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Data obtained as energy-loss spectra at angles from 0 to 7.3 x 10~ rad (c.m.) with typical
energy-loss resolution of 0.7 eV and angular resolution of 2x10~% rad (c.m.) were used to
calculate average differential cross sections (do/d)a.y for elastic scattering, direct excita-
tion of the individual He(n =2) states, and direct excitation of the He*(n =2) states. The
total cross section for excitation of the He(n =2) states obtained by integrating the differential
cross sections was found to be 20x 10~ cm? at 25 keV (lab) decreasing to 7x10~18 cm? at
140 keV. At incident lab energies below 100 keV the He(23S) and He(2 °P) states dominate
the He(n =2) structure at angles close to zero, while the He(21P) state dominates at larger
angles. The contribution of the He(215) state remains below 25% at all angles and energies.

I. INTRODUCTION

Helium-ion-helium-atom collisions have re-
ceived a great deal of interest because helium is
particularly well suited for experimental purposes.
In the 25-140-keV energy range, studies of direct
excitation processes have been limited to optical
measurements of radiation for the collisionally
excited states. Previous optical studies of emis-
sion-cross-section measurements have been ex-
tensively reviewed by Thomas' and, to our know-
ledge, have involved states with »>3. Except for
our previous measurements,?*3 no results are
available on direct excitation of the He(z=2) or the
He'*(n=2) states in He" +He collisions at energies
above the 3 keV.

The present experiment is designed to study the
angular scattering in the collision processes:

He*(1s) +He(1s%) - He*(1s) +He(1s?)
- He*(1s) +He(1s21)
~He"(n=2) +He(1s%) .

The experiment is a logical extension of our pre-
vious work, in which only particles scattered in
the forward direction were detected and total cross
sections were calculated from the data by as-
suming that we could neglect particles scattered
through angles greater than the acceptance angle
of the detector. By measuring the angular de-
pendence of the scattered ions we not only investi-
gate the validity of the above assumption, but we
also provide a strong test of theoretical calcula-
tions in this energy range. Furthermore, several
interesting features show up in comparing our
results with those of angular-scattering mea-
surements at lower energies, which might lead

loo

to new applications of existing models or to more
reliable models for collision processes in this
energy range.

II. EXPERIMENTAL
Over-all Apparatus

The energy-loss spectrometer at the University
of Missouri-Rolla and the general method em-
ployed in heavy-ion energy-loss spectrometry
have been discussed in detail elsewhere.*™® Sev-
eral changes were incorporated into the apparatus
to make accurate angular measurements possible.
A schematic of the apparatus is shown in Fig. 1.
In the current experiment, ions produced in a
low-voltage discharge source are focused and
mass analyzed by a Wien filter. Mass-selected
ions are then accelerated and steered through a
variable-angle collimator into a target chamber
containing the gas under study. After traversing
the scattering chamber, the ions pass through
an exit collimator and the transmitted beam is
magnetically analyzed to remove any products
of charge-changing collisions. Following the
magnet a set of movable slits may be positioned
accurately in both the vertical and horizontal
planes to assist in measuring the acceptance angle
of the deceleration-column-energy-analyzer sys-
tem. Ions entering the decelerator are decelerated
by a well-defined potential and analyzed by a 127°
electrostatic energy analyzer.

Spectra differential in energy loss are obtained
by increasing AV, the potential between the ac-
celerator and decelerator terminals. Whenever
the increased potential energy compensates for
a discrete energy loss of the projectile-target
system, a peak is detected in the spectrum. The
energy-loss scale can be determined to an accu-
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racy of +0.03 eV.®

When measurements differential in scattering
angle are made, the basic technique is as dis-
cussed above except that a series of measure-
ments are made with different incident-ion beam
angles. Figure 2 presents the details of the appa-
ratus used for angular measurements. The angle
at which the beam enters the target chamber can
be varied by changing the entrance collimator
angle 0 and adjusting the voltage on two pairs of
vertical deflection plates which precede the colli-
mator.

The systematic errors involved in making angu-
lar measurements have been discussed in detail
by others for various geometries and different
angular ranges.””'? Our experiment is arranged
such that variations in the length of the interaction
region with scattering angle are negligible or can
be calculated. Also, because of the small angles
at which we are working, the change in the ac-
ceptance angle of the detector with scattering
angle is less than 1%. Working at very small
angles, however, maximizes the errors due to
uncertainty in the scattering angle which result
from the finite sizes of the apertures.

