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Differential and integral electron scattering cross sections have been measured and calculated for the
transitions 153" s 33 N 3P and for the experimentally unresolved transitions 1 $53 lP, 3D in hel-
ium. Measurements were made relative to both the 2°P and 2 'P transitions at incident electron ener-
gies of 29.2 and 39.7 eV, and over the angular range 5-136°. The n = 3 relative differential cross sec-
tions (DCS) were normalized to the absolute scale by utilizing known normalized absolute DCS for
the 2°P and 2'P transitions. The theoretical calculations were carried out in the first-order many-
body theory of Csanak, Taylor, and Yaris. Comparisons are also made of the present measurements
and calculations with other calculations carried out for the 3'S, 3'D, and 3 !P states in the Born
and several Ochkur-like approximations. The theoretical origins in several theories of the intriguing

sharp minimum in the 1'S—3’$ DCS are discussed.

1. INTRODUCTION

The study of low-to-intermediate—energy elec-
tron scattering from the helium atom is of interest
from both an experimental and theoretical point
of view. Helium is an important component of
several different types of plasma media, such as
the He-Ne laser, the Jovian atmosphere, and a
variety of gas discharges. Electrons of energies
less than 50 eV are present in these media, and
it is desirable to know accurate differential and
integral cross sections for inelastic e-He scatter-
ing in order to understand these often complex
plasma environments. Partly as a result of this
need, a large body of experimental measurements
has recently become available on electron scatter-
ing to the =2 (23S, 2!'3P) states of helium.
These include differential cross-section (DCS)
measurements,’! “*aswell asintegral electron-im-
pact (excitation function)cross-section measure-
ments® for the n'P states (=2, 3, and 4).

Theoretically, the e-He system at electron ener-
gies of 30-50 eV presents an infinity of open in-
elastic and ionization channels, so that an exact,
close-coupling solution to the problem is not feasi-
ble. This system is thus a valuable “testing
ground” for approximate theories which consider
only a small number of the possible open channels.
In particular, for the n=2 states, the first-order
many-body theory (FOMBT)® or random-phase
approximation (RPA) was shown’ to give correct
predictions at incident electron energies of 30 eV
and above, of the shape and magnitude of the DCS
of singlet transitions, and good agreement in
shape, but only qualitative agreement in magnitude,
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for triplet transitions. These results were in con-
trast to those of other first-order theories such

as the Born, Glauber, and Ochkur-like which in
this low-to-intermediate energy range generally
gave unsatisfactory results in both shape and mag-
nitude, especially for optically forbidden singlet
and triplet transitions.!*?

An extension of the FOMBT to calculations in
the n =3 manifold represents a further critical
test of the theory. At first blush, one would expect
channel couplings to become increasingly impor-
tant, and first-order theories to become less re-
liable since (i) the states in the n =3 manifold are
closer together in energy, and there are more of
them; (ii) the » =2 manifold lies below, with much
larger excitation cross sections; (iii) the mea-
surements of the present work were made at ener-
gies ~2 eV closer to threshold for the n =3 states
than the measurements of the # =2 transitions.'”?
Surprisingly, as the theoretical results presented
here will show, the agreement between theory and
experiment is as good, and in some cases better,
than was found for the n =2 case.” This encourag-
ing result implies that the FOMBT contains many
of the important physical effects operating in the
e-He system at these electron energies.

We report here the first measurements of nor-
malized absolute differential and integral scattering
cross sections from the He 1S ground state to the
31S, 335, 33%P, and to the combined (unresolved)
3P, 3!'3D states. Measurements were made at
incident electron energies £, of 29.2 eV and 39.7
eV, and at scattering angles 6 between 5° and
136°. The theoreticaldifferentialandintegral scat-
tering cross sections calculated in the FOMBT
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are reported at each experimental £, and 6. Com-
parisons are made of the present experiments

and calculations to the results of the Born and
several Ochkur-like calculations® for the 315,

3!D, and 3'P states, and to recent plane-wave
exchange scattering amplitude calculations® for
the 11S - 33S transition.

In Sec. II the experimental techniques, method
of conversion to the absolute scale, and sources
of experimental error are discussed. In Sec. III
a brief presentation of the important features of
the first-order many-body theory is given. In
Sec. IV the results of the experimental measure-
ments and theoretical calculations are given in
both tabular form and in figures. In this same
section the results are discussed, and compared
to the DCS of the n =2 states and also to other
available integral cross-section measurements of
the =3 transitions.

II. EXPERIMENTAL METHODS

The experimental difficulties in the measure-
ments of the differential cross sections to the n=3
states of He lie in the fact that (i) the excitation
cross sections to these states is of the order of
(%)*~0.3 of the DCS for excitation to the n =2
states; (ii) while the »=2 manifold consists
of four electronic states lying within a 1.4-eV
range of one another, the n =3 manifold consists of
six states lying within 0.3 eV of one another. These
difficulties were met in the present work by the
use of a spectrometer having a low background
count rate (~3-5 counts/min), enabling one to
accumulate spectra for as long as 36 h, and to
measure cross sections as small as 2X1072! cm?%/
sr. The apparatus resolution was sufficient to
separate the 3°P and 3'P states from one another
(0.080-eV separation), but not the 33D and 3'D
states from the 3'P state (0.014- and 0.013-eV
separation, respectively).

