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The differential cross sections for electrons scattered by He, O, Ar, and O, at 15 eV and by O and O, at 5 eV
have been determined using a modulated crossed-beam technique. The results for He, Ar and O, agree well
with previously published experimental and theoretical values. Measurements on O, extend to larger back-
scattered angles than previously reported. Results for O are compared with the theoretical calculations of
Thomas and Nesbet. Reasonable agreement with theory is obtained at 5 eV, and while the calculations only
extend to 11.0 eV, the trend in shape appears correct at 15 eV. A small-angle dip in the cross section is

observed which is not predicted by the theory.

1. INTRODUCTION

Recently we reported measurements® on the ra-
tio of forward scattering to backscattering of elec-
trons in the energy range 3-20 eV by atomic and
molecular oxygen using the modulated crossed-
beam technique. It was found that atomic oxygen
has a strong forward scattering at the lower en-
ergies. Subsequently, Thomas and Nesbet® car-
ried out a matrix variational calculation for elec-
tron scattering by atomic oxygen and presented
integral and differential cross sections for elastic
and inelastic scattering for energies of 0.14-11.0
eV. They then calculated the ratio of forward
scattering to backscattering by integrating the
elastic differential cross-section curves; their
results are in agreement with our experiment.

Experimental measurements of the angular dis-
tribution of low-energy electrons scattered from
atomic oxygen are very difficult because of the
poor intensities of atomic oxygen in beam sources
currently available, and because these sources
always contain significant amounts of the parent
molecular oxygen. However, the availability of
new theoretical calculations for electron-oxygen
collisions and the current interest in upper atmo-
spheric phenomena involving these collisions
seemed to warrant the attempt to make such low-
energy angular measurements.

In this paper we report measurements of differ-
ential-scattering cross sections (elastic +inelastic)
for electrons incident on He, O, Ar, and O,. The
data are presented as absolute differential cross
sections after normalizing to available total cross
sections. The work was done using the modulated
crossed-beam technique at electron energies of
5 eV with O and O, and 15 eV with He, Ar, O, and
0,. As far as we know,® these are the first experi-
mental differential-scattering cross sections re-
ported for atomic oxygen, as well as being the
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first angular distributions of electrons scattering
from a gas, other than H, which requires dissocia-
tion of a parent molecule to produce the atomic
species. In the sections below, we will discuss the
experimental apparatus and procedures, the method
of data reduction, and a comparison with other
published data.*

Il. EXPERIMENTAL

A modulated crossed-beam apparatus (see Figs.
1 and 2) was used. It consists of a free-jet molec~
ular-beam source, a monoenergetic electron-beam
source, a rotatable scattered-electron detector, a
primary electron-beam collector, and a quadrupole
mass spectrometer for analysis of the molecular
beam. The apparatus was housed in a large stain-
less-steel two-chamber vacuum tank whose back-
ground pressures during a run were ~5x107° torr
in the source chamber and ~2X10~7 torr in the ex-
perimental chamber.

A. Molecular-beam source and detector

Atomic oxygen was formed by dissociation of
O, at 15 torr in a microwave discharge, with a
subsequent free-jet expansion® through a 0.022-cm
orifice. We had replaced the rf discharge source
used in our previous work® by the microwave
(2450-MHz) discharge source.® This new source
was more stable and reproducible, had less re-
flected power, and was easier to ignite than the
rf discharge source. In addition, higher dissocia-
tion percentages (up to ~50%) were obtainable, and
fewer charged species were detectable in the main
beam. Under normal operating conditions, the
number of charged particles from the discharge
detected by the channeltron multiplier was negli-
gible (<0.02 electrons/sec). The beam flux density
was ~10%*-10'7 particles/cm® sec™. At the high
densities in the nozzle expansion most excited
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species are deexcited by collisions, and we expect
that most of the excited O(*D) and O,('A,) would be
collisionally deexcited so that the beam would be
mostly ground state O(P) and O,(*Z;).” At lower
pressures, 0.5 torr, in flowing discharges, Falick
et al.® have measured excited-species concentra-
tions as high as 10%. For He, Ar, and O,, the
apparatus was run without the discharge as a sim-
ple free-jet source with typical source pressures
between 15-25 torr.

The molecular beam was defined by a conical
skimmer (orifice diameter =0.53 cm) and chopped
at 500 Hz by a Bulova tuning fork chopper (Fig. 1).
A pair of plates (+90 V), mounted above and be-
low the chopper, was used to sweep out charged
particles from the beam. A mask, placed at the
entrance of the electron-scattering region, pro-
duced a rectangular molecular beam (0.380 cm
wide by 0.318 cm high) at the interaction region
with the electron beam. The molecular beam was
analyzed downstream by a quadrupole mass spec-
trometer.