Analysis of Angular Factors

The locations and dimensions of our apertures
are given in Fig. 3. (In the following discussion
all quantities, such as divergence of the beam and
angular acceptance of the detector, are given in
lab coordinates, whereas the data in Sec. III are
given for center-of-mass angles.) The interaction
region is determined by the intersection of the
beam with the interior of the collision cell. If
every particle which goes through aperture f
were detected, the average acceptance angle would
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be 8.7x107% rad in both the vertical and horizontal
planes and would not change with the angle of

the incident beam. The true acceptance angles,
however, are also dependent on the entrance

slits in the energy analyzer and the focusing ef-
fects of the deceleration column. We were able to
determine the detection efficiency across the
effective window of the decelerator-analyzer sys-
tem by moving slits # and g across the front of
the deceleration column and measuring the current
in both the analyzer and in a cup directly behind
the slits as a function of the position of these
slits. The vertical acceptance angle of the decele-
rator-analyzer system, calculated in this way,
varied from 0.5x107* to 5xX107* rad, and the
horizontal acceptance angle varied from 2x107*
to 7x107* rad depending on deceleration voltage.
(The horizontal acceptance angle was wider than
the vertical acceptance because the entrance slits
in the analyzer are horizontal.) Thus in all cases
the true acceptance angles are smaller than those
defined by aperture f alone.

The integral of the detector efficiency over the
interaction volume was carried out for various
values of 9 and the effective acceptance angle was
found to change by less than 0.7%over our range
of angles. Hence in analyzing the data we con-
sidered the detector acceptance to remain the
same at all angles of the incident beam.

The divergence of the beam was determined by
measuring the current in the collision cell as a
function of the entrance-collimator position with-
out changing the deflection voltages, and was less
than 107% rad in all cases. The total angular re-
solution is a convolution of the acceptance angle
of the detector with the divergence of the incident
beam. We did not attempt deconvolution because,
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FIG. 1. Over-all schema-
tic diagram of the apparatus.
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while we could measure the efficiency across

the detector, we could not measure the angular
distribution of the beam at all points in the colli-
sion cell. Nor could we estimate it from the geo-
metry of the entrance collimator because the
collimator slits do not determine the angular
distribution, as evidenced from the fact that the
maximum divergence which we measured was
less than half the maximum divergence allowed
by the collimator slits.

The convolution of the acceptance angle of the
detector with the divergence of the incident beam
was obtained by plotting [[,(6)],-,, the current
detected in the analyzer, as a function of incident
beam angle with no gas in the collision cell. This
measurement was consistent with the values of the
angular acceptance and beam divergence obtained
separately and hence was used to determine the
angular resolution at each energy.

The target gas density at the center of the colli-
sion cell, n,, was monitored by a differential
pressure meter. A 3% correction due to effusion
of the target gas through the entrance and exit
apertures was made by calculating

1
(L= -~ f n(x) dx
0
from basic kinetic theory.!?

III. DATA
Typical Energy-Loss Spectra

A set of energy-loss spectra for He* incident
on He is shown in Fig. 4. The features at 6=0
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are similar to those of spectra obtained from

the apparatus before angular measurement modi-
fications were made.? The first peak, at 0-eV
energy loss, corresponds to the initial beam or
to particles which have been elastically scattered.
The double peak between 19 and 22 eV is due to
particles which have undergone discrete energy
losses upon exciting the He(n=2) states (at 19.815,
20.611, 20.959, and 21.213 eV). The peak at 40.8
eV is due to the excitation of the He*(n=2) states.
Structure due to the He(n>2) states was observed
as an unresolved peak just before the ionization
continuum. Because of the greatly reduced beam
intensity which resulted from the angular-study
modifications, we were not able to accurately
measure the He*(n=3) excitation reported pre-
viously.? Peaks near 60 eV corresponding to
autoionizing states and to simultaneous excitations
of both the projectile and target were also below
measurable intensities following these modifica-
tions. By looking carefully in the energy-loss
region around 48 eV we did see the peak due to
the He*(n=3) states at §=0, but did not at §=>2.4
x1073 rad (c.m.).

Many of the qualitative features of He* +He an-
gular scattering in our energy range are apparent
from Fig. 4. The elastic peak (which accounts for
more than 96% of the total detected current at this
target density) decreases by more than two orders
of magnitude within 2.4 X107 rad (c.m.). Note
that since the angular resolution at this energy
is 2x107% rad (c.m.), the spectrum obtained at
2.4x107° rad includes contributions from par-
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FIG. 3. Details of the collimators and defining apertures. a is a square 0.026x 0.026; b is a horizontal slit 0.15
% 0.028; c is a vertical slit 0.026x 0.18; d is a circular hole of diameter 0.065; e is a circular hole of diameter 0.15;
f is a square 0.028x 0.028; g and & are vertical and horizontal slits 0.032x 2.5 which can be moved across the front of

the decelerator. (All dimensions are given in centimeters.)



ticles which have been scattered by as little as
1.5X1073 rad (c.m.). At larger angles the elastic
peak is still the predominant feature, but it is

of the same order of magnitude as the inelastic
peaks. The shift in position of all the peaks agrees
well with the expected energy loss due to pure
elastic scattering.

The most striking feature of this set of spectra
is the change in relative intensities of the He(n=2)
excitations. At 6=0 the He(23S) state accounts
for more than 50% of the total He(n = 2) peak,
while at 6=>4.8x1072% rad it makes a very small
contribution. This is similar to energy-loss
spectra obtained at 0.6 keV by Lorents et al.,'*
who observe that initially the 23S contribution
decreases with increasing angle. However they
made their measurements at much larger angles
(=2x1072 rad, c.m.) and it is clear in their data
that the contribution of the 23S does not remain
low, but appears to oscillate as a function of
angle. This feature might still hold true at our
energies, but the total signal decreases so rapidly
with increasing angle that we could not make
measurements at larger angles.

