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Differential and integral cross sections for the electron-impact excitation of the 2'S, 2 'S, and 2'P
states of He relative to the 2 'P state have been measured at 29.6- and 40.1-eV energies in the 3' to
138' angular range. The relative cross sections have been normalized to the absolute scale by utilizing

the previously determined 2 'P cross sections [D. G. Truhlar, S. Trajmar, %'. Williams, S, Ormonde,

and B. Torres (unpublished)]. The differential cross section for the 2 'S state has a deep minimum at

50; for the 2'P state it is nearly isotropic, and for the 2'S state it shows a complicated structure

which has not been previously reported. The experimental cross sections are compared to the results of
quantum-mechanical calculations performed by Truhlar, Yates, Tenney, Cartwright, Steelhammer, and

Lipsky using the Born, Born-Ochkur-Rudge, and Glauber approximations for the 2 'S excitation and

the Born-Oppenheimer and the Ochkur-Rudge approximations for the 2'S and the 2'P excitations.

None of the first-order plane-wave calculations predict the observed diAerential cross sections for these

optically forbidden transitions. It is interesting to note, however, that the Ochkur-Rudge model predicts

the correct magnitude and approximate shape of the 2 P differential cross sections in the whole

angular range at these energies, The Glauber approximation shows considerable improvement compared

to first-order plane-wave theories in predicting the cross sections for the 2'S state. However, at large

scattering angles, calculation and experiment diA'er significantly. It is clear from the present study that

more refined calculations are needed to predict angular distributions for these optically forbidden

excitations in the 30—40-eV energy region.

I. INTRODUCTION

Electron-impact excitation of He at intermediate
energies (E0-25-100 eV} is of considerable in-
terest not only for its practical importance but
also from the theoretical point of viem. At near-
threshold regions, resonance theories and close-
coupling calculations yield quite reliable predic-
tions. At high impact energies, the Born (B}and
other first-order approximations are applicable,
and at very high impact energies the excitation
processes are governed by optical selection rules.
The most difficult region for theoretical attack is
the intermediate-energy region.

Elastic scattering and the excitation of the 2'I'
state of He by electron impact have been midely
studied both experimentally and theoretically. The
measurements have served as a testing ground
for various models and approximations and con-
siderable success has been achieved. ' ' The same
cannot be said for the optically forbidden 2'S
excitation and for the 2'S and 2'P spin-exchange
excitation processes. Although several measure-
ments and calculations have been reported on the
integral cross sections Q, only a very limited
amount of experimental and theoretical work has
been done on the differential cross sections (DCS)
for these excitation processes.

A comprehensive survey of the early mork deal-
ing mith the excitation of the n =2 manifold states

has been given by Massey and Burhop. ' Relative
differential cross sections for the excitation of
these states mere determined by a number of inves-
tigators. ' " By combining the relative measure-
ments of Refs. 9-11 and 13 mith the normalized
2'P cross sections' one can obtain normalized
cross sections at 26.5, 34, 44, 55.5, and 81.6 eV.
Opal and Beaty" studied these processes at 82 eV
in the 30'-150' angular range mith lorn energy-
resolution. A large number of measurements mere
carried out by Crooks" in the 10'-150' angular
range (at 50 and 100 eV). Very recently Hall
et al."obtained cross sections for these excita-
tion processes in the 10'-125' angular range (at
29.2, 39.2, and 48.2 eV). The differential cross
sections for the excitation of the 2'S state mere
measured by Crooks et gl."from 40 to VO eV at
angles ranging from 25'to 150'. (Work carried
out near threshold or at impact energies above
100 eV are not discussed here. )

The excitation of the 2'S state has been consid-
ered theoretically in detail by Rice eI; al. '3 and by
Yates and Tenney. " Rice et al. reported experi-
mental cross sections and calculations based on
first-order and polarization scattering models. It
mas concluded that in order to properly describe
scattering at lorn angles it mas necessary to in-
clude the polarization effects in the generalized
optical potential. None of the plane-mave theories
considered could predict the differential cross
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sections at high scattering angles. The only abso-
lute measuremen ort for the 2'S excitation was car-
ried out by Chamberlain et al. at, l5 at several
energies ranging from 50 to 150 eV. Hidalgo and
Geltman s xestudied the 2'S excitation by the Cou-
lomb-projected Born approximation, at and above
impact energies of 100 eV, and found that the
interaction of the scattered electron with the nu-
cleus significantly influenced the values of the
calculated cross sections. Yates and Tenney"
a lied the Glauber (G) approximation at inter-
mediate energies and found good agree pment u to
an 80' scattering angle with the available experi-