A. Description of the apparatus and method of data collection

The electron scattering spectrometer used in
the present work was the same as used in previous
measurements of the DCS of the n =2 states of
He!'? and has been described in detail previously.!®
Briefly, a monoenergetic beam of electrons is
focused onto a He atomic beam issuing from a
multichannel capillary array source. The scat-
tered electrons are energy analyzed and detected
as a function of scattering angle over the range
-30°<6<136°, The detected electron counts are
accumulated in a multichannel scaler as a func-
tion of energy loss, and the final spectrum record-
ed on paper tape and as an X-Y recorder plot. The
spectra were recorded at resolutions varying

from 0.042 to 0.055 eV (FWHM).

A series of energy-loss spectra recorded at
angles between 6=30° and 136° at £,=29.2 eV is
shown in Fig. 1. In recording such spectra, the
analyzer first swept through the energy-loss re-
gion of the 1S —2°%P and 2'P transitions. It then
“jumped” to the energy-loss range of the n=3
transitions. This jump feature eliminated the un-
necessary accumulation of background spectra
in the region between the last # =2 member (2'P)
and the first » =3 member (33S)—a region 1.5 eV
long.

Accurate absolute DCS at incident energies very
close to those of the present work were available
for the 2 %P and 2'P excitations from previous
measurements of Refs. 1 and 2. A comparison of
the peak heights of the n =3 transitions relative
to those of the 2°P and 2'P transitions then placed
the n =3 excitations on the absolute scale. The
small difference between the present electron
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FIG. 1. Energy-loss spectra of helium at the incident
electron energy E,=29.2 eV, and at the scattering angles
0 specified. Shown are the =3 transitions, and the
21:3p transitions through which the n=3 transitions were
normalized to the absolute scale.
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energies (29.2 and 39.7 eV) and those of the 2!'3P
measurements (29.6 and 40.1 eV) was taken into
account by multiplying the 2!'3P DCS of Refs. 1 and
2 by the factors 0.947 and 0.985 at 29.6 and 40.1
eV, respectively. These factors were obtained
from the integral cross-section measurements of
Ref. 5 against which the 2''3P DCS were normal-
ized.

B. Sources of experimental error

The major sources of error in the differential
and integral cross-section measurements can be
broken down into the sequence: (a) errors arising
in the measurement of the intensity ratios between
the 7 =3 excitations and 2°P and 2'P excitations.
These errors include statistical errors due to the
sometimes small number of counts accumulated in
a particular feature, and errors due to partial
blending of the 33P transition with the wings of
the combined 3P, 3!'D excitation at 6<20°;

(b) errors in placing the measured intensity ratios
on the absolute scale, which introduces the errors
of the 2°P and 2'P DCS''?; (c) extrapolation errors
to 6=0°and 180°in obtaining the integral cross sec-
tions for the 7 =3 excitations. Errors arising from
the energy dependence of the analyzer optics and
detector are considered negligible.'® Other er-
rors, such as the variation in He flow rate, inci-
dent electron current, or variation of the scatter-
ing volume with 6 cancel out by virtue of the multi-
channel scaling technique, and the use of intensity
ratios in the final spectrum.

1. Errors in the intensity ratios

The measure of intensity used was peak heights
of the » =3 transitions relative to the peak heights

of the 23P and 2'P excitations. The error en-
countered in the use of peak heights, rather than
areas, was checked at several angles at both in-
cident energies, and the agreement between the
two methods was found to be within 10%. Some
blending was encountered at scattering angles at
and below 20° between the 33P excitation and the
combined 3'P, 3''°D excitations. At these scat-
tering angles, the 3°P intensity is less than 0.02
that of its 3'P, 3''3D neighbors, so that the wings
of the stronger excitations tended to obscure the
3°%P excitation. A deconvolution scheme!! was
used in this case to help separate the transitions.
For the purposes of the deconvolution, the 33D
states were assumed to be superimposed on the
3P state. This is reasonable, since the D states
lay within $—% the instrumental width of the 3'P
state. The deconvolution routine assumed a Gaus-
sian line profile, with the width of the profile mea-
sured from the stronger, isolated features in the
n =2 spectrum. Several iterations about the speci-
fied width and peak-energy locations were carried
out, and the iteration giving the best fit, in a least-
squares sense, between the measured and calcu-
lated spectrum was used. .

Also, the deconvolution routine was used to
calculate the relative intensities within the =3
manifold in all the spectra. This served as an
independent check on the intensity ratios as read
directly from the spectra. Finally, several sets
of spectra were taken at the same scattering angle
and incident electron energy, at intervals of sever-
al weeks and months, and the results averaged
together. This was especially helpful in cases
where the DCS dropped to less than 4X1072! ¢cm?/
sr, where the statistical error in the number of

TABLE I. Estimate of errors associated with the relative intensities of Tables II and III,
and with the differential cross sections of Tables IV, V, Figs. 2, 3, and 5-10.

Estimate of error (%)
Angular range (deg)

Source of error 0-20 21-90 91-136

Error in the intensity ratio

DCS (» =3)/DCS2'P or 2°P), including

statistical variation in the number

of counts A 15(20) 15(30)° 15(20) ©
Error in the DCS (2'P) ¢ 18 15 18
Error in the DCS 2°%P) ¢ 20 14 18
Total rms error in the DCS (2 =3) 25(28) 2 21(34)P 23(27) ©

3Larger error refers to the 3°P excitation which is obscured by the wings of the 3P, 3!:3D

excitations at scattering angles =20°.

l’Larger error refers to the weak 3 S excitation between 21° and 90°.

SLarger error refers to the weak 335 excitation between 105° and 136°.

dReference 1. The larger of the 2P and 2°P errors was used to obtain the rms error in the
DCS (2 =3). Also, the larger errors covering the angular range (0—10)° of Ref. 1 were applied

to the (0—20)° range here.
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counts was in the range (20-30)%. The errors in
the intensity ratios in several angular ranges are
summarized in Table 1.