The He* (n=2) excitation peak is also interesting
because of its relatively broad angular dependence.
In this particular set of data it has decreased
by a factor of only 2 X10* over the same angular
range in which the He(n=2) peak has decreased
by a factor of 2x10° and the elastic peak had de-
creased by more than 2x10% This indicates that,
at least in He* -He collisions, the angular depen-
dence of the excitation processes cannot be esti-
mated from total scattering measurements which
do not distinguish between the scattered ions.

Reduction of Data

The expression used to extract apparent dif-
ferential cross sections from energy-loss data
is given by

Ao 1 [£,(9)]
A_sf(e)’ nLAQ  (Lp), ° M

where [1,,(6)] is the current under the appropriate
peak in the energy-loss spectrum due to singly
charged particles which have lost energy in the
interaction p and have been scattered into the solid
angle AQ at 6; (I,); is the final current due to
the elastic beam, integrated over all angles to
obtain the total beam current. L is the length of
the interaction region, »n is the average target
density, and AQ is the total solid angle subtended
by the detector.

Equation (1) automatically incorporates effects
of charge exchange and other inelastic processes.
It is subject to the same limitations discussed in
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Ref. 2. A further limitation is the possibility of
multiple collisions involving one energy-loss
process and one or more elastic collisions. As
a practical criterion we measured 0,(0>%A 6), the
cross section for elastic scattering through angles
greater than $A9, where A9 is the angular reso-
lution of the apparatus in the vertical plane. With
this definition for o, the approximation e~ %"~
=1 -0,nL was correct to within 1% at all our tar-
get densities, indicating that for practical pur-
poses the single-collision criterion was met.
From sets of spectra taken at various angles,
data were derived as pairs of current (integrated
over the appropriate energy loss) versus angle
for each process. Because of the rectangular
nature of the beam collimators and analyzer aper-
tures, each value of [/,,(6)]; represents current
scattered into a rectangular solid angle centered
at 6. In order to calculate the total current, we
divided the detection region into concentric rings
of width A6, with a central circle of diameter A6.
Then from the data we calculated the average
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FIG. 4. Sample set of energy-loss spectra. The inci-
dent lab energy is 50 keV; the target thickness is 50
mtorr cm; the energy-loss resolution is 0.6 e€V; the
angular resolution is 2x 1073 rad (c.m.). All angles are
given in units of 1073 rad (c.m.).
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current detected per solid angle, J,(6;), at each
ring. In terms of these current densities Eq. (1)
becomes

do,\ 1 J,6)
<7é> av h nL (I].O)f (2)

and can be interpreted to give the differential cross
section, (do,/dQ)(6) averaged over the interval
6; - 3A0 to 6, +3A6. The current scattered into
each ring can be calculated by multiplying the
current density of the ring times the solid angle
subtended by the ring, and the total current can
be found by adding up the currents in all the rings.
Average differential cross sections evaluated
with Eq. (2) are given in Table I for all the en-
ergies we studied. (The cross sections and angles
are given in center-of-mass coordinates, in which
the angle is twice the lab angle and the differential
cross section is 4 the lab cross section.) The
data were actually obtained at smaller angular
spacings than indicated in the table, particularly
close to 6=0, but are tabulated only at multiples
of the angular resolution. The data have large
uncertainty at large angles, where the signal-to-
noise ratio was at the limit of the apparatus. The
He'(n=2) data has the most uncertainty because
it was generally the smallest peak measured.

Contributions of the He(n=2) States

Further analysis of the He(n=2) peak was car-
ried out by a curve-fitting technique designed to
estimate the contribution of each state to the total
He(n =2) excitation.!> This involved superimposing
the shape of the elastic peak at the expected loca-
tion of each state in the energy-loss spectrum and,
by a least-squares fit, finding the height of the
peak at each location such that the sum of the four
peaks best reproduced the data. Details con-
cerning the limitations and uncertainties involved
in applying this technique are included in Ref. 15.
While this procedure gave quite reliable results
for the He(23S) state, there were often large fluc-
tuations in the results for the other three states.

Differential cross sections calculated from the
results of the curve-fitting technique are given
in Table II for each He(n=2) state. At 140 keV,
and partly at some of the other high energies, the
amount of scattering at nonzero angles was so
small that the signal-to-noise ratio made the
curve-fitting technique reliable only at angles
close to #=0; hence no results are given for 140
keV. The numbers in the table were obtained by
multiplying the average fractional contribution of
each state by the differential cross section given
in Table I for the total He(n=2) peak. The limits
were obtained from the standard deviations in the
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cross section and the standard deviations in the

fractions.