Gl b odel polarization and distortion areau erm
taken into account in a.n approximate way, u
exchange is neglected. Koh 1. et al."used the
eikonal approximation to obtain the excexcitation cross

range at energies of 50-500 eV. They found that
ith res ect tothis method gave improved results wi p

f t-order Born calculations, but th e calculated
ment with theangular dependence was in disagreemen

experimental results.
Diff rential cross sections for ththe excitation ofe

t-the an2'S d 2'P states were calculated by Car-
workt" and b Steelhammer" in the framewor

of the Ochkur-Rudge (OR) and Born-Oppeerheimer
(BO) a proximations. The OR approximation was

ral cross sections, but predicted DCS peaking
at intermediate angles. Experim
ments show forward peaking for the 2'S""'" and
nearly isotropic distributions for the 2'P exci-
tations. T e aph BQ proximation predicted forward

f r the 2 'S DCS but disagreed with the
les.experimental angular distribution at high ang es.

F th ore the values of the calculated cross
sections were considerably higher than e exp

t 1"ones. Better agreement in magni e
2'P exci-was found for this approximation for the 2 P

tation, but the calculated angular distribution
disagree wi ed 'th experiments at large scattering
angles. "

nal-to-noise conditions were achieved, even
for the weakest feature in the spectrum. ypT ical
spectra are shown in Fig. 1.

The symmetry of the scattering around 0'was

solid angle extended by the detector aperture at' sr. The viewthe scattering center was 6.8 x10 sr.
cone for the detector was defined by two circular
apertures and the cone half-ang le was 1.6'. In

l the angular resolution cannot be easilygenera, e
defined or experimentally determined. e
tector accepts scattered signals from a pom all ints
within the view cone and therefore the extreme
angular resolution could be taken as equal to the
view cone ang e. nl I actual practice the angular
resolution is better than this value. The reason

He

Eo -40. 1 eV

x50

II. EXPERIMENTAL

The apparatus utilized to carry out the measure-
ments has been described elsewhere. 2s A He

r -selectedt beam was crossed by an energy-a omxc
sit as aelec on etron beam and the scattering intense y

eri a lesfunction of energy loss, at fixed scattering ng
f 3 to 138' was measured for the

40.1 eVexcitation of the n =2 manifold at 29.6 and . e
impact energies E Each energy-loss spectrum
was obtained by the superposition of 5-200 scans,
utilizing a multichannel sealer, until adequate

5'

0.6 0.8 20 0. 2 0.4 0.6 0.8 21 0.2 0.4
ENERGY LOSS, eV

FIG. 1. Typical energy-loss spectra at 40. — p.1-eV impact
50' and 125'.energy and at scattering angles of 5,
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is that the array of scattering points have differ-
ent angular ranges associated with them over
which the signal is seen and integrated by the
detector. In other words, in the total signal a
weighing factor can be assigned to each scattering
angle that contributes to the detected signal. One
could then take the full width at half-maximum of
this weighted distribution versus 6I as the angular
resolution. It is not practical to determine the
angular resolution in this manner, however, since
it will change with nominal scattering angle and
with scattering geometry. To determine the an-
gular resolution experimentally, it would be nec-
essary to have a feature in an angular distribution
whose width is known to be less than the angular
resolution of the instrument. The deep minimum
in the 2'S DCS may be such an appropriate feature.
The presently measured angular distribution has
a deeper minimum than the ones measured pre-
viously with instruments known to have poorer
angular resolutions. It will be required to remea-
sure this distribution with an even higher angular
resolution to see whether the present shape was
predominantly determined by the instrument or

10:

He

Q
= 29. 6 eV

10

by the actual behavior of the differential cross
section. At the present time we can only state
that on the basis of extreme geometrical consid-
erations, the angular resolution is between 1.7'
and 3.2'. This angular resolution is sufficient to
bring out certain features in the angular distribu-
tions that were not previously observed.

The calibration of the impact-energy scale is
discussed elsewhere. '

III. CROSS-SECTION RATIOS

The most accurately determined quantities in
the present measurements are the scattering in-
tensity ratios within the n =2 manifold. The elec-
tron optics were designed to be independent of the
value of energy loss. Furthermore, drifts are
averaged out and statistical errors are reduced
to below a few percent by the superposition of
many scans, and all angular-dependent errors
cancel out in the ratios. In general, the ratios
are estimated to be accurate to within 5%.

The ratios were obtained by measuring the
heights of the individual peaks above the back-
ground. This is a well-justified procedure under
the present experimental conditions, as verified
by integrating the area under the peaks for a few
specific cases. Figures 2-7 give the measured
intensity ratios with respect to the 2'P intensities.
The intensity ratios measured by Hall et al."are
also given.