2. Errors in conversion to normalized absolute
differential cross sections

The effect of including both the 23P and 2'P
transitions in each spectrum (see Fig. 1) was to
maintain a constant statistical error over the
entire angular range of the measurements. Thus,
while the 2 1P DCS is dropping rapidly with increas-
ing angle,? the 2 °P DCS is relatively flat,! and is a
factor of 2—4 that of the 2P DCS for angles great-
er than about 80°, Also, the fact that one obtains
two independent sets of intensity ratios in each
spectrum results in a reduction of the over-all
error in the DCS over that which would arise if
only one n =2 transition were included.

An estimate of the errors in the measurements
of the 2°P and 2'P DCS is given in Ref. 1, Table
VI. These errors are listed in Table I, along with
the root-mean-square error in the present mea-
surements of the DCS of the # =3 transitions.

3. Errors in the integral cross sections

The primary source of error inthe integral cross
section of each # =3 transition is the error in the
respective DCS itself,/ listed in Table I. The

J

Tdrsopr’)= 3 [ aRaf{a /% -3 55" Go) S50
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where o refers to the ground state and »
=(NLM;SM;) refers to the excited state; q and p
are the wave vectors of the scattered and incident
electrons, respectively; 7 and 7’ are the quantum
numbers of the z component of the spin of the scat-
tered and incident electrons, respectively; X and
y are spatial variables; 0, and 0, are spin vari-
ables; 1.7 is a Hartree-Fock (HF) continuum
orbital with momentum K of the ground-state target
with (incoming, outgoing) boundary conditions;
and X, is the target transition density between the
ground and excited states computed in the RPA.
Equation (1) is the primary result of FOMBT. It
has been applied to the calculation of the He n=2
DCS,” and the results have been in good agreement
with experiment'~* for the singlet transitions, and
in good-to-qualitative agreement for the triplet
transitions. The present work is an extension of
the previous theoretical calculations’ to the #=3
excitations. A detailed description of the methods
used to evaluate Eq. (1) have been given else-
where,'? and only those aspects unique to the 7z =3
transitions will be discussed here.

extrapolation of the DCS from 5° to 0°, and from
136° to 180° was made by drawing a smooth line
through the experimental points, using also the
shape of the calculated curves as a guide. The
extrapolation error for each transition was found
to be (5-8)%. The errors in the integral cross
sections listed in Table VI are the root mean
square of the errors of Table I, and an 8% ex-
trapolation error.

C. Calibration of the energy and angle scale

The impact energy scale was determined to
0.1 eV by measuring at 6=90° the energy loca-
tion of the He™ 152s? resonance at 19.36 eV in our
apparatus. A contact potential of 0.4 eV was found,
and was added to the nominal kinetic-energy read-
ings to give true incident electron energies of
29.2£0.1 and 39.7+0.1 eV.

The angular scale was calibrated by measuring
the symmetry about 6=0° of elastic scattering
from He. A correction of 1° was found, and was
the same at the two kinetic energies studied.

III. THEORY

Using the techniques of the many-body field theo-
ry, it has been shown® that the inelastic 7T-matrix
elements in the static-exchange approximation are
given by

(+)(§°1)XZ(§02,}70'2) _fET'<+)(§02)X:(3702:§U1)]}’ ®

f

The RPA transition densities for the 3''3S and
31'3p states were computed on a Gaussian basis set
in Ref. 13, and for the 3''3D states on a Slater
basis set in Ref, 14, Nine partial waves were suf-
ficient for f;“’ and f37) at the energies studied
here for all but the 3'P excitation. In this case,

18 partial waves were used: the partial waves
1=0-8 were computed using HF continuum orbi-
tals, as the theory prescribes, while the partial
waves 1 =9-17 were approximated by spherical
Bessel functions.

Apart from these computational details, we would
like to explore Eq. (1) in somewhat more depth
in order to display the plane-wave and distorted-
wave contributions to the direct and exchange scat-
tering amplitudes. We will thereby be able to make
a clearer comparison in Sec. IV of the FOMBT
[Eq. (1)] with other methods®*® that have been
applied to the e-He system in this energy range.

In the course of this comparison, we shall also
outline the theoretical origins of the sharp mini-
mum in the 1S - 31S DCS (see Fig. 3) in several
theoretical approximations.
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After factoring in Eq. (1) the spin variables from
the scattering orbitals and transition densities,
averaging over initial and summing over final
spin states, the differential cross section do/dQ
may be written as'?

do > >
a (NLM,Sq; 0p)

__1 g V22T, - T|2, S=0 (singlets),
47 P Yaim iz« ()
ATel2, S=1 (triplets),
where the direct 7, and exchange T, amplitudes
are
> - K e - 1 -
To= [ dRay 15" 055 6 ey Xhuuys 0.9
3)

- K by e 1 o -
TE=dedeE( V) >(Y)|'§__§—['XNLMLS(Y’X)-
)

The scattering orbitals have the partial-wave
expansion

4T ;
> (£)(F) = il 5 +i 6y (R)
99 x) e lzm:z cosd,(k)e

Xty (k%)Y f(R) Yy (%), (5)

where 0, is the phase shift of the /th partial wave,
Y, the spherical harmonics, and where the radial
functions u, are solutions of the integral equation

u,(k,x):kxj,(kx)+ffG,(x,xl)VTF(xl,xz)

Xu, (R, x,)dx, dx,. 6)