Because of uncertainties in the curve-

fitting technique the quoted errors are quite large
although they are not unusually large for excitation
cross-section measurements (see Ref. 1). If the
cross sections for the 2'S, 23P, and 2!P states
are added the fractional uncertainty in the sum
is considerably reduced since the sum is clearly

TABLE 1. Average differential cross sections (c.m.)
for the three major peaks in the He* + He energy-loss

He(n =2) peak?
(cm?/sr)

He*(n =2) peak?
(cm?/sr)

Incident energy =25 keV (lab)

(8.8+1,3)x10™13
(2.1£0.5)x 10~
(5.8+2.3)x 10714
(2.821,1)x 10714

Incident energy =30 keV (lab)

(1.4%0,1)x 10712
(6.8+1,1)x10™1
(2.240.4)x 1071
(6.3+1,2)x 10714
(2.120.5)x 1071
(7.944.0)x 10715

Incident energy =40 keV (lab)

(1.8+0.6)x 10712
(2.320,5)x 10712
(2.021,0)x 1014
(4.4+2,4)x 10715

Incident energy =50 keV (lab)

(2.020.2)x 1012
(2.9£0.7)x 1071
(2.320.7)x 10714
(3.121.2)x 10715

Incident energy =70 keV (lab)

(3.0£0.6)x 10712
(1.7+£1.1)x 10718
(4.8+5.00x 1071
(1.0£2.0)x 1015

Incident energy =80 keV (lab)

(2.4+0.4)x 10712
(2.60,9)x 1071
(1.3£0.8)x 10714
(1.8+1.3)x 10715

Incident energy =100 keV (lab)

(2.6+0,3)x 10712
(1.920.5)x 1071
(5.1£1.3)x 10715
(7.8+5.00x1071¢

Incident energy =120 keV (lab)

(4.4£0,7)x 10712
(2.3£0,6)x 10713
(2.1+£1,0)x1071¢

Incident energy =140 keV (lab)

spectra,
6(c.m,)? Elastic peak?
(103 rad) (cm?/sr)
0.6+ 0.6
2.4+1.2 (1.8+0,6)x 10712
4.9+1.2° (8.326.0)x1071¢
7.3£1.2  (0.9%2,0)x107M
0.4%0.4
1.5:0.7 (3.0:1,1)x10™1
2.9%0.7 (9.822.0)x1071
4.4%0,7 (1.0£0.3)x107%
5.8+0,7 (1.6+1,0)x107M
7.320.7 (2.845,0)x 107!
0.6£0.6
2.4x1.2 (7.3+3.5)x1071®
4.9%1,2  (1,620.9)x 10714
7.3:1.2  (3.5%£3.00x10715
0.5%0.5
1.9£1.0 (1.4%0.6)x 107"
3.9£1.0 (4.7x1,2)x107M
5.8+1.0 (8.2+4.0)x1071
0.5%0.5
1.9x1.0 (1.5+1.1)x1072
3.9:1.0 (2.2:¢1,9)x107H
5.8+1.0 (5.4+6,0)x1071%
0.4+0.4
1.7£0.8 (1.420,6)x10712
3.420.8 (3.4x1.8)x10™M
5.1£0.8 (1.3£0.,9)x 10714
0.4%0.4
1.7:0.8 (1.5£0.7)x107%
3.4+0.8 (1.420.4)x1071
5.120.8 (4.6+3.0)x 10715
0.340.3
1.2+0.86 (4.4%2.5)x10712
2.4%0.6 (5.1£4.00x107%
0.2+0.2
0.8£0.4 (1.3x0,9)x10" !
1.7£0,4 (1.0£1,3)x10713

(9.6+0.9)x 10712
(5.7+2.0)x 10713
(2.2+1,0)x 10714

(7.122,5)x107M
(8.7+8.,5)x 10718
(3.3+7.4)x 10715
(1.0£6,0)x 10715

(1.0£0,2)x 1071
(4.8+2,0)x1071
(1.6+0,9)x 10714
(6.5+8,0)x 10718
(2.9£6,0)x 1071
(1.7+£5,0)x 10715

(9.3£2.5)x107M
(2.6+1,1)x 10714
(4.6+2,5)x 1071
(1.7+£1,2)x 10715

(2.3£0.4)x 10718
(5.621,7)x 10714
(1.1£0,4)x 1071
(2.4£1.2)x 10715

(6.7£2.7)x10"1
(2.7+2,0)x 10714
(4.3+3,9)x 10715
(2.6+2,0)x 10715

(5.8£0,9)x10™13
(4.6+2,4)x 10"
(6.945,2)x 10715
(3.0£2,8)x 10715

(6.5+1,0)x 10713
(3.6+1,3)x 10714
(3.1£1.4)x 10718
(1.120.6)x 10715

(9.8+1.0)x10713
(7.8+3,5)x 1071
(4.1£3.0)x 10715

(2.00,2)x 10712
(1.2£1,1)x 1071
(2.4+5.0)x 10718

8 Limits on the angle denote the angular resolution; limits on the
differential cross sections denote the standard deviations in the data.