The 2'S ratio curves show complicated struc-
tures and are significantly different at the two
impact energies. These structures are reported
for the first time and are believed to be real,
since they are larger than the estimated error

10'
10

10 I I I I I I

0 20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 2. Ratio of the scattering intensity of the 1'S
—2 S transition to that of the 1 S 2 P transition as
a function of scattering angle. The present experimental
points at 29.6 eV (crosses) are joined by a smooth curve.
The values measured by Hall etal. (Ref. 12) at 29.2 eV
(circles) are given for comparison.

lo '&

1 1

0 20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 3. Same as Fig. 2, except this is for the
1~S 2 3S transition.
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FIG. 4. Same as Fig. 2, except this is for the
1~S-2 P transition.
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0 20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 6. Same as Fig. 5, except this is for the
1 ~S 2 38 transition.

limits. The 2'S and 2'P ratio curves remained
qualitatively the same at the two impact energies.
There seems to be an indication for a slight mini-
mum in the 2'P ratio curves at around 5' at both
energies.

IV. DIFFERENTIAI. CROSS SECTIONS

He

Eo 40. 1 eV

From the intensity ratios and from the previ-
ously determined 2'P cross sections, ' the DCS

10 =

C/l

10 1

l I

0 20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 5. Same as Fig. 2, except the present values
(crosses) are at 40.1-eV impact energy, and those of
Hall etcl. (Ref. 12) are at 39.2-eV impact energy (circles).

10

l l l I I

40 60 80 100 120
SCATTERING ANGLE, deg

FIG. V. Same as Fig. 5, except this is for the
1 ~S -2 ~P transition.
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for the other g =2 manifoM excitations were ob-
tained. The results are summarized in Figs. 8-
13. The intensity ratios are given in Table I and
the differential cross sections are given in Tables
II-IV for convenience and for the purpose of pos-
sible recalculation of the cross sections when
more accurate 2'P cross sections become avail-
able.

The present results are compared in Figs. 8-13
with the very recent measurements of Hall eI; aE.'6

The latter measurements were carried out with
a different type of apparatus and have been nor-
malized to the absolute scale by a completely
different method. They calibrated the over-all
instrument efficiency by measuring the scattering
intensities of the n =2 manifold excitations and
the He elastic scattering intensities corresponding
to an impact energy equal to the residual energy
of the inelastically scattered electrons and then
utilizing the known absolute electron-He elastic
cross sections. '6 Their results are in excellent
over-all agreement with the present measure-

10-18

ments. There are, however, some differences
in the finer details of the curves. These differ-
ences may be attributed to the fact that the pre-
sent results were obtained with better angular
resolution. The 2'8 DCS measured by Crooks
eI; al."at 40 eV are also shown in Fig. 12. They
utilized a third type of instrument and achieved
the normalization to the absolute scale by di,rectly
determining all the quantities that relate the mea-
sured scattering intensities to the respective cross
sections. The agreement among the different mea-
surements is excellent. Also shown in Figs. 8-13
and given in Tables II-IV are the calculated cross
sections using the 8, the Born-Ochkur-Budge
(BOB), and the G approximations for the 2 '8 state
and the BO and the OR approximations for the
2'8 and 2'I' states.

The calculations'~ for excitation of the 2'8 state
using the 8" and BOR'"'0 approximations were
performed by methods described previously. "'"
These calculations used the generalized oscillator
strengths obtained from very accurate wave func-
tions" by Kim and Inokuti. " The calculations"
using the G approximation were performed as des-
cribed in Ref. 18. The calculations'~'~ for exci-
tation of the 2'8 state using the BO36'~ and OR"
approximations were performed as described in
Refs. 22 and 23. These calculations used the wave

10-18—

E~10-19

I"20 '

He (1 S —2 S)
1

E0
= 29.6 eV

0 i

I II

X 11 )i')( X

o
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10-21

0 20
I I I I

40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 8. Differential cross sections for the excitation
of the 2~8 state. '7he present experimental points at
29.6 eV (crosses) are joined by the dash-dash curve.
The values measured by Hall et el. (Ref. 16) at 29.2 eV
{circles) are given for comparison. Representative er-
ror bars are shown. The solid curves are the results of
calculations utilizing the Born (B), Born-Ochkur-Rudge
(BOR) (Ref. 27), and Glauber (G) (Ref. 34) approxima-
tions at 30, 30, and 29.6 eV, respectively.

