Partial cross sections (1 S-g L) ob-

tained with NIEM program (N) and R matrix program (R).

NIEM
poTee NIE

R matrix
STG1 STG2 STG3 2 +iL

L
2.175 By
R

7.35 By

0
1

3

16
9
6

344
1063
497
317

1105 9
18
17
16

191
751
539
536

1'S
2 $
2'S
23~o
2 i~o

1.699 8
0.023 39
0.023 02
0.008 28
0.013 02

1.698 9
0.023 63
0.023 26
0.008 36
0.01314

0.382 5
0.000 77
0.007 00
0.000 29
0.004 27

0.383 6
0.000 82
0.00732 '

0.000 30
0.004 29

tering function, and exchange terms are neglected
at r= 19a„where the longest-ranged orbital had
fallen to less than 10 '. A grid of 600 mesh points
was used.

Representative times for the various stages of
each computer program for an IBM 3033 are
given in Table II. For the R-matrix program, in
STG1 the continuum orbitals are set up for L= 0-8
and so this is run once for the first nine L values.
In STG2, the time is independent of the number of
energy values, and STG3 times are quoted for five
energies. For the NIEM program, the POTCC times
are independent of the number of energy values
and the NIEM times are for five energies. Differ-
ent times occur for L=, 0, 1, 2, and 3, since there
are a different number of bound states in each
case. Times are the same for higher L as for L
= 3. The 8-matrix program is faster for L=0 and
1 but there is considerable overhead in setting up
STG1. For higher L values, the NIEM program is
faster, independent of the number of energies to
be evaluated.

Results from the alternative methods of solving
the integro-differential equations are in satisfac-
tory agreement. Representative partial cross sec-

. tions at two energies for L= 0 and 3 are given in
Table III.

Partial cross sections for forbidden transitions
fall off rapidly with increasing L and truncation of
the partial wave sum at L=12 is sufficient to
achieve a cross-section sum accurate to 1% at the
highest energy considered. For the optically al-
lowed 1'$-2'P cross section, values of L up to
47 are retained to make the cross-section sum
converge to within 1%. For L ~ 13, the nonex-

L=3

1 9
2 $
2 ig
23go
2 iso

0.010 92
0.003 27
0.004 38
0.005 25
0.083 96

0.010 51
0.003 27
0.004 44
0.005 25
0.084 04

0.006 12 0.006 25
0.000 06 0.000 06
0.018 01 0.018 16
0.000 41 0.000 41
0.01970 0.01979

A. Differential elastic cross sections for helium

There are as yet no published measurements in
the energy range considered here except at 100 eV.
For the energy range 100-500 eV, Jansen et al."
have surveyed the present sty, tus of experiments.
Figure 1 compares our results for 100 eV in a
five-state close-coupling approximation with the
results of Jansen et al. for the angular range 5
& 8 & 50', and with those of. Kurepa. and Vuskovic~
for 50 & 8 & 150'. Following Bransden and McDow-

change close-coupling equations are solved by
means of the NIEM. For L~ 25, a unitarized
Born approximation is used. The differential cross
sections are obtained from the reactance matrices
calculated by the NIEM program, with a computer
program of Brandt et al.

Integral cross sections at scattering energies of
29.6, 40.1, 60, 80, and KOO eV for elastic scatter-
ing and for excitation to the 2'$, 2'$, 2'p', and
2'P' are given in Table IV. As explained in the
Introduction, the excitation cross section values
are higher than experimental values.

Results for differential cross sections are given
in Tables 7I-IX and Figs. 1-17.

TABLE IV. Integral cross sections in units of ~a& in 5CCX.

Z(e~ 296 40.1 60 80 100
Transition

1'S-1'S
1'S-2 38

1$-2 S
1 iS-2 3po

1 i~ 2 i~o

2.251
0.573 -1
0.958 -1
0.895 -1
0.122

1.690
0.177 -1
0.656 -1
0.440 -1
0.169

1~ 118
0.494 -2
0.460 -1
0.122 -1
0.183

0.816
0.224 -2
0.362 -1
0.452 -2
0.176

0.635
0.125 -2
0.302 -1
0.209 -2
0.163

The negative number in each entry is an exponent of 10 by which the cross-section value
should be multiplied.
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TABLE VI. Differential elastic cross sections in units
of ao sr

IQ
E (eV) 29.6 40.1 60 80 100

c4 o0

lO'

IO 0
I I

60
I I

l20 ISO
8

FIG. 1. Differential elastic cross section at incident
electron energy of 100 eV. Symbols are given in Table V.

ell, ' we normalize Kurepa and Vuskovic's data to
the results of Jansen et al. at 50'. Present calcu-
lations are in very good agreement with experi-
ment except at small angles, where omission of
100% polari. zabi. lity of the target leads to smaller
forward elastic cross sections. Table VI sum-
marizes our calculations at five electron-scatter-
ing energies.