8 ABSOLUTE DIFFERENTIAL ELASTIC- AND... 2995

resolved. It was felt that the additional informa-
tion obtained warranted the use of the curve-
fitting technique in spite of the increased uncer-
tanties.

Total Excitation Cross Sections

The total cross section for each process can be
obtained by integrating the differential cross sec-
tions given in Tables I and II. This is not the

ideal method for obtaining total cross sections,
since it depends strongly on precise evaluation
of the angular resolution of the apparatus and
since the integration should include all possible
scattering angles. Nevertheless, our total cross
sections calculated in this manner probably have
systematic errors of less than 35% in most cases
(see Sec. IV).

Figure 5 shows plots of the total excitation cross

TABLE II. Average differential cross sections (c.m.) for the four states contributing to the

He(2'P) 2
(cm?/sr)

He(n =2) peak.

6(c.m.)? He(2%s) 2 He(21s) 2 He(2°P) 2

(1073 rad) (cm?/sr) (cm?/sr) (cm?/sr)
Incident energy =25 keV (lab)

0.6+0.6 (2.5£0.8)x1071  (0.4£0.5)x10™13  (4.2+1.6)x107%

2.4+1.2 (2.5+1,9)x1071  (4.6+3.2)x1071¢  (4.0:4.8)x 107

4,9+1,2 (0.6£0.7)x10™%  (1.2+1.2)x1071  (0.6+1.8)x 10714

7.3:1.2  (0.2:0.6)x107  (0.6+0.9)x 1071  (0.6+1.8)x 107
Incident energy =30 keV (lab)

0.420.4 (4.3£0.8)x107™8  (1,320.7)x10°1  (7.7+£2.0)x 10713

1.5+0.7 (1.6+£0.6)x107®  (0.6+0.5)x1073  (4.1+1.6)x 1071

2.9+0.7 (0.2£0.1)x10™8  (0.3+0.2)x1071®  (0.6+0.3)x 1071

4.4+0.7 (0.5+0.4)x10714  (1.5+1,00x10714  (0.6+0.6)x 10714

5.9+0,7 (0,2£0.2)x10714  (0.5+0.4)x1071%  (0.1x0.3)x 10714

7.3+0.7 (0.8+1.3)x107™%  (1,3x1,7%x1071%  (0.3+1.9)x10715
Incident energy =40 keV (lab)

0.6£0.6 (8.8+£3.7)x1071¥  (5,4x9.0)x107M  (7.4x4.6)x 1071

2.4+1,2 (3.9£3.6)x107  (3,9£3.5)x10™¥  (5.3+5.3)x107M

4.9+1.2 (2.2+5.00x1071%  (3.8x6.7)x1071%  (3.6+9,9)x 10715
Incident energy =50 keV (lab)

0.5+0.5 (12+3)x 10713 (0.8+1.4)x1071%  (5.6+2,1)x10"13

1.921.0 (8.1+4.1)x10™"  (4,9+5,9)x107  (6.7+8.1)x 10714

3.9+1.0 (2.1£2.1)x10°%  (4,6+5.6)x10715  (4.6+6.8)x 10715

5.8+1.0 (0.220,3)x107%  (0.6+0.9)x10715  (0.5+1.3)x 101
Incident energy =70 keV (lab)

0.5+0.5 (1.7£0.5)x10712  (0.2+£0.1)x1072  (0.6+0.4)x 10712

1.9+1.0 (6.3+6.3)x10714  (0.7+3.8)x107}  (6.8+8.6)x 1074

3,9+1.0 (0.6+x1,4)x107%  (1,4x4.9)x107®  (1,0+£3.0)x 10715
Incident energy =80 keV (lab)

0.4+0.4 (13+3)x 10713 (3.4£2.2)x10718  (3.4%2.8)x 10713

1.7+0.8 (9.9+£5.9)x10714  (2.3+3.3)x10714  (8.3x8.1)x 10714

3.4x0.8 (2.9£4.3)x107% (0,922, 7)x107%  (3.9x7.6)x 10715
Incident energy =100 keV (lab)

0.4+0.4 (11x2)x 1071 (3.9£2,2)x107%  (4.4+2,5)x 10713

1.7+0.8 (7.824.00x1071  (1.321.6)x107M  (5.7+4.4)x107M

3.4%0.8 (1.6+1.1)x 10715 (0.9+1,0)x 10715 (1.5+£2,4)x 10715
Incident energy =120 keV (lab)

0.3+0.3 (1.2+0.3)x10712  (1,120,5)x1072  (0.2+0,4)x 10712

1.2+0.6 (8.5+4.00x1071¢  (3,922.5x1071¢  (3.9x+3.9)x 1071

(1.8+1.0)x 10713
(9.5+5.6)x 10714
(3.5+3.3)x 10714
(1.5+2.3)x10714

(0.7+1,0)x1071
(0.5+0.9)x 10713
(1.1£0,5)x 10713
(3.7+1.8)x 10714
(1.3+0.8)x 10714
(5.3+5.6)x 10715