0 20 40 60 80 100 120 140

SCAT%RING ANGLE, deg

FIG, 9. Differential cross sections for the excitation
of the 238 state. The present experimental points at
29.6 eV (crosses) are joined. by the dash-dash curve.
The values measured by HaQ et al. (Ref. 16) at 29.2 eV
(circles} are given for comparison. Representative er-
ror bars are shown. The soM curves are the results of
calculations at 30-eV impact energy utilizing the Born-
Opperheimer (BO) approximation (Ref. 35) and the Och-
kur-Budge [OR (C) and OR (STL)1 approximations (Refs.
22 and 35, respectively).
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FIG. 10. Same as Fig. 9, except the cross sections
are for the excitation of the 23P state. The calculated
curves OR(C) and OR(S) are from Refs. 41 and 42,
respectively.
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g = 40. 1 eV
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10-18
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SCATTERING ANGLE, deg

FIG. 12. Differential cross sections for the excitation
of the 23$ state. The present experimental points at 40.1
eV (crosses) are joined by the dash-dash curve. The val-
ues measured by Hall etal. (Ref. 16) at 39.2 eV (circles)
and by Crooks et al. (Ref. 17) at 40 eV (triangles) are
given for comparison. Representative error bars are
shown. The solid curves are the results of calcula-
tions at 40-eV impact energy utilizing the Born-Opper-
heimer (BO) approximation (Ref. 35) and the Ochkur-
Rudge [OR(C) and OR(STL)l approximations (Refs. 22
and 35, respectively).

10
18-
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I
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10" I I I I I

0 20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 11. Differential cross sections for the excitation
of the 2~$ state. The present experimental points at
40.1 eV (crosses) are joined by the dash-dash curve.
The values measured by Hall etal. (Ref. 16) at 39.2 eV
(circles) are given for comparison. Representative er-
ror bars are shown. The solid curves are the results
of calculations utQizing the Born (B), Born-Ochkur-
Rudge (BOR) (Ref. 27), and Glauber (G) (Ref. 34) approx-
imations at 40, 40, and 40.1 eV, respectively.

He(l S—1

E0
= 40. 1 e

20 40 60 80 100 120 140

SCATTERING ANGLE, deg

FIG. 13. Same as Fig. 12, except the cross sections
are for the excitation of the 23P state. The curves BO
and OR(S) are from Ref. 42 and the one marked as OR(C)
is from Ref. 41.
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function of Green et al.~ for the ground state and
the wave function of Morse et al. for the 2,'S
state. The calculations ""for excitation of the
2'P state using the BO and OR theories were also
performed by the methods described in Refs. 22
and 23. These calculations used the wave func-
tions of Green et al. '9 (for Ref. 41) and of Hyl-
leraas4' (for Ref. 42) for the ground state and the
wave function of Morse et al.4' (for Ref. 41) and of
Eckart~4 (for Ref. 42) for the 2'P state.

V. INTEGRAL CROSS SECTIONS

The experimentally determined differential cross
sections have been extrapolated from 3' to 0' and
from 138' to 180' and integrated over all angles.
The resulting integral cross sections are sum-
marized in Table V together with other experi-
mental integral cross sections and also those ob-
tained from the calculations utilizing the different
plane-wave approximations.

VI. ESTIMATION OF ERRORS

The error in the ratio curves is estimated to be
+5% except at and below angles of 10', where it is
+10%. This estimation is based on the statistical
errors associated with the data points and on the
reproducibility of the data, points as measured at
different times and under different experimental
conditions. Errors due to energy dependence of
the detector efficiency over the energy-loss region
in question are negligible. Other types of errors
that normally influence angular distribution mea-
surements of individual excitation processes can-
cel out in the ratio measurements.

The errors in the DCS are the combined errors
of the ratio measurements and of the 2'P DCS,
see Table VI. The errors associated with the
DCS (2'P) are of two types: About half of the error
affects the absolute magnitudes of the DCS curves,
but is independent of scattering angle (normali-
zation error); the other half of the error influ-

TABLE I. Scattering intensity ratios (to 2 P) at 29.6- and 40.1-eV impact energies. The
number s in parentheses ire extrapolated values.

8
(deg. ) 2'S

Ep=29.6 eV

23S 2 P 2'S

Ep=40.1 eV

2 S 23P

0
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
138

(o.62)
0.62
0.60
0.54
0.45
0.35
0.27
0.20
0.11
0.050
0.023
0.025
0.080
0.15
0.18
0 ~ 23
0.36
0.50
0.62
0.80
1.00
1.50
1.70
2.40
2.85
3 ' 30
3.45
3.75
4.60
5.30

(0.10)

0.10
0.105
0.115
0.13
0.15
0.165
0.215
0.275
0.40
0.56
0.89
1.20
1.35
1.43
1.95
2.20
1.75

.1.60
1.60
1.75
1.32
1~ 34
1.02
0.97
1.03
1.28
1.80
2.45

(0.039)
0.0375
0.0355
0.038
0.048
0.069
0.099
0.155
0.245
0.40
0.68
1.00
1.26
1~ 82
1.93
1.97
2.10
2.21
2.35
2.45
2.55
2.90
3.30
3.60
3.80
3.60
3.30
2.95
2.90
2.90