Here, j, is a spherical Bessel function, V¥ is the
HF potential, and G, is the free-wave Green’s
function.'®

The details of calculating the radial functions u;
and the phase shifts 6, may be found in Ref. 15.
For our purposes, in order to compare for the
singlet transitions the results of the present cal-
culations with the results of the Born approxi-
mation, it is sufficient to note that when the second
term in Eq. (6) is ignored, and the phase shifts
set to zero, f3‘*) becomes a plane-wave eik-x,
Equation (3) then becomes the expression for the
Born T matrix. It may be seen, then, that the
FOMBT differs from a partial-wave Born calcula-
tion in that the FOMBT contains (i) “plane-wave”
terms modulated by the nonzero phase shifts
through the factors cosd,ei®t [Eq. (5)], (ii) an
additional “distorted-wave” term arising from
the second term in Eq. (6), and (iii) an exchange
amplitude [Eq. (4)]. Equation (4) differs from the

Born-Oppenheimer exchange term in that the core
term 1/x is missing from the transition potential
in the FOMBT, and the f’s are distorted waves.
Therefore, when the f’s are plane waves, Eq. (4)
gives the Born-Oppenheimer-minus-core (BOMC)
approximation. This approximation has been dis-
cussed previously.'®

Equation (1) is a distorted-wave (DW) formula.
It would result from the first-order Kohn correc-
tion to a diagonal trial matrix of solutions (or-
thogonal to bound orbitals) of the close-coupling
equations,'”"’® using also the RPA for the transi-
tion densities. However, DW theory leaves the choice
of trial functions arbitrary, and these trial functions
are usually computed by completely decoupling the
close-coupling equations. This procedure involves
computing the orbital of the outgoing electron in the
field of the excited state. In the FOMBT, the or-
bital is computed in the field of the ground state,
with proper outgoing momentum ¢. This choice
was introduced in Ref. 19 to achieve orthogonality
between the orbital of the incoming and outgoing
electron.

Physically, the difference lies in the two as-
sumptions that the scattered electron either leaves
the potential range in a time that is sko7! relative
to the time it takes the target to undergo its ex-
citation (FOMBT), or that the target is excited
rapidly with respect to the transit time of the
electron, so that the outgoing electron “sees” only
the potential of the excited state (DW theory). In
actual fact, while the electron is within the range
of the target potential, the target will be in some
intermediate dynamic state. Which of the two
times—excitation or electron transit—will be
shorter, can, at present, only be judged by an
appeal to experimental results at an energy where
other effects, such as polarization and short-range
correlation (coupling to other channels), are
small. However, previous experience gained
through studies of the # =2 excitations of He,' and
of the 2s and 2p excitations of the H atom?° have
shown that at intermediate energies (approxi-
mately 5—-100 eV above the ionization threshold),
computing 3 in the field of the ground state
gives superior results. In other words, the elec-
tron transit time is, in reality, rapid with respect
to the target excitation time. This heuristic, but
physically appealing two-time model has also been
discussed in Ref. 21.

IV. RESULTS AND DISCUSSION

The intensity ratios for scattering into the =3
states of helium relative to scattering into the
23P and 2'P states are listed in Tables II and III
at 29.2 eV and 39.7 eV, respectively. The experi-
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TABLE II. Scattering intensity ratios of then = 3 transitions to the 2 'P and 2°P states at

E =29.2 eV.
33 3ls 33p 3lp,3tip
2} to to to to
(deg) 2% 2'p 2°%p 21p 2%p 2'p 2°%p 21p
5 0.44 0.016 2.0 0.071 0.33 0.012 4.3 0.15
10 0.018 0.061 0.010 0.17
20 0.27 0.021 0.61 0.048 0.13 0.011 2.2 0.17
30 0.22 0.036 0.15 0.025 0.15 0.025 1.3 0.22
35 0.26 0.057 0.11 0.024 0.18 0.039 1.4 0.30
40 eeoe s 0.0086 e 0.056 oo 0.28
45 0.17 0.11 cee 0.0085 0.14 0.087 0.37 0.26
50 eco s se se e 0'014 LY 0‘13 see 026
55 e o eoo cew 0'041 s o 017 Y 030
60 0.22 0.36 0.035 0.058 0.15 0.25 0.19 0.31
68 soc e sce ee e 0086 e 032 DY 0‘25
75 0.27 0.59 0.042 0.090 0.16 0.35 0.14 0.30
90 0.23 0.57 0.13 0.21 0.58 0.12 0.33
100 0.20 0.61 0.062 0.20 0.23 0.72 0.12 0.37
105 0.14 0.48 0.080 0.28 0.20 0.70 0.097 0.34
112 0.081 0.29 0.11 0.39 0.22 0.79 0.094 0.33
120 0.039 0.15 0.17 0.64 0.26 0.98 0.097 0.37
128 0.047 0.16 0.22 0.76 0.24 0.85 0.12 0.41
136 0.067 0.21 0.26 0.81 0.27 0.86 0.13 0.39
mental and theoretical DCS are listed in Tables IV n =2 transitions. In this section we shall make a
and V for the two energies, and are plotted in state-by-state comparison of the experimental and
Figs. 2-10. theoretical DCS for the # =3 and 7 =2 transitions
The integral cross sections @ are listed in in order to identify the trends and differences in
Table VI. Also listed are the optical excitation- the measurements and calculations for the two
function measurements of @ for the 33P transi- Rydberg manifolds.
tion,?? the 3'P transition,® and the 3''35, 3°P, and
313D transitions®®; and calculated @ for the 3'S, A. Transitions

3'D, and 3'P transitions,® and the 35S transition.?