B. Monoenergetic electron beam source and collector

The electron-scattering apparatus was the same
as that used by McGowan et al.°+'° but modified
for the present experiment (Fig. 2). The changes
made in the 127° cyclindrical electrostatic energy
selector were (i) the use of a spiral-wound 8-mil
diam thoriated-iridium filament; (ii) the addition
of an exit “hat”; and (iii) the encasement of the
entire electron source in a metal shield box to pre-
vent stray electrons from reaching the detector.
All metal parts in the scattering apparatus were
gold-blacked to reduce electron reflection. The
scattering region was held at ground potential.
The energy width of the electron beam was mea-
sured at the collector to be 120 mV using the re-
tarding-potential technique. This figure is sup-
ported by the more extensive measurements made
by McGowan et al.® Due to contact potentials, we
estimate that the energy of the primary beam is
uncertain by +0.5 eV. The entire scattering appa-
ratus was enclosed in a M-metal shield which re-
duced the residual magnetic field inside the appa-
ratus to less than 0.05 G.

Initially, the primary beam was collected by a
Faraday cup, but it was found that large numbers
of electrons remained uncollected allowing some
to be detected by the channeltron multiplier and
contributing to the background current and its
associated noise. The cup was eliminated entirely
and the wall of the p-metal shield was insulated
and then positively biased to collect the primary
beam. A grounded tungsten grid was placed 10 cm
in front of this “hood” to prevent field penetration

and secondary electrons from entering the scatter-
ing region.

C. Scattered-electron detector

The scattered-electron detector consisted of a
lens which focused the electrons into a Bendix
channeltron electron multiplier followed by an
amplifier-discriminator circuit. The detector was
mounted 6.4 cm from the scattering volume, sub-
tended a solid angle of 8X10™* sr|with respectto
the interaction zone, and couldbe rotated from +152°
to -70° with respect to the primary beam (see Fig.
2). The output pulses from the discriminator were
converted by a level-shifter emitter-follower cir-
cuit to negative pulses acceptable by an SSR-1110
digital synchronous computer. The dead time of
the detector was 3.3 usec.

The SSR-1110 counter is a dual-channel device
which was synchronized to the beam modulation.
One channel (B) displayed the background counts
with molecular beam off, chopper closed, and the
other (A) the background plus scattered electron
counts with the molecular beam on, chopper open.
The scattered electron signal (A-B), called “D”
below, is also displayed.

Rotation of the detector table was manually con-
trolled and the angular settings were determined
visually. Angles were reproducible to ié—o . The
angles measured spanned from -70° to +150°. Data
were taken at 10° increments for Ar and He and 15°
for O and O,. In order to increase the S/N ratios,
long counting times were used; for example, the
time at each angle for a “single-pass” run for Ar
was 15 min and % h for O and O,. Ion gauges and
the mass-spectrometer ionizer were turned off
during the electron-scattering measurements.

For O and O,, “multipass” runs (sweeping for-
ward and backward through the angles a number of
times) were made until signal-to-noise ratios
ranged from 10/1 at small angles to 25/1 at the
larger angles. The background count level was
significantly lower for “negative angles” than for
“positive angles” (due to the nonsymmetrical geo-
metry of the apparatus). In our calculations the
data from 0 to —70° was more heavily weighted
than that from 0 to +70°, although the results were
symmetrical for all gases studied.

To determine atomic-oxygen cross sections the
ratio of the number density of O, in the beam dur-
ing a mixture (O+0,) run to that in the beam dur-
ing a pure O, run was needed, as discussed below.
This ratio was determined by measuring the mass
32 signal with the quadrupole mass spectrometer
both before and after every O, and O+O, run. A
mixture run was always followed immediately by
a pure O, run, so that the conditions in the elec-
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tron source and collectors were as close as possi-
ble for these two runs.

III. DATA, CORRECTIONS, AND RESULT EDUCTION

Since, in most cases, several independent read-
ings were taken at a given angle, it was necessary
to use some normalizing and averaging procedure.
First, the individual signals D, were linearly
normalized to the same molecular-beam number
density, electron-beam current, and, when nec-
essary, dead time of the detection electronics to
give Dcors - Since the statistical noise is propor-
tional to the square root of the total counts, or
count time, each runwas weighted byw; =1/(A + B)/2
in obtaining the average corrected signal at each
angle:

n - m
Dcon‘ = (X_:-P Wy Dcorr,i +. - Wy l)con,i )/Z w; (]_)
i=1 i=n+1 i=1

where there are n data points at the positive angle
(ZL) and m —#n data points at the corresponding
negative angle (2_).