TABLE V. Symbols used to represent various approx-
imations or measurements in the figures.

Present 5CCX calculations.——Hidalgo and Geltman (Ref. 9)
' ' Madison and Shelton (Ref. 8)

———-Thomas et al. (Bef. 13)
-Scott and McDowell (Refs. 11,12).

CI Trajmar (Bef. 32).
0 Hall et al. (Ref. 33).i Truhlar et al. (Bef. 28).
+ Chutj ian and Srivastava (Ref.- 29).
0 Opal and Beaty (Bef. 30).

Suzuki and Takayanagi (Ref. 31).
~ Rice et al. (Bef. 34).

Vriens et al. (Ref. 35).
Yagashita et al. (Ref. 36).
Jansen et al. (Bef. 26).
Kurepa and Vuskovic (Bef; 27).

B. 1 S-2 I' excitation of helium

Table VII and Figs. 2-5 give the present results
in a five-state close-coupling approximation. In
Figs. 2 and 3, at 29.6 and 40.1 eV, the experimen-
tal results of Truhlar eg gl."are compared with
MBT calculations of Thomas ef; g/. ,

"D%PO cal-
culations of Scott and McDowell, "DW calculations
of Madison and Shelton, ' and the present calcula-
tions. Figure 4, for 80 eV, compares theoretical

Q

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

1.83 1.73 1.63
1.67 1.54 1.32
1.42 1.24 1.01
1.17 0.98 0.76
0.95 0.77 0.57
0.76 0.60 0.43
0.62 0.48 0.33
0.51 . 0.39 0.26
0.44 0.33 0.21
0.40 0.29 0.17
0.38 0.27 0.X5

0.37 0.25 0.13
0.37 0.24 0.12
0.38 0.23 0.11
0.39 0.23 0.11
0.40 0.23 0.10
0.41 0.23 0.10
0.42 0.23 0.10
0.42 0.24 0.10

1.42
1.13
0.84
0.62
0.45
0.32
0.24
0.18
0.14
0.11
0.90
0.78
0.69
0.63
0.58
0.56
0.54
0.53
0.54

1.31
1.01
0.74
0.53
0.37
0.25
0.18
0.13
0.96 -1
0.74 -1
0.60 —1
0.51 -1
0.44 -1
0.39 -1
0.36 -1
0.34 -1
0.33 -1
0.32 -1
0.33 -1

The negative number in each entry is the exponent
of 10 by which the cross-section value should be multi-
plied:.

cross sections of Thomas et g/. ,
"Hidalgo and

Geltman, ' and the present results with measure-
ments of,Chutjian and Srivastava, "Truhlar eg
p$. ,

"and Opal and Beaty." In Fig. 5, for 100 eV,
the experimental data are those of Suzuki and

E (eV) 29.6 4Q.1 60 80 100

0 0.40 -1 0.30 -1 ' 0.13 -1
10, 0.37 -1 0.27 -1 0.11 -1
20 0.30 -1 0.19 -1 0.57 -2
30 0.21 -1 0.10 -1 0.18 -2
40 0.13 -1 0.43 -2 0.22 -3
50 0.92 -2 0.19 -2 0.47 -4
60 0.10 -1 0.16 -2 0.11 -3
70 0.14 -1 0.17 -2 0.86 -4
80 0.18 -1 0.14 -2 0.63 -4
90 0.18 -1 0.84 -3 0.15 -3

100 0.15 -1 0.47 -3 0.40 -3
110 0 97-2 0 84-3 0 81-3
120 0.52 -2 0.22 -2 0.13 -2
130 0.45 -2 0.46 -2 0.19 -2
140 0.92 -2 0.76 -2 0.25 -2
150 0.19 -1 0.11 -1 0.30 -2
160 0.30 -1 0.14 -1 0.34 -2
170 0.39 -1 0.17 -1 0.37 -2
180 0.42 -1 0.16 -1 0.37 -2

The negative number in each entry is
10 by which the cross-section value sh
plied.