Several interesting trends emerge in both the 137
experimental and theoretical results when the The measured and computed DCS for the excita-
present work is compared to the results for the tion to the 3'S state are listed in Tables IV and V,

TABLE III. Scattering intensity ratios of the =3 transitions to the 2'P and the 2°P states
at E,=39.7 eV.

33g 3ls 3% 3lp, 3t3p

0 to to to to

deg) 2°%p 2'p 23p 21p 23p 21p 2%p 21p
5 0.90 0.0077 5.2 0.045 0.57 0.0049 21 0.18
10 0.76 0.0087 2.9 0.033 cee oo 15 0.17
15 0.52 0.012 1.3 0.029 0.37 0.0086 9.0 0.21
20 0.37 0.015 0.57 0.023 0.28 0.011 5.6 0.23
25 0.012 0.017 0.25
30 0.17 0.031 0.031 0.0056 0.19 0.036 1.4 0.25
45 0.064 0.053 0.012 0.18 0.14 0.25 0.23
60 0.059 0.075 0.012 0.20 0.27 0.21 0.28
75 0.065 0.088 o 0.021 0.19 0.29 0.20 0.27
90 0.063 0.080 0.11 0.14 0.24 0.31 0.19 0.24

105 0.035 0.058 0.22 0.36 0.30 0.45 0.20 0.30

110 0.037 0.072 0.22 0.40 0.28 0.48 0.18 0.30

120 0.089 0.14 0.29 0.44 0.28 0.44 0.17 0.26

136 0.33 0.44 0.77 1.0 0.31 0.41 0.25 0.33
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TABLE IV. Absolute experimental and theoretical differential cross sections, in units of 1072 em?/sr, for excita-
tion to then =3 states of He at £;=29.2 eV. Experimental values in parentheses are extrapolated values. The theoreti-
cal DCS are calculated in the first-order many-body theory.

0 33 31s 3% 31p,3l3p 3lp 33D 3lp
(deg) Expt. Theor. Expt.. Theor. Expt. Theor. Expt. Theor. Theor. Theor. Theor.
0 (9.8) 9.4 (50) 8.4 (7.8) 22 (100) 63 56 5.3 1.7
5 9.1 9.3 41 8.2 6.9 22 87 61 54 5.3 1.7
10 8.1 9.0 27 7.7 4.5 22 70 55 48 5.2 1.6
20 4.4 8.0 9.9 5.9 2.1 21 35 40 34 4.8 1.2
30 3.5 6.7 2.4 3.8 2.4 20 21 26 21 4.2 0.83
35 3.7 6.0 1.6 2.8 2.6 19 20 19 15 3.8 0.64
40 eee 5.4 0.34 1.9 2.2 18 11 15 11 3.4 0.48
45 3.1 4.8 0.24 1.1 2.5 17 7.0 11 7.4 3.0 0.36
50 eee 4.2 0.26 0.59 2.4 16 4.8 8.0 5.1 2.6 0.27
55 e 3.8 0.57 0.23 2.4 15 4.2 5.9 3.4 2.3 0.22
60 3.8 3.4 0.61 0.041 2.6 14 3.3 4.6 2.4 2.0 0.18
68 3.0 0.71 0.052 2.6 14 2.1 3.3 1.5 1.6 0.17
75 4.2 2.8 0.65 0.29 2.5 14 2.2 2.7 1.1 1.4 0.17
90 3.4 2.6 0.83 1.2 3.4 15 2.0 2.2 0.82 1.2 0.21
100 3.6 2.6 1.2 1.9 4.2 18 2.2 2.5 0.76 1.5 0.25
105 2.8 2.7 1.6 2.2 4.0 19 2.0 2.5 0.74 1.5 0.27
112 1.7 2.9 2.3 2.6 4.7 21 2.0 2.6 0.70 1.6 0.30
120 0.88 3.1 3.8 3.1 5.8 24 2.2 2.8 0.66 1.8 0.33
128 0.93 3.3 4.4 3.4 4.9 27 2.4 3.0 0.63 2.0 0.37
136 1.3 3.5 4.9 3.8 5.2 30 2.4 3.3 0.60 2.3 0.40
145 (1.6) 3.9 (5.2) 4.0 (5.6) 32 (2.5) 3.5 0.59 2.5 0.44
150 (1.9) 4.0 (5.4) 4.2 (5.8) 33 (2.6) 3.6 0.58 2.6 0.45
160 (2.0) 4.3 (5.6) 4.4 (5.8) 35 (2.6) 3.8 0.57 2.8 0.48
170 2.1) 4.4 (5.7) 4.5 (5.9) 36 (2.6) 4.0 0.56 2.9 0.50
180 (2.1) 4.5 (5.7) 4.5 (5.9) 37 2.7) 4.0 0.56 2.9 0.50

TABLE V. Absolute experimental and theoretical differential cross sections, in units of 1072° em?/sr, for excita-
tion to the » =3 states of He at E(=39.7 eV. Experimental values in parentheses are extrapolated values. The theoreti-
cal DCS are calculated in the first-order many-body theory.