(1.8+2.3)x10713
(9.7+17.7)x10714
(1.0+1,1)x10714

(2.4+2.0)x 10713
(9.3+9.1)x 10714
(12+10)x 10715
(2.0+2.3)x 10715

(0.5+0,4)x 10712
(2.9+4.4)x 10714
(1.6+5,4)x 1071

(4.8+2,8)x 10713
(5.7+6.2)x 10714
(6+£12)x 10715

(7.0£3.4)x 10718
(4.8+3.2)x1071
(1.0+2.0)x 10715

(1.9%0,8)x10712
(7.427.7)x 10714

3 Limits on the angles denote the angular resolution; limits on the differential cross sec-
tions denote the standard deviations in the data.
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sections for the individual He(n=2) states. Figure
6 gives plots for the He(n =2) peak and the He*
(n=2) peak. The vertical bar in each case is the
standard deviation in the data, obtained by inte-
grating the deviations in the differential cross
sections at all the angles; the total error can be
estimated from these deviations and the systematic
errors discussed in Sec. IV. Because the angular
resolution depends strongly on the incident energy,
the effects of the systematic errors due to un-
certainty in the angular resolution also depend

on the energy; i.e., at one energy our measure-
ments may be too high because of these errors

1 v 1 v 1 v 1 v 1 rrr

He(23s) ]
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1o 3
S g { 3
C ]
RININNS
40 80 120
L] l L] l L ' L) l Ll ' T l T R
i 3
5 He(2'P) ]
0k -
o ® ]
Sk 3
F 1 IJH 1 { * 1 1 L 1 .
40 80 120

INCIDENT ENERGY (keV)

FIG. 5. Total cross sections for excitation of the He
(239, He(21S), He(2%P), and He(2!P) states. The
starred point is the measurement of Lorents et al. (Ref.
14); the solid curves are the calculation of Sural et al.
(Ref. 16), and the triangles are the present data. The
circled points may be too low due to scattering outside
of our angular range (see Sec. IV).

and at another energy they may be too low. Hence
this uncertainty may affect the shapes of the total
cross-section curves as well as the absolute
magnitudes.

Also shown are impact-parameter calculations
of Sural ef al.!® for direct excitation of the He
(235) and He(2'S) states and the measurement of
Lorents et al.'* at 0.6 keV for the He(23S) state.
The value of Lorents ef al. does not appear to fit
on a smooth extrapolation of our data. The appar-
ent discrepancy may be due to a,change in the
excitation mechanism, causing the He(23S) state
to dominate again at lower energies, or it may
be due to systematic errors in the measurements
which cause our values to be too low and/or their
value too high. Of course there may not be a
real discrepancy between the measurements,
since the values agree within the combined error
bars and the apparent shape in our data may be
misleading.

In the previous measurements of Schoonover and
Park®'® only forward-scattered components were
detected and the results were given as total cross
sections by assuming that scattering out of the
angular acceptance of the apparatus was negligible,
whereas the present experiments indicate that
angular scattering is significant. Most of the
previous results are nevertheless within the
error bars at incident energies above 40 keV; at

T T T T T
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o
||l|'l|'l|l|lll|ll|[‘l
—e—i
NI NN NS NRENE N

0 { }
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P TR N U U R NN BT B S
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® 4 LN LA DL | T 1T 7T 71
) — —
g He*(n=2)
b 31 -

N
T
+—o0—
—0—i
—o—
1

40 80 120
INCIDENT ENERGY  (keV)

FIG. 6. Total cross sections for the He¢z =2) and He*
(2 =2) excitation peaks. The circled points may be too
low due to scattering outside of our angular range (see
Sec. IV).
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20 and 30 keV they may have been in error by a
factor of 5 or more. If the present measurements
are analyzed in the same manner as Schoonover’s,
the results agree very well with his measure-
ments, although the geometries of both the scat-
tering chamber and the ion source are quite dif-
ferent.

IV. ERROR ANALYSIS

The target gas pressure was monitored by an
MKS Baratron'” type 77H capacitance manometer
with a type TTH1 pressure head that had recently
been recalibrated by the manufacturer. From the
manufacturer’s literature we estimate that at
our pressures (20-100 mtorr) the total systematic
error in the pressure measurements was less
than 5%. Random error due to fluctuations in
pressure was reduced to less than 0.5% by re-
cording the pressure on punched tape simulta-
neously with the current-energy-loss data and
correcting each datum point by the actual pressure
recorded with the point.

The largest source of systematic error, and the
one most difficult to analyze, is the determination
of the angular resolution of the apparatus. In
evaluating the current densities J,(Oi) we assumed
that all of the current we detected had been scat-
tered through well-defined angles, whereas in
fact the angular resolution is not so sharply de-
fined. This error tends to cancel out in deter-
mining the magnitude of the averaged measure-
ments since the acceptance angle occurs in both
J,(6;) and in the total elastic current (f,);. By
assuming various values of the angular resolution
[other than those obtained from measurements
of 1,,(6) with no gas in the collision cell] we were
able to estimate the effect of errors in the angular
resolution. A large variation in the rectangular
solid angle used in the calculations of J,(6;) pro-
duced a much smaller effect in the differential
cross sections. Furthermore, the variations had
even less effect on the shape of (do/dQ),,-

We estimate that the total systematic error in
the absolute magnitude of our measurements due
to errors in n, L, and the angular resolution is
less than 35%. The observed shape of the dif-
ferential cross section may be broader than the
true shape because we measure a weighted average
over a relatively wide angular region.