To obtain the differential cross section, do/dS,
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FIG. 3. Differential cross sections for the scattering
of 15-eV electrons from He as a function of angle. Pres-
ent results are compared to other experimental and
theoretical results. In all graphs, numbers in parantheses
following author’s names represent year of publication.
See references for sources of these data.

we first note that it is related to our signal counts
Dcorr by an experimental scale factor %,

Econ- (9) = k[d()(@)/dﬂ] 5

where % includes factors for the electron current,
beam density, scattering path length, and the de-
tector solid angle and efficiency factor. The

scale factor was obtained from the total cross sec-
tion, 0y, since

m

k=27 , D, (0)sin6db/or. (2)
Assuming a constant 2 implies that the effective
product of path length and detector solid angle is
independent of scattered angle. While this is not
true in general,'! it is a good assumption for our
experimental geometry wherein the scattering
volume is small (~0.025 cm?®), fixed by the inter-
section of the electron and molecular beams and
well within the view angle of the detector at all
angles. We have calculated a maximum error
less than 2% due to this assumption for the angles
reported below, which is well within our repro-
ducibility.

The integral in Eq. (2) was obtained graphically
with aplanimeter by plotting D(8) sinf versus 0; this
choice of variables gives us the correct end points of
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FIG. 4. Differential cross sections for the scattering
of 15-eV electrons from Ar as a function of angle. Pres-
ent results are compared to other experimental and
theoretical results.
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FIG. 5. Differential cross sections for the scattering
of 15-eV electrons from O, as a function of angle. Pres-
ent results are compared to experimental results of
Trajmar et al. (Ref. 24).

the integration since sinf -~ 0 at 0° and 180°, where
data are difficult to obtain. Total cross sections from
the literature were then used to calculate 2 and
then do(8)/d2 =k *Decor (). The total cross sections
to which our data are thus normalized are (in units
of 107 cm?) 3.2, 19, 9.5, and 8 for He,'? Ar,*
0,,'**® and™ O at 15 eV and 7.0 and 7.5 for*® O,
and*® O at 5 eV.

For atomic oxygen, the scattered electron sig-
nal D(O; 6) had to be extracted from data for both
the scattered electron signal measured for the
0-0, mixture D(O+0,;0), and for the pure O,,
D(0,; 6). In order to get D(O; 6) the ratio v of the
number density of O, in the beam with the dis-
charge on to that in the beam with the discharge
off must be known. The relationship is

D(0; 0)=D(0+0,; 8) — ¥yD(O,; 6). 3)

¥ was determined from the ratio of O,* ion currents
in the mass spectrometer with the discharge on
(mixture) and discharge off (pure O, run). As
mentioned above, each mixture run was immedi-
ately followed by a pure O, run.

The errors in our cross sections are obviously
related to the errors in the total cross sections
we used. Our own reproducibility was within 10%

for most cases, except for He below 15° and for
atomic oxygen. For atomic oxygen, the error in

v is significant and we feel our reproducibility in
the cross sections is better than 20% in most cases.
The results for the gases studied at 5 and 15 eV
are shown in Figs, 3-8.

IV. RESULTS AND DISCUSSION

Differential cross sections were obtained for
He and Ar at 15 eV to establish the reliability of
our apparatus and method of data reduction by a
comparison with both experimental and theoretical
results of other studies. For both gases the agree-
ment is good. In Fig, 3 our results for He are
shown with the experimental points of Gibson and
Dolder,'® Bitsch,!® and McConkey and Preston,’’
and the theoretical calculations of Naccache and
McDowell,'® Wichmann and Heiss,'® and Sinfailam
and Nesbet.?° The experimental points of McCon-
key and Preston and of Bitsch were those as re-
ported by Naccache and McDowell. The data of
Sinfailam and Nesbet were computed as cross
sections by Wichmann and Heiss. It is seen that
there is good agreement with other reported data.
The minimum at ~80° agrees with Gibson and
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FIG. 6. Differential cross sections for the scattering
of 5-eV electrons from O, as a function of angle. Pres-
ent results (elastic +inelastic) are compared to experi-
mental results of Trajmar et al. (Ref. 24) (elastic); (+)
Linder and Schmidt (Ref. 25) (elastic, 4.0 eV).
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FIG. 7. Differential cross sections for the scattering
of 5-eV electrons from O as a function of angle. Present
results are compared to theoretical calculations of Tho-
mas and Nesbet (Ref. 2) (elastic, 4.9 eV).

Dolder’s data. Our small-angle points show a
flatter behavior below 30° than do the others.
However, the data below 15° is not as reliable due
to noise from the primary electron beam.