) 33s 3ls 3% 3lp,3bip 3lp 3°D 3ip
(deg) Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Theor. Theor. Theor.
0 17) 6.2 (110) 25 (11) 40 (410) 331 316 5.6 9.3
5 16 6.0 91 24 10 40 370 312 297 5.5 9.1
10 14 5.6 53 22 39 280 262 248 5.4 8.3
15 10 4.9 26 19 7.3 39 180 198 186 5.2 7.1
20 7.1 4.2 11 15 5.3 37 110 140 129 5.0 5.6
25 oo 3.4 3.2 12 4.6 36 68 93 84 4.6 4.0
30 4.6 2.6 0.83 8.3 5.2 34 37 60 53 4.2 2.7
45 1.9 1.1 0.46 1.8 5.3 26 8.0 14 11 2.6 0.65
60 1.1 0.54 0.18 0.45 3.9 16 4.0 4.8 3.2 1.4 0.23
75 0.84 0.59 0.20 1.4 2.6 10 2.6 3.1 2.2 0.72 0.17
90 0.63 1.1 1.1 2.5 2.4 8.9 1.9 2.7 2.0 0.52 0.15
105 0.36 2.0 2.3 3.4 3.0 9.4 2.0 2.5 1.8 0.55 0.14
110 0.40 2.3 2.3 3.7 2.8 10 1.8 2.4 1.7 0.59 0.15
120 0.83 3.2 2.7 4.1 2.6 11 1.6 2.4 1.6 0.68 0.15
136 2.6 4.5 5.9 4.5 2.4 14 1.9 2.5 1.5 0.82 0.17
145 (3.0) 5.3 (6.9) 4.7 (2.2) 15 (1.8) 2.6 1.5 0.88 0.18
150 (3.1) 5.7 (7.6) 4.8 (2.2) 15 (1.8) 2.6 1.5 0.91 0.19
160 (3.6) 6.3 (8.5) 4.9 2.1) 16 (1.8) 2.6 1.5 0.94 0.20
170 (3.8) 6.6 9.0) 5.0 2.1) 16 (1.8) 2.7 1.5 0.96 0.21
180 3.9) 6.8 (9.4) 5.0 (2.1) 17 (1.8) 2.7 1.5 0.96 0.21
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TABLE VI. Integral cross sections @ (in 107 cm?) for excitation of then =3 transitions in

He by electron impact at E ;=29.2 and 39.7 eV.

Q
Expt. Calec.
State Method 29.2 eV 39.7 eV 29.2 eV 39.7 eV
33s This work 3.8+0.9 2.4+0.6 4.7 3.0
Reference 23 5.4 6.9
Reference 9 12 6.1
315 This work 3.5+1.1 4.4+1.4 2.8 4.8
Reference 23 ~4.7
Reference 8 (B/BOR)? 190/370 170/260
3%p This work 4.7+1.1 4.1£0.9 26 20
Reference 22 5.4x1.1 4.7+1.0
Reference 23 4.2 6.7
31p gl3p This work 7.6+1.8 15.9+3.8 8.7 19
Sum of individually
measured @ ’s below 10 21
3ip This work 5.5 17
Reference 8 (B/BOR)? 24/34 34/37
Reference 5 7.3£0.7 15.3+1.5
3%D This work 2.7 1.7
Reference 23 1.3 2.1
3lp This work 0.46 0.81
Reference 8 (B/BOR) 2 1.1/1.6 1.3/1.5
Reference 23 1.6 3.3

2Calculations of Ref. 8 carried out in the Born (B) and Born-Ochkur-Rudge (BOR) approxi-

mations.

and shown in Figs. 2 and 3. The shapes and trends
are somewhat the same as for the 2'S transi-
tion.'>'7 At 29.2 eV (Fig. 2), the experiment shows
a steep minimum at 45°, a plateau between 60° and
90°, and a rise thereafter. At 39.7 eV (Fig. 3),

the plateau has nearly disappeared, and the mini-
mum has broadened and shifted to higher scatter-
ing angles.

The calculated curve at 29.2 eV lies below ex-
periment at angles less than 30°, has a minimum
which is too deep, and which lies at larger angles
than experiment. It also lacks the plateau seen
experimentally at angles between 60° and 90°. The
calculation at 39.7 eV again lies below experiment
at low angles, less than 20°, but otherwise has the
same general shape. In magnitude, it is a factor
of 1-4 that of experiment in the angular range
20°-136°.

The origin of the sharp minimum in the 3!S DCS
(and also in the 2'S DCS, see Refs. 1, 3, and 7)
is intriguing. Recent calculations in the post-
Ochkur approximation® have also yielded a sharp
minimum in the 3'S DCS, and it is interesting to
explore the cause of the minimum structure in the
two theories. As pointed out in Sec.III, the FOMBT
scattering amplitudes differ from the partial-wave
Born amplitudes in that the former (i) are modu-
lated by nonzero phase shifts, (ii) contain an addi-
tional “distorted-wave” term, and (iii) contain an

exchange amplitude. The relative importance of
(i) and (ii) will be the subject of a future investiga-
tion.?* However, for the present purposes, one
may compute the direct and exchange contribu-
tions to the DCS by setting T and T, respective-
ly, equal to zero in Eq. (2). The resulting individ-
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FIG. 2. Measured normalized absolute differential
scattering cross sections for the transition 11S— 31S
in helium at E;=29.2 eV. The solid line is the differ-
ential cross section calculated in the first-order many-
body theory (FOMBT).
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FIG. 3. Same as in Fig. 2, but at £;=39.7 eV.

ual contributions to the 1S~ 31S DCS at 39.7 eV
are shown in Fig, 4, where the DCS calculated in
the Born and post-Ochkur approximations® are
also shown. Two interesting facts emerge from
Fig. 4: that (i) and/or (ii) above are responsible
for the good agreement of the FOMBT with ex-
periment; and second, that the FOMBT exchange
amplitude makes only a small contribution to the
total amplitude. This is a sharp contrast to the
Ochkur-like plane-wave theories?® which can only
correct the large Born cross section through an
added large exchange amplitude.