0.71 -2
0.63 -2
0.22 -2
0.58 -2
0.31 -3
0.30 -3
0.22 -3
0.15 -3
0.15 -3
0.21 -3
0.31 -3
0.45 -3
0.58 —3
0.70 -3
0.81 -3
0.90 -3
0.95 -3
0.10 -2
0.10 -2

0.42 -2
0.29 -2
0.10 -2
0.41 -3
0.38 -3
0.30 -3
0.20 -3
0.14 -3
0.12 -3
0.15 -3
0.18 -3
0.23 -3
0.27 -3
0.30 -3
0.33 -3
0.35 -3
0.36 -3
0.37 -3
0.38 -3

the exponent of
ould be multi-

TABLE VII. Differential cross sections for 1 S-2 3$
in units of ao sr
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FIG. 2. Differential cross section for 1 8-2 Jf at
incident electron energy of 29.6 eV. Symbols are given
in Table V.

10 I I

60
i

120 180

Takayanagi, s~ arid the theory that of Scott and
MeDowell, "Hidalgo and Geltman, ' and the present
calculations. While the present results ax'e in
reasonably good agreement wwith the shape of the

I

C4

e

PIG. 4. Differential cross section for 1 S-2 P at
incident electron energy of 80 eV. Symbols are given
in Table V.

differential cross section, the MBT method clearly
gives superior cross sections, particularly at
lower energies. The 2'P differential cross sec-
tion is dominated by forward scattering, which
is overestimated in the present calculation as is
the minor backwax'd angle component. Flux loss
to other channels not included in the present close-
coupling calculation is probably the dominant cause
of the overestimation of the cross section. Inte-
gral cross sections for excitation of 2'P' are ap-
proximately 50% higher than experimental cross
sections at 100-eV scattering energy.

10
~lQ
'II'P o g

~ g go ~ ~ ~ o ~
' ~

CL,~
~ ~Q

60 120
8

FIG. 3. Differential cross section for 1~8-2~PO at
incident electrori energy of 40.1 eV. Symbols are given
in Table V.

C. 1 S-2 S excitation of helium

Table VIII and Figs. 6-9 give results of the
present five-state close-coupling approximation
(5 CCX) calculation. In Figs. 6 and 'f for 29.6 and

40.1 eV we compare 5 CCX, DWPO, and MBT
theories with the measurements of Trajmar" and
Hal. l et g/. ' The deep minimum near 50 -is well
reproduced in the present calculations, but the
cross section is greatly overestimated at back-
ward scattering angles. Figure 8 compares the
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FIG. 5. Differential cross section for 1 S -2 P

at incident electron energy of 100 eV. Symbols are
given in Table V.

FIG. 6. Differential cross section for 1 S-2 S at
incident electron energy of 29.6 eV. Symbols are given
in Table V.

TABLE VIII. Differential cross sections for 1 S-2 S
in units of ao sr

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.18
0.14
0.77 -1
0.26 -1
0.50 -2
0.60 -3
0.13 -2
0.27 -2
0.41 -2
0.64 -2
0.11 -1
0.81 -1
0.27 -1
0.39 -l
0.52 -1
0.63 -1
0.73 -1
0.79 -1
0.81 -1

E (eV) 29.6 40.1

0.28
0.18
0.55 -1
0.11 -1
0.22 -2
0.40 -3
0.68 -4
0.10 -2
0.30 -2
0.57 -2
0.91 -2
0.13 -1
0.18 -1
0.24 -1
0.30 -1
0.36 -1
0.41 -1
0.45 -1
0.46 -1

60

0 44
0.19
0.41 -1
0.13 -1
0.45 -2
0.25 -2
0.34 -2
0.51 -2
0.64 -2
0.72 -2
0.77 -2
0.81 -2
0.84 -2
0.88 -2
0.92 -2
0.96 -2
0.10 -1
0.10 -1
0.10 -1

80

0.53
0.16
0.39 -1
0.14 -1
0.54 -2
0.40 -2
0.45 -2
0.50 -2
0.50 -2
0.48 -2
0.45 -2
0.42 -2
0.40 -2
0.39 -2
0.38 -2
0.38 -2
0.38 -2
0.38 -2
0.37 -2

100

0.58
0.14
0.39 -1
0.13 -1
0.54 -2
0.41 -2
0.41 -2
0.39 -2
0.35 -2
0.31 -2
0.27 -2
0.24 -2
0.22 -2
0.20 -2
0.19 -2
0.18 -2
0.17 -2
0.17 -2
0.17 -2

three calculations and those of the Hidalgo and
Geltman' and Bransden and Winters" with the
measurements of Opal and Beaty" and Rice et
gl. ' at SO eV, and in Fig. 9, the present results
and calculations in CPB and SOPDW approxima-
tions are compared with the experimental deter-
minations of Vriens ef, al."and Suzuki and Takaya-
nagi" at 100 eV. The magnitude of the backward-
scattering component falls rapidly with increasing
energy for energies above 50 eV, and consequently
the dip around 50' in the differential cross sec-
tion becomes more shallow. Thus forward scat-
ter ing dominates for energies above 50 eV and
the 5 CCX results become closer in magnitude to
experimental values as the energy increases.
However, although the present results agree well
with the shape of the differential cross section,
the integral cross section is still a factor of 2
larger than that given by experiment at 100 eV.