(o.31)
0 ~ 28
0.265
0.22
0.175
0.135
0.098
0.067
0.043
0.026
0.0145
0.0065
0.019
0.057
0.14
0.23
0.34
0.52
0.66
1.00
1.30
1.60
1.90
2.23
2.60
2.95
3.30
3.45
4.41
4.30

(0.04O)
0.037
0.036
0.042
0.055
0.078
0.105
0.135
0.16
0.17
0.175
0.165
0.15
0.195
0.195
0.20
0.20
0.21
0.21
0.16
0.205
0.185
0 ~ 275
0.44
0.66
1.06
1.48
1.90
2.80
3.15

(0.010)
0.0090
0.0093
0.014
0.027
0.048
0.096
0.175
0.315
0.52
0.79
1.01
1.15
1.20
1.23
1.26
1.28
1.32
1.37
1.46
1.60
1.58
1.61
1~ 60
1.58
1.63
1.52
1.38
1.29
1.20
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ences the angular behavior. For this reason the
angular behavior of the DCS is somewhat more
reliable than their absolute values.

In estimating the errors in the integral cross
sections, the error associated with the extrapo-
lation of the DCS to 0' and to 180' have been con-
sidered in addition to those associated with the
DCS themselves. The estimated errors are sum-
marized in Table VII.

In calculating the 2'S, 2'S, and 2'P DCS from
the scattering intensity ratios, a small additional
error is introduced to those already listed in
Table VI at angular regions where the angular
behavior of the DCS in question deviates strongly

from that of the 2'P DCS. This occurs because
the "effective path-length" corrections in such
cases do not cancel precisely and the intensity
ratios are not strictly equal to the cross-section
ratios. At the present time this error cannot be
estimated reliably, but on the basis of preliminary
calculations" it is estimated to be of the order of
only a few percent for the most extreme case of
the cross sections considered here.

VII. DISCUSSION

In the present work the normalization was based
on the 2'P cross sections' (which, in turn, were

TABLE II. Experimental and theoretical cross sections for the excitation of the 2 S state.
The approximations used in the calculations are Born (B), Born-Ochkur-Rudge (BOR), and
Glauber (G). The impact energies are given in the headings. The numbers in parentheses are
extrapolated values.

DCS (10 9 cm2/sr)

Expt. '
(deg. ) 29.6 eV

Bb BORb G c Expt. a Bb BORb G c

30 eV 30 eV 29 6eV 40 1eV 40 eV 40 eV 40 1eV

0
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
138
140
160
180

(42.7)
39.9
36.4
25.6
14.8
8.14
4.27
2.09
0.68
0.204
0.065
0.048
0.12
0.16
0.17
0.19
0.28
0.36
0.43
0.53
0.64
0.95
1.06
1.48
1.77
2.09
2.21
2.44
3.04
3.51

(3.9)
(8.6)

(12.5)

19.23
19.12
18.98
18.28
17.19
15.76
14.14
12.43
10.72
9.10
7.61
6.35
5.26
4.34
3.58
2.96
2.47
2.06
1.72
1.45
1.22
1.04
0.89
0.76
0.66
0.56
0.51
0.45
0.41

0.37
0.28
0.26

20.83
20.74
20.60
19.96
18.92
17.63
16.07
14.39
12.71
11.08
9.60
8.28
7.11
6.13
5.29
4.65
3.97
3.47
3.05
2.69
2.38
2.12
1.90
1.71
1.54
1.40
1.29
1.19
1.10

1.03
0.85
0.80

5.24
4.65
3.84
2.97
2.17
1.51
1.01
0.648
0.403
0.247
0.154
0.105
0.084
0.080
0.086
0.096
0.108
0.120
0.131
0.140
0.147
0.153
0.157
0.160
0 ~ 162
0.163
0.163

0.163
~ ~ ~

(72.9)
62.2
47.7
32.3
13.6
5.94
2.41
1.03
0.39
0.14
0.053
0.017
0.037
0.087
0 ~ 182
0.26
0.33
0.46
0.54
0.75
0.92
1.06
1.22
1.38
1.57
1.74
1.91
2.04
2.63
2.63

(2.7)
(2.7)
(2.7)

29.40
29.12
28.84
27.13
24.46
21.22
17.55
14.28
11.15
8.70
6.60
5.01
3.80
2 ~ 91
2.13
1.71
1.31
1.01
0.78
0.61
0.48
0.38
0.31
0.25
0.21
0.17
0.14
0.12
0.11

0.096
0.067
0.060

29.96
29.68
29.12
27.55
25.05
21.75
18.20
14.95
12.00
9.45
7.40
5.72
4.42
3.52
2.80
2.25
1.81
1.47
1.20
0.99
0.82
0.69
0.59
0.50
0.43
0.38
0.34
0.30
0.27