Figure 4 compares our results for Ar with the
experimental relative cross sections of Mehr*!
and Lewis et al.?® and the theoretical curve of
Walker.?® These relative cross sections were
normalized to ours for a best visual fit. We agree
extremely well with Lewis ef a/; the calculation
of Walker is also quite good, giving the 115° min-
imum and the steeply rising behavior at small
and large angles. The results of Mehr show a
rather flat behavior from 75°-120° and do not show
the pronounced minimum seen by others.

The present results for O, are compared with
Trajmar et al.?* at 15 eV in Fig. 5 and with Linder
and Schmidt®® (4 eV), and Trajmar et al.** at 5 eV
in Fig. 6. For 0,(0,) we have used, as did Traj-
mar, the total cross sections of Salop and Nakano.?®
Figure 5 shows that our 15-eV data agree to within
30% of Trajmar’s, but our data show a slightly
flatter behavior for angles less than 45°. Since
they did not go above 90°, they did not see the
minimum at~105°, At5eV, Fig. 6 shows the three
sets of data to be in good agreement, except that
at 30° our data and that of Linder and Schmidt

show a slightly greater dip than does Trajmar et
al. In both cases our data extend to larger scatter-
ing angles than previously reported data. We are
not aware of any theoretical calculations for O, at
these energies.

Figures 7 and 8 show our experimental results
for O at 5 and 15 eV. These results are compared
with the theoretical curves of Thomas and Nesbet?
at 4.9 and 11,0 eV (their calculations were not
carried out above this energy as it necessitated
the inclusion of too many open channels for prac-
tical computation). The general features to be
noted are (a) a main dip in the cross section which
occurs at ~120° at both 5 and 15 eV; (b) a second
dip which moves inward from 30° (15 eV) to 60°
(5 eV); and (c) the large forward scattering at
5 eV; at 5 eV the backscattering does not increase
with angle as it does at 15 eV.

It is seen that generally the theory for O is able
to predict the magnitude of the cross section rea-
sonably well at 5 eV and the main qualitative fea-
tures of the backscattering behavior both at 5 eV
and (as indicated by the 11-eV frend) at the higher
energy including the decrease occurring around
90°-120°. However, the theory does not show the
small-angle dip, which occurs at both 5 and 15 eV,
nor does it seem, particularly at the higher energy,
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FIG. 8. Differential cross sections for the scattering
of 15-eV electrons from O as a function of angle. Pres-
ent results are compared to theoretical calculations
of Thomas and Nesbet (Ref. 2) (elastic, 11.0 eV).
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to show quite the proper small-angle slope. While
we do not have as many data points around the dip
as one would want, it was present in all runs and

was not a consequence of our averaging procedures.

It should be noted that “multiple dips” in the differ-
ential cross section are not at all unusual and ap-
pear in the low-energy scattering behavior of many
gases (Ne, Ar, Kr, and Hg, for example).

As low-energy scattering is extremely sensitive
to the polarization of the atom, it would seem rea-
sonable that the target atom passes through a
series of virtual excited states during the collision
process. Thomas and Nesbet appear to have in-
cluded all the higher-order partial waves of any
importance (Sinfailam and Nesbet®°); they included
the channels 2s? 2p*, 2s! 2p5, and 2p°. Apparently,
then, even higher excited states may be of impor-
tance to the scattering process, even at the lower
energy (5 eV) examined here, and if included (diffi-
cult though the calculation may be) prediction of the
experimentally observed forward-scattering be-
havior may be found.

In all cases, our results represent the sum of
elastic plus inelastic cross sections. However,
data available in the literature show that the total
inelastic cross sections tend to be a factor 10®
smaller than the elastic ones. In particular, the
calculations of Thomas and Nesbet show the in-
elastic differential cross section for atomic oxygen
to be (at its largest) less than 25% of the elastic
cross section, and mostly a factor 10 or more

smaller than this.

The forward scattering to backscattering ratios
for atomic oxygen were calculated by integrating
our angular data points over the appropriate angles
(20°-88°, 92°-160°) (extrapolation was carried out
where necessary). The calculated ratio (4.1) is
consistent with our directly measured® ratio data
(5.0) at 5 eV, while at 15 eV the present experi-
ment gives a higher ratio of 3.0 as compared to
1.72 (a lower bound) by direct measurement.
Ratios for the other gases were also calculated
and He (15 eV) gave good agreement, while the
calculated results for Ar (15 eV) and O, (5 eV)
were again (20-70)% higher than the previously
reported lower bound. These results show that
the ratio test is sensitive to the shape of the differ-
ential curve, and so, in its own way, is a simple
and valuable test for theoretical angular calcula-
tions.
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