D. 1 S-2 A excitation ofhelium
~The negative number in each entry is the exponent of

10 by which the cross-section value should be multi-
plied.

Table IX and Figs. 10-13 give results of the
present calculation. These are compared with the
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e

F . ia cross section fo '
ca ent

y ols are given in Table V

i erential cross section
incident electron ener ofgyo . . ~o i

cross section measurementen s of Trajmar" and

talons of Thomas et l" in
296 d 401 V
w'ith the measurements of

pares theory
asurements of Opal and Beaty "Yy, aga-

TABLE IXIX. Differential cross

IO
E (eV) 29.6 40.1 80 100

Na
10

IO

~ ~

~ ~ c

0 0

IO 0
I

60
I I

I20

IG. 8. Differential c
den

cross section for 1
ent electron energy of 80 eve . 398.

I80

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.20 -1 0.20 —'1 0.88 -2 0.42—
0 20 -1 0 22 -1
0.21 -1 0.25 -1

0.10 -1 0.56—-2 0 ~ 34 -2
-1 0.13 -1 0.71—
-1 0.13 -1 0.61—

025-1 021--1 0.62 -2
0 2 015
0.19 -1 0.10 -1

-1 0.35 -2 0.91—
-1 0.20 -2 0.50—

0.14 -2 0.33—
0.27 -3 0.84 -4

-2 0.10 -2 0.23 -3 0.70 -4
-3 0.60 -4-2 0 72-3 0 19—

0.16 -3 0.48—0.80 -3

0.28 -1 0.58 -2 0 . —
4-2 0.65 -3 0.12—

0.21 -1 0.41 -2 0.
0.48 -3 0.95 -4
0. — 0.69 -4 0.26 -40.32 -3

-4 0.22 -4-2 0.18 -3 0.51—

0 25-2 0 62—
0.91 -4

-3 0.57 -4 0.36 -4 0.20 -4

~ The negative numb er in each entr i
h'hh ross section is to be multiplied



1848 K. BHADRA, J. CALLAWAY, AND RONALD J. %. HENRY 19

Vl
N g0 -2

10

10

b

10 0 60
I

120 180

FIG. 10. Differential cross section for 1 S-23Po
at incident electron energy of 29.6 eV. Symbols are
given in Table V.

I

EA
N g

E3

'a
b 104—

shita et pl. ,
"and Chutjian and Srivastava. " Pres-

ent results favor the experimental cross sections
of Chutjian and Srivastava and Yagashita et'aL
for scattering angles less than 40'. Measure-
ments of Suzuki and Takayanagi" and Yagashita
et gl. are compared with the five-state close-cou-
pling calculations in Fig. 13. The shape of the
differential cross section in the present calcula-
tions is in very good accord with that found experi-
mentally at the four energies considered. The
differential cross section has two shallow peaks
at energi. es less than 50 eV, and the first peak
moves to lower angles as the energy is increased.
For energies above 50 eV, the peak occurs at

10
0

I I

60
I I

120 180

FIG. 12. Differential cross section for 1 S-23P at
incident electron energy of 80 eV. Symbols are given
in Table V.

20'. The 5 CCX approximation predicts a sharp
decrease of the cross section at large backward
scattering angles (&140'), in contrast to that pre-
dicted in the MBT approximation. A major dif-
ference between 5 CCX and MBT is that in the
present calculation the O'S and 2'P' states are
coupled together. Allowance for this coupling,

10
I

lA
N ()0

IO

EO
CV ga

b IO

U

b -4
10

IO 60
I I

120 10 I I

60
I I

120 180

FIG. 11. Differential cross section for 1 S-2 SP at
incident electron energy of 40.1 eV. Symbols are given
in Table V.