0.25
0.20
0.18

17.03
13.84
10.13
6.87
4.41
2.70
1.60
0.927
0.535
0.323
0.219
0.177
0.169
0.176
0.188
0.200
0.210
0.217
0.221
0.222
0.221
0.218
0.215
0.210
0.206
0.201
0.196

0.192

Present work. Reference 27. c Reference 34
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normalized to the excitation functions of Donaldson
et al.46). The excellent agreement both in magni-
tude and in over-all angular behavior between the
present results and those of Hall et al."and
Crooks et al."establishes the reliability of the
experimental cross sections at these two energies
and makes them ideally suited for checking new
electron scattering instruments. The agreement
is especially significant since the normalizations
were carried out by completely different and inde-
pendent methods. The 2'P DCS curves were found
to be smoothly varying functions of scattering
angle. ' The well-defined structure in the I(2'S)/
I(2'P) curve must, therefore, be associated with
the 2'S DCS curves. There is some indication for
structure in the 2'S and 2'P DCS curves also. In

these cases, however, the structure is comparable
to the experimental errors and one cannot be as
certain as in the 2'S case. (The error bars as-
sociated with the cross-section values represent
the total error. A significant part of it is cali-
bration error, which shifts the whole curve but
does not affect the shape. )

The DCS curves for the optically forbidden tran-
sitions are quite complex and constitute a very
severe test for theoretical models. At the present
time no practical calculational methods exist
which would properly predict differential cross
sections over a wide angular range for these op-
tically forbidden transitions at intermediate im-
pact energies. It is clear that plane-wave approx-
imations, even though they sometimes predict

TABLE III. Experimental and theoretical cross sections for the excitation of the 2 S state.
The approximations used in the calculations are Born-Opperheimer (BO) and Ochkur-Rudge
(OR). The impact energies are indicated in the headings. The numbers in parenthesis are
extrapolated values.

0

(deg. )

Expt. '
29.6 eV

BOb
30 eV

DCS (10 cm /sr)

OR Expt '
30 eV 40.1 eV

Bob
40 eV

ORb

40 eV

0
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
138
140
160
180

~ Present work.

(7.57)

6.25
4.98
3.80
3.02
2.38
1.72
1.34
1.12
1~ 13
1.08
1.32
1.32
1.26
1.18
1.49
1.58
1.21
1.05
1.03
1.11
0.82
0.82
0.63
0.61
0.66
0.83
1.19
1 ~ 62

(1.9)
(4.4)
(6.1)

125.1
124.8
124.6
123.2
121.2
118.4
115.0
111.7
108.0
104.7
101.3
98.5
96.0
93.8
92.1
90.7
89.8
89.0
88.4
88.2
88.2
88.4
88.7
89.0
89.3
89.8
90.1
90.7
91.2

91.8
93.2
93.5

0.646
0.658
0.674
0.753
0.887
1~ 08
1.33
1.62
1.95
2.30
2.65
2.99
3.30
3.55
3.78
3.94
4.08
4.14
4.17
4.17
4.14
4.11
4.03
3.97
3.89
3.80
3.69
3.61
3.55

3.47
3.24
3.19

(9.39)
8.22
7.15
6.17
4.25
3.43
2.64
2.10
1.44
0.94
0.64
0.42
0.30
0.30
0.25
0.22
0.20
0.18
0.17
0.12
0.14
0.12
0.18
0.27
0.40
0.62
0.86
1.12
1.68
1.94

(2.1)
(3.1)
(3.8)

Reference 35.

56.5
56.4
56.0
54.8
52.6
50.1
47.6
44.8
42.2
40.3
38.3
36.9
36.1
35.5
35.2
35.0
35.2
35.5
35.8
36.4
36.9
37.8
38.3
39.2
39.7
40.3
40.8
41.7
42.0

42.5
43.9
44.5

0.225
0.234
0.251
0.330
0.478
0.697
0.988
1.33
1.70
2.06
2.38
2.65
2.84
2.96
3.02
3.07
2.99
2.91
2.80
2.69
2.56
2.44
2.31
2.19
2.08
1.97
1.88
1.79
1.72

1.65
1.47
1.41
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cross sections of the right order of magnitude,
are unable to predict the proper angular distri-
butions. The Glauber approximation gives much
better agreement than the plane-wave models
with the experimental data for the 2 'S excitation.
It is evident, however, from Figs. 5 and 8 that
the finer details and the high-angle behavior of
the cross-section curves are not accurately des-
cribed by this approximation either. The high-
angle behavior might be improved by somehow
including exchange in this model. Calculations
for the 2'S and 2'P excitations by the distorted-
wave method are presently being carried out. 4'

The indications are that there is an agreement
between the calculated and the experimental DCS
curves considering the over-all shape and magni-

tude, but there are deviations at high scattering
angles and fine details of the experimental curves
are not predicted by the calculations. Very re-
cently Csanak et al."formulated a many-body
Green's-function method for inelastic electron He
scattering, but numerical calculations have not
yet been carried out.