Of the several approximations discussed in Ref.
25, only the post-Ochkur results® gave rise to a
minimum in the same angular range as experi-
ment. This minimum at 39.7 eV (Fig. 4) was,
however, much sharper than either the experi-
mental minimum or the FOMBT results. More-
over, a similar minimum was found in the 3P

POST-OCHKUR

FOMBT
DIRECT

DCS, cmzlsr

FOMBT
EXCHANGE

Hells —3's 3

EO =39.7 eV

10 ! ] 1 I L L 1 | L
0 20 40 60 80 100 120 140 160 180
SCATTERING ANGLE, deg

FIG. 4. Comparison of the DCS for the 115— 315
transition at 39.7 eV as calculated in the Born and post-
Ochkur theories (Ref. 8), with the direct and exchange
contributions to the DCS as calculated in the FOMBT.

DCS in the post-Ochkur calculation® at 39.7 eV
where no experimental (Fig. 8) or theoretical
[Eq. (1)] minimum exists (see also Sec. IV A3).
The applicability of the post-Ochkur treatment to
the e-He system thus appears to be questionable
at these electron energies.

At 29.2 eV (Fig. 2) the agreement between the
FOMBT and experiment is not as good as in the
21S case.” In the present work the theoretical
minimum lies near 60° with a minimum cross
section of 4X1072% cm?%/sr, while the experimental
minimum lies near 45° with a minimum cross
section of 2.4X1072! cm?»/sr—a factor 60 that of
theory. One may argue that the reason for the
larger experimental cross section is that with the
finite angular resolution of the spectrometer (ap-
proximately +3°, see Ref. 1) one always observes
some scattering from regions of larger cross
section. A sharp (in angle) minimum such as that
predicted by theory would necessarily be broad-
ened by the finite spatial resolution of the spectom-
eter. However, one would expect the location, in
angle, of the experimental and theoretical minima
to be very nearly the same from this angular-
resolution argument. Such is not the case.

In view of the above analysis, a more likely ex-
planation for the sharp theoretical minimum is
that polarization effects may be more important
for the 3'S excitation at the lower energy. For
example, the inclusion of polarization in the scat-
tering orbital, such as in the second-order MBT,2¢
will add a third term of the form [GV™u to Eq.
(6), where V™ is the polarization potential. This
term gives rise to the possibility of additional
interferences being superimposed on the first-
order (static-exchange) effect.

2. 33§

The experimental and theoretical DCS for the
1S -39S transition are listed in Tables IV and V,
and shown in Figs. 5 and 6. The shapes of the
experimental curves are very similar to those of
the 23S transition at 29.6 and 40.1 eV.!}'® At the
lower energy (Fig. 5), the experimental DCS shows
a minimum at 6~ (40-50)°, a rise in the range
(60-90)°, a second deeper minimum near 120°,
and a rise thereafter. Only one broad minimum
appears at 39.7 eV near 100° (Fig. 6). The com-
puted DCS’s agree qualitatively with the experi-
ments in magnitude, and in following the trend of
deeper minimum at higher energies.

The only other calculation for this state is that
of Ref. 9 at 40.1 eV. There, a Born-Oppenheimer
calculation with a modified s-wave amplitude was
carried out. The resultant DCS gave a deep, nar-
row minimum between 50° and 60°. The qualitative
behavior of the minimum was insensitive to ener-
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FIG. 5. Same as in Fig. 2, but for the 115— 33S
transition.

gy, and remained in the 23S transition even at 200
eV, long after it had disappeared from experi-
ments (see Fig. 5 of Ref. 9). This minimum very
likely arises from an underestimation of the s-
wave amplitude.?® As in the 3'S case, we feel
that the static-exchange effect is dominant, and

is properly described in the FOMBT. We also feel
that inclusion of polarization effects will bring out
the finer details of the experimental structure,
such as the double-minimum structure in Fig. 5.
As justification for this, we note that polarization
was included in a preliminary calculation®” of the
235 DCS at 29.6 eV through coupling of the 1S
and 7 =2 manifold states, including also a many-
channel optical potential. The resultant DCS
showed the double-minimum behavior?? to be in
good agreement with experiment,!*3

3. 3'Pand 3D

As noted in Sec. II, the 3'P transition lies only
0.014 and 0.013 eV away from the 3°D and 3'D
transitions, respectively, so that the 'P and '*3D

3
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FIG. 6. Same as in Fig. 5, but at £,=39.7 eV.
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FIG. 7. Same as in Fig. 2, but for the combined 11S—
3P, 31'3D transitions. The calculated differential cross
sections of each of the individual transitions are shown,
as well as their sum.

states could not be resolved in the present work.
As seen in Figs. 7 and 8, the combined transi-
tions exhibit the same forward peaking in the
DCS as was seen in the n=2 case.!'®> However,
one observes in Fig. 7anunusual rise in the experi-
mental DCS at angles greater than about 80°, rather
than the steady decrease which one would expect
for a pure 'P transition. The reason for this rise
becomes evident when the theoretical results for
the 3'P, 3'D, and 3°D DCS are examined sepa-
rately. From the individual DCS displayed in
Fig. 7, one sees that the main contribution in
the forward direction, at angles less than ~60°,
arises from the 3'P transition. At larger angles
the DCS of the 3!P state drops smoothly while
the 33D DCS increases until it comprises ~80%
of the total DCS (labeled “sum” in Fig. 7) at

He 1ls—3'p, 343

EO =39.7eV

DCS, cmzlsr

211 .