FIG. 13. Differential cross section for 1 S-2 P at
incident electron energy of 100 eV. Symbols are given
in Table V.
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TABLE X. Differential cross sections~ for 1 «$-2 ~&

in units of Qo sr
E (e~ 29.6 40.1 60 80 100

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.30
0.27
0.20
0.12
0.62 -1
0.31 -1
0.16 -1
-0.10 -1
0.88 -2
0.88 -2
0.95 -2
0.11 -1
0.12 -1
0.13 -1
0.14 -1
0.15 -1
0.16 -1
0.17 -1
0.17 -1

0.84
0.67
0.36
0.16
0.62 -1
0.26 -1
0.15 -1
0.11 -1
0.95 -2
0.87 -2
0.88 -2
0.94 -2
0.10 -1
0.11 -1
0.11 -1
0.11 -1
0.10 -1
0.94 -2
0.94 -2

2.26
1.26
0.41
0.11
0.32 -1
0.14 -1
0.92 -2
0.71 -2
0.55 -2
0.44 -2
0.37 -2
0.33 -2
0.31 -2
0.29 -2
0.28 -2
0.26 -2
0.24 -2
0.23 -2
0.23 -2

3.90
1.49
0.32
0.65 -1
0.16 -1
0.75 -2
0.51 -2
0.37 -2
0.27 -2
0.21 -2
0.17 -2
0.15 -2
0.14 -2
0.13 -2
0.12 -2
0.11 -2
0.11 -2
0.11 -2
0.11 -2

5.55
1.67
0.24
0.37 -1
0.88 -2
0.44 -2
0.30 -2
0.21 -2
0.15 -2
0.12 -2
0.96 -3
0.81 -3
0.75 -3
0.70 -3
0.64 -3
0.63 -3
0.63 -3
0.60 -3
0.51 -3

10

bJ ~

a
~ Io'o

IO I

60

/
/

5 j
I20 180

FIG. 15. Differential cross section for 1~S-23S at
incident electron energy of 40.1 eV. Symbols are given
in Table V.

The negative number in each entry is the exponent of
10 by which the cross-section on value should be multi-
plied.

which is probably as strong as that between these
states and the 1'S state, brings theory and ex-
periment into much closer agreement. The same
remarks also apply to Sec. IID which describes
2 'S excitation.

E. 1~S-2 3S excitation of he1ium

Table X and Figs. 14-1'7 give results of the pres-
ent five-state close-coupling calculation. In Fig.

14, for 29.6 eV, we compare the experimental
cross sections obtained by Trajmar" and Hall eg

g&."with our theoretical cross sections and those
of Thoma, s et g&.

"and Scott and McDowell. " A

prominent dip at 125' was obtained by Thomas
and Nesbet" in a preliminary calculation using a
matrix var iational method. They attributed thei. r
improved agreement with experiment compared
to that of Thomas et g$. to the coupling of 2'$ and
2'P' levels. In addition, in Fig. 15, for 40.1 eV,
we compare with measurements of Yagashita et

p10
tA

C4 ~
C)

~ IP
b

10

&8 o
0

I20

/!
/

5 /
I I I I

60 IBO

«3
10

I

M

Cy

-5"0 I

60

~ ~ ~ ~ Ol

~ ~ ~ ~ ~

I I

1-20 IBO

FIG. 14. Differential cross section for 1~S-23S at
incident electron energy of 29.6 eV. Symbols are given
in Table V.

FIG. 16. Differential cross section for 1~S-2 8 at
incident electron energy of 80 eV. Symbols are given
in Table V.
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10
CO

C4 O

electrons. The position of the second minimum
moves inwards to 80' as the energy is increased
to 100 eV, while the first minimum collapses to a
shoulder. Present results show very good qualita-
tive agreement with experiment, and for electron
energies greater than 40 eV there is good quanti-
tative agreement.

m. CoNCLvsroNs

IO
I

60
1 I

l20 I80

FIG. 17. Differential cross section for 1~8-23$ at
incident electron energy of 100 eV. Symbols are given
in Table V.

g/. " .Figure 16 compares present theory with
that of Scott and McDowell" and Bransden and
Winters, "and with the experimental results of
Qpal and Beaty" and Yagashita et a/. for 80 eV.
Finally, Fig. 16, for 100 eV, compares 5 CCX,
MBT" and SOPDW" results with the measure-
ments of Suzuki and Takayanagi" and Yagashita
et al.

The main feature of the differential cross sec-
tion for excitation of 2'S is the existence of two
minima at 50' and 125' for scattering of 29.6-eV

The present five-state close-coupling calcula-
tions are in very good qualitative agreement with
measured shapes of differential excitation cross
sections versus angle for energies in the range
29.6-100 eV. Neglect of higher states in the
close-coupling expansion is expected to be the
cause of the overestimation of the calculated ex-
citation cross sections. In particular, differential
cross sections at large scattering angles are too
large when compared with experiment for excita-
tion of 2'g and 2'P'. Allowance for coupling be-
tween 2'S and 2'&0 states in the present approxi-
mation brings calculated differential cross sec-
tions into good quantitative agreement with ex-
periment for excitation to these states.
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