The integral cross sections calculated by the
different first-order plane-wave models are, with
the exception of the BO model for the 2'S excita-
tion, all the same order of magnitude as the ex-
perimental results. It has been well known"'
that the BO approximation gives much poorer
results for S-S than for S-P transitions. The
present results support this observation. The
integral cross sections calculated by Van den

TABLE IV. Experimental and theoretical cross sections for the excitation of the 2 P state.
The approximations used in the calculations are Born-Opperheimer (BO) and Ochkur-Rudge

(OR). The impact energies are indicated in the headings. The numbers in parentheses are
extrapolated values.

DCS (10 cm /sr)

8

(deg. )

Expt.
29.6 eV

BOb
30 eV

ORb
30 eV

Expt. '
40.1 eV

BO"
40 eV

ORb
40 eV

0
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
135
138
140
160
180

(2.68)
2.41
2.16
1.80
1.59
1.60
1.56
1.62
1.52
1.63
1.92
1.93
1.87
2.00
1.81
1.62
1.61
1.59
1.62
1.62
1.64
1.83
2.05
2.20
2.37
2.28
2.12
1.93
1.92
1.92

(1.9)
(2.0)
(2.1)

0.19
0.21
0.23
0.34
0.51
0.73
0.98
1.25
1.54
1.84
2.16
2.52
2.91
3.36
3.86
4.42
5.04
5.71
6.44
7.19
7.98
8.70
9.54

10.33
11.11
11.84
12.54
13.21
13.83

14.39
15.98
16.54

3.36
3.36
3.38
3.47
3.61
3.78
3.94
4.08
4.17
4.17
4.14
4.06
3.89
3.72
3.50
3.27
3.02
2.80
2.58
2.36
2.16
1.98
1.82
1.67
1.54
1.42
1.32
1.23
1.16

1.09
0.92
0.87

(2.35)
2.00
1.85
2.06
2.08
2.11
2.37
2.68
2.80
2.86
2.93
2.59
2.25
1.86
1.57
1.39
1.27
1.16
1.12
1.09
1.14
1.05
1.04
1.00
0.96
0.97
0.88
0.82
0.77
0.74

(0.73)
(0.71)
(0.84)

2.24
2.25
2.27
2.34
2.43
2.50
2.50
2.44
2.30
2.13
1.96
1.80
1.71
1.68
1.73
1.86
2.04
2.33
2.65
2.99
3.36
3.75
4.14
4.53
4.90
5.23
5.57
5.88
6.16

6.41
7.14
7.39

1.86
1.90
1.93
2.12
2.38
2.65
2.88
3.02
3.08
3.02
2.88
2.67
2.43
2.17
1.92
1.68
1.46
1.26
1.09
0.94
0.81
0.71
0.62
0.54
0.48
0.43
0.38
0.34
0.31

0.29
0.23
0.21

~ Present work. Reference 42.
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TABLE V. Integral cross sections.

23$

Method

Present expt.
Hall at A. ~ expt.
Calc. Bb
Calc. BGR
Calc. VDB

Present expt.
Hall et al. ' e~t.
CDGR d capt.
Calc. BG'
Calc. GR'

Present expt.
Hall eg 4.~ expt.
Jobe-St. John &

Calc. BO"
Calc. GR"

Ep (eV)

29.6
29.2
30
30
30

29.6
29.2

30
30

29.6
29.2
30
30
30

Q(10 «~ cm2}

29.1 ~7.0
24.1 + 7.0
42.56
58.80
28.84

19.4 + 4.5
17.0 +5.0

1181.6
43.46

23.4 +4.2
27.6 +5.4
21
96.60
31.36

Ep (eV)

40.1
39.2
40
40
40

4Q.1
39.2
40
40
40

g(10 "cm')

21.1 +4.0
21.0 ~6
39.20
44.24
26.60

12.2 + 2.4
14.0 ~12.0
10.3 +3.1

496.2
27.88

17.V ~3.2
21.4 ~4.2
15.5
46.20
16.13

~ Reference 16.
b Reference 27.
c Van den Bos, Ref. 51.
dCrooks, Du Bois, Golden, and Rudd, Ref. 17.
e Reference 35.
i Previous calculations on the 2 tP integral cross sections {Massey and Moiseiwitsch, Proc.