Some of the total cross sections at 25 and 30 keV
are too low if scattering outside of our largest
angles is not negligible. We did not correct for
this effect since our maximum angles were dic-
tated by the signal-to-noise ratio and any extra-
polation would be based on our least-reliable
measurements. Hence the data given in Figs. 5

and 6 were not corrected for scattering outside
our range of angles. Using possible extrapolations
of the differential cross sections we estimate that
at 25 keV the contribution from large angles to the
total He(n=2) cross section may be 10-100% of
the value given in Fig. 6, while at 30 keV it is
probably no more than 10%. This affects primarily
the He(2'P) and He(2'S) states, since the other
two states appear to decrease rapidly with in-
creasing angle at these energies. The same cor-
rection appears to be necessary for the He* (n=2)
peak, for which we estimate that the contribution
from larger angles may add 20-100% at 25 keV
and 10-30% at 30 keV.

V. DISCUSSION

Comparison of Total Cross Sections

The closest experimental values in this energy
range with which we can compare are measure-
ments of Gilbody e? al.,'® who report the total
cross section for electron capture into the meta-
stable states of He (i.e., the 21S, 23S, and 2°P
states and some states with z >2)with estimates of
the contribution from states with n>2. Their results
agree with the sum of our total cross sections
for direct excitation of the He(21S, 23S, and 2°P)
states at energies up to 40 keV. Above 50 keV
their results are higher. Although the theoretical
calculations of Sural et al.'® do not give good
agreement with our data, they do show that the
total cross sections for electron capture into the
He(2'S and 239) states are nearly identical to the
cross sections for direct excitation into those
states at energies up to 30 keV. At higher energies
they obtain higher cross sections for electron-
capture excitation than for direct excitation. The
agreement of our work with that of Gilbody ef al.
is consistent with these features.

The difference between our total cross sections
for the He(23S) and He(2'S) states and the calcu-
lations of Sural ef al. (see Fig. 5) is difficult to
explain. They indicate that at 40 keV the He(2'S)
excitation cross section is larger than the He(23S)
cross section, while our data indicate that the
He(23S) state is the dominant feature from 40 to
100 keV. Their results for electron capture into
the He(23S and 2'S) states agree well with mea-
surements of Gilbody ef al.'® on electron capture
into the He(23S, 21S, and 2°3P) states, indicating
that either the contribution of the He(23P) state
is negligible in electron-capture processes, or
else the calculations of Sural ef al. are too high.
Furthermore, Sural ef al. give plots of excitation
probabilities versus impact parameter which
indicate that at large impact parameters the
probability of exciting the He(21S) state is more
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than twice as large (at 40 keV) as the probability
of exciting the He(23S) state. This is contrary

to our observations, since sets of spectra such
as that shown in Fig. 4 indicate that at small angles
(large impact parameters) the contribution of the
He(23S) state is almost as large as the contribu-
tion of the He(2'S, 23P, and 2'P) states together.
In fact, the general features of the excitation-
probability versus impact-parameter plots given
by Sural ef al. disagree with the results of our
curve-fitting process at any energy.

Discussion of Angular Dependence

Figure 7 shows smoothed-out plots of the results
of our curve-fitting process for finding the con-
tribution of each He(n=2) state to the total He(n=2)
peak. The data are given as fractional con-
tributions versus the reduced angle E0 in order
to illustrate the relative behavior of each state.
While there are large uncertainties in some of
the contributions, the trends illustrated in the
figures were generally observed in all our data:

a. He(2%S). The 23S state definitely dominates
the He(n=2) structure at energies from 40 to 100
keV. At all energies below 100 keV its fractional
contribution decreases sharply with angle. At
100 keV it contributes more than 30% to the He
(n=2) peak at all angles, while at 120 and 140 keV
the fractional contribution of the 23S state actually
increases with increasing angle.

b. He(2'P). The 2'P state could almost be con-
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o)
2
k=4
‘5 T T T T T T T T
o
(gl 8 He(2®P) 1
oal - oat He(2's) -
100 _keV
o2+ 50 keV oal 22KeV
|7 25Kev 50 ke |
100 keV
1 1 1 | 1 1 1 1
2 4 [3 8 10 2
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FIG. 7. Fractional contributions of the He(23S), He
(21P), He(2°P), and He(219) states to the He(z =2) exci-~
tation peak. The curves are displayed to illustrate trends
observed in the data. Actual fractions if desired should
be obtained from Table II,
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sidered the complement of the 23S state, since
its contribution is sharply increasing with angle
at every energy where the 23S contribution de-

creases with angle.