1 L 1 1 1 1
0 20 40 60 8 100 120 140 160 180
SCATTERING ANGLE, deg

FIG. 8. Same as in Fig. 7, but at E;=39.7 eV.



11 EXPERIMENTAL AND (FIRST-ORDER MANY-BODY)... 1593

6=136°. At 39.7 eV (Fig. 8) the DCS of the °D
state is less than that of the 'P state. It com-
prises only 30% of the total DCS at 136°, and one
observes only a flattening of the DCS starting at
6~80° rather than a rise (increasing ®D contribu-
tion) or a steady decrease (pure 3'P). At both
energies the 3D transition is calculated to con-
tribute, at most, 12% to the total DCS, and may
thus be neglected in these arguments.

Also of interest in Figs. T and 8 is the fact that
at angles less than ~60°, where the ®D transition
does not contribute significantly, the agreement
between experiment and theory is excellent. The
generally smaller theoretical DCS at angles near
0° is again very likely due to neglect of the polar-
ization in the transition potential.” At larger
angles, it should be pointed out, in fairness, that
at the lower energy the FOMBT is known to under-
estimate the !P DCS,” and to overestimate triplet-
state DCS’s at all angles. Therefore, while the
calculation undoubtedly provides the correct ex-
planation for the rise in the DCS at high angles,
the fact that experimental accuracy appears to
have been achieved is very likely due to the sum
of a 'P DCS which is an underestimate and a 3D
DCS which is an overestimate.

The shape of the 3'P DCS calculated in the Born
approximation® paralleled the experimental results
at angles less than 60°, but was 2—4 times that of
experiment in magnitude. Inclusion of Ochkur-
like exchange terms gave some improvement in
this angular region. A notable exception was the
post-Ochkur approximation which gave a sharp
minimum at 30°, similar to the minimum shown
for the 3!S transition in Fig. 4. At angles greater
than 60°, the DCS calculated in the Born and Och-
kur-like approximations® continued to decrease
steadily, in disagreement with experiment and the
FOMBT.
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FIG. 9. Same as in Fig. 2, but for the 1!S— 3 3P tran-
sition.

4. 3%

Experimentally, the 33P DCS at 29.2 eV (Fig. 9)
is slightly peaked in the forward direction, passes
through a shallow, broad minimum between 20°
and 75°, and rises in the backward direction. At
39.7 eV (Fig. 10) the DCS drops steadily with in-
creasing 6, with evidence for several small oscil-
lations. A similar qualitative behavior was ob-
served in the 2 3P experimental DCS.}'* The
FOMBT provides the correct general shape of the
33P DCS but, as in the #n=2 case,” fails to account
for the oscillations, and gives cross sections
which are factors of 3-6 too large at both ener-
gies.

In general, triplet-state cross sections suffer
most in this first-order theory since triplet states
may only couple to the ground state through a non-
local exchange potential. However, it is not clear
why the 3°P DCS should be in worse agreement
with experiment than that of the 335 transitions
(see Figs. 5 and 6).

B. Integral cross sections

The differential cross sections of Figs. 2, 3,
5-10 were extrapolated to 6 =0° and 180°, and the
set of data, each point multiplied by the factor
27sinf, was fitted by the method of cubic splines.
The resulting cubic-fit polynomial was then easily
integrated to give the results for the integral cross
sections @ listed in Table VI. Also listed in Table
VI are the theoretical calculations® for the 3'S,
3P, and 3'D states, and the 335 state®; the optical
excitation-function measurements of Ref. 23; the
measurements of Ref. 22 for the 3 °P state; and
the measurements of Ref. 5 for the 3'P state. The
Q@’s from the measurements of Ref. 23 were ob-
tained by reading as accurately as possible the
values in Fig. 2 of that paper. The measurements
of the 33P and 3'P states were derived by drawing
smooth curves through the values of § listed in

10 He 1ls—3%p
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FIG. 10. Same as in Fig. 9, but at £,=39.7 eV.
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Refs. 22 and 5, respectively, and obtaining the
values at the intermediate energies of 29.2 and
39.7 eV. No other measurements of the integral
cross sections could be found in the literature in
the energy-range threshold to 50 eV, although
there are experimental and theoretical data at
E,250 eV.”® Because the integral cross sections
are changing rapidly with E, between threshold
and 50 eV 2% we have listed in Table VI only those
experiments and calculations which were carried
out near the energies of the present work.

The agreement in Table VI between the FOMBT
and the present experiments is again excellent,
as was true for the #=2 case.” Agreement is
within experimental error for all but the 3°P
transition. Here theory overestimates the inte-
gral cross section for the same reasons discussed
in Sec. IV A4 with regard to the differential cross
section. It is interesting to note that even for this
state the theory correctly reproduces the experi-
mental trend of decreasing @ with increasing £.

Also of interest is the fact that the experimental
sum of the individual 3°D, 3'D, and 3'P Q’s at
both incident energies is greater than the com-
bined measurement of the present work. The
measurements of Ref. 23 for the 3''3D @ give a
total of ~5.4X107*° cm? at 39.7 eV. In the extreme
case (assuming the lowest value of @ for the 3P
state from Ref. 5, and the highest value of the
sum in the present work) the 3!*3D cross sections
could be at most ~5.9%X107'° ¢m?, and probably

much less than this. The same argument applies
at 29.2 eV, where the upper limit is 2.8X1071°
em?, It thus appears that the measurements of
Ref. 23 for these states are too high. The same
tendency in the measurements?® is observed in the
33S and 3°P @ at 29.7 eV. In the 3°P case, the
present measurements are in good agreement
with those of Ref. 22 at the two energies.
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