Roy. Soc. A258, 147 (1960); Ochkur and Brattsev, Opt. Spectrosk. 19, 490 (1965) tGpt.
Spectrosc. 19, 274 (1965)); Lashmore-Davis, Proc. Phys. Soc. 86, 783 (1965};Bell, Eisso,
and Moiseivritsch, Proc. Roy. Soc. SS, 57 (1966); Ojha, Tivrari, and Rai, J. Phys. B 5, 2231
t1972)} all gave values of the same order of magnitude as the present theoretical results

&J. D. Jobe and R. M. S. St. John, Phys. Rev. 164, 117 (1967)."Reference 42.

@os" for the 2 'S excitation are in the best agree-
ment mith experiment. The calculation mas car-
ried out in the 8 approximation using less aeeu-
rate wave functions than the ones used to obtain
the present results. " The better agreement with
experiment must therefore be fortuitous.

It would be interesting and important to apply

more refined models to the optically forbidden
transitions of the n =2 manifold and one purpose
of this paper is to give experimental data for test-
ing these models. A partial wave analysis of the
experimental data mould be"'" very useful in
checking the theoretical models and approxima-
tions.

TABLE VI. Estimation of errors associated arith the differential cross sections at 29.6 and

40.1 eV.

Source of error

Error in the DCS (X)/DCS (2 ~P) ~

RMS error in DCS (2 P}
Total error in DCS (X) d

3'-10'

10

Estimated error (%)

Angular range

10'-90'

5(10)

90'-138'

18

~X refers to 2~$, 23$, or 23P.
b The number in parentheses refers to the 2 ~S cross sections in the 40'-60 angular range.

The larger error in this range is due to the very small value of the scattering intensity as-
sociated vrith the 2 ~S excitation.

c Reference 5.
d The total error is the square root of the sum of the squares of the component errors.
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TABLE VII. Estimates of errors associated with the integral cross section.

29.6 eV

Estimated error t%)

40.1 eV

Source of error 2'S 2 S 23P 2'S 23$ 23P

Total error in DCS (X)

Extrapolation error

Total error in Q
b

18

16

24

18

14

23

18

18

18

19

18

20

18

18

X refers to 2 S, 2 S, or 2 P. The values are taken from Table VI.
The total error is the square root of the sum of the squares of the component errors.
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The behavior of scattering cross sections near an excitation threshold is examined for the case of
long-range potentials. The theory is confirmed by computations of e-Li scattering. Recent observations

of threshold structure in e-Na collisions are ascribed to a 'D resonance of Na . A true cusp should

occur only in the 'P partial cross section.

The effects of long-range potentials on the
threshold behavior of elastic-scattering cross
sections were studied some time ago, principally
by O' Malley, Spruch, and Hosenberg' and by Levy
and Keller. ' However, there has been little analy-
sis of the effects of such potentials on inelastic
collisions. The purpose of this paper is to extend
the analysis of Levy and Keller' to inelastic scat-
tering, and to relate the results to recent experi-
ments involving alkali atoms. One particular fea-
ture that we will examine is the appearance of
Wigner cusps at excitation thresholds. Our analy-
sis will be applicable to any atom except hydrogen,
for which special problems arise owing to the l

degeneracy. These special problems have been
studied by Gailitis and Damburg' and others.

The analysis of Levy and KeQer' is based on the
variable-phase method, which has been extended
to multichannel problems by several authors. '
For each channel o., the associated single-particle
function P s(r) is written

y„s(r) =cv, {r)5„s+w, {r)t s(r).

channels we take

w, (r) =tt'"rj, ()t„r),

cy, (r) =-0"*rn, (k„r).
(2)

(3)

The scattering information is contained in the ma-
trix t 8(r). The limit of t„s(r), as r- ~, is the
react, ance matrix E 8, whose eigenvalues are the
tangents of the eigenyhases.

By substitution in the SchrMinger equation we
obtain an integral equation for t 8{r) of the form'

t„s(r) = -2 f,
"P [5„„to,~(r') + t,„(r')c,g„(r')]

y

x~jy„~(r') [zv „(r')5,s +m„t, s(r' )]dr', (4}

where V'&z(r) is the interaction potential, ex-
pressed in matrix form. The g-matrix Born ap-
proximation' can be obtained by neglecting the
terms involving t(r') on the right-hand side of Eq.
(4). Substituting for w»(r), we obtain

K s=t„8(~)

The index P denotes the incident channel; m, (r)
and m, (r) are independent functions which have
the asymptotic form appropriate for the channel
e. If there is no unscreened Coulomb interaction
in the asymptotic region, these can be expressed
in terms of spherical Bessel functions. For open

As shown for single-channel scattering by Levy
and Keller, ' the dominant term in the threshold
behavior is given by Eq. (5).

Let us suppose that we have one or more old
channels labeled e, P, . . . , and one or more new