c. He(2’P). The2*P state exhibits similar angular
dependence to that of the 23S except that the change
in shape occurs at lower energies. While the 23S
contribution did not flatten out until 100 keV, the
contribution of the 23P is relatively uniform at
50 keV and is definitely increasing with angle at
higher energies.

d. He(2'S). The 2'S state never contributes
more than 25%, so there is more uncertainty in
its shape because the fitting technique is less
reliable in finding small contributions. Never-
theless the shape of the 25- and 50-keV curves
is typical of all our observations in that energy
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FIG. 8. Plots of p vs 7 for the elastic peak, the He¢pz=2)
excitation peak and the He* ¢ =2) excitation peak.
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range; i.e., the contribution is less than 8% at
0=0 and increases to approximately 20% at larger
angles. There appears to be an abrupt change at
70 keV, above which the 2'S contribution is 15 to
20% at 6=0.

By a straightforward application of the electron-
promotion model,'® Barat et al.?® constructed a
correlation diagram for the He* +He system.
According to ttis diagram, the He(2°P and 2'P)
states and the He*(2P) states may be excited by
rotational or radial coupling, but the He(23S and
218) states may be excited only by radial coupling.
McCarroll and Piacentini®* made detailed calcu-
lations on the effects of rotational coupling at
energies of 0.6-3.0 keV and, while they do not
explain all of our data, their predictions are con-
sistent with some of our observations at low en-
ergies. The main feature of their discussion is
that radial coupling is expected to dominate at
small values of 7=E6 while rotational coupling
should be dominant for 7> 3 keV deg. We cannot
separate the He*(n=2) states, but the relatively
wide angular dependence which we observed in the
He*(z=2) peak and our failure to see any ex-
citation of the He*(n=3) states at nonzero angles
are consistent with their prediction. The dramatic
increase with angle (at energies below 80 keV)
in the fractional contribution of the He(2'P) state
and the decrease in the contribution of the He(23S)
state (see Fig. 7) are also in good agreement with
their prediction. An apparent discrepancy is in
the angular dependence of the He(23P) state and
the He(2!S) state, which appear to differ markedly
from the He(2'P) and the He(23S) states, respec-
tively. The electron-promotion model'® does not
distinguish between singlet and triplet states.
McCarroll and Piacentini include separate terms
for the He(23P) and the He(2'P) states in their
calculations, but their results are given for the
two states together. They do point out that the
He(2P) states can also be excited by radial cou-
pling, but that this effect should reach a maximum
at 7=0.6 keV deg. It may be that the radial cou-
pling accounts primarily for the large He(23%P)
excitation which we observed at small values of
E6, while the rotational transitions are associated
primarily with the He(2!P) state and the He*(n=2)
excitations. This interpretation implies that
radial coupling is not as strong for singlet ex-
citations as for triplet excitations and hence would
explain why the He(2S) contributions is consis-

tently low.

Plots of p vs 7, where p= 0 sin(6)(do/dQ) and
7=E@, permit comparison of data obtained at
different impact energies. Figure 8 shows such
plots for our elastic, He(n=2) and He*(r=2) data.
In spite of the large energy range, common curves
could be drawn within the error bars (not shown)
of most of the points.

From the data of Barat ef al.?° and Lorents and
Aberth?? we calculated p vs T curves to compare
with our data. The values of p vs 7 for the elastic-
scattering data of Lorents and Aberth are gen-
erally higher than our values shown in Fig. 8, but
several of the points are well within our error
bars. The data of Barat ef al. were given in rel-
ative units, so that only the shape could be com-
pared with our data. For the elastic peak the
shape of p vs 7 calculated from their data, as well
as from the data of Lorents and Aberth, is sim-
ilar to the shape of our plots given in Fig. 8 if one
averages out the oscillations which they observe.
This agreement observed between the various sets
of data for the elastic peak was not observed for
the inelastic peaks. For the inelastic processes
the values of p calculated from the data of Barat
et al. at 2 and 3 keV reach maxima at 5 to 7 keV
deg for the He(n=2) peak and at 7 to 11 keV deg
for the He*(nz=2) peak, while our data reach max-
ima at approximately 2 keV deg. Several explana-
tions may be given for this difference in shape.
The excitation mechanism may have changed or it
may include velocity dependent terms. It is also
possible that the curves shown in Figs. 7 and 8
could display additional structure at larger values
of E6.

The measurement of energy-loss spectra as a
function of scattering angle provides a great deal
of information about the dominate excitation mech-
anisms. The technique also provides straight-
forward methods for obtaining absolute mea-
surements although it is still subject to the dif-
ficulties associated with small angle-scattering
measurements. The very nature of our method
requires a relatively large total detected current,
hence limiting somewhat the range of scattering
angles. Nevertheless, the range of differential-
cross-section values covers four orders of mag-
nitude. In spite of the difficulties, we have attempt-
ed to give the absolute magnitudes as well as the
curve shapes in the hope that the results will be
useful in comparison to theoretical calculations.
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