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The triple-differential cross section for electron-impact ionization of argon has been investigated for the
primary electron energies near 100 eV and scattering angle 15°. The in-plane and . out-of-plane
measurements show that the forward lobe has a true minimum in the full three-dimensional sense when the
ejected electron energy is 5 eV. However, such a minimum is not observed when the ejected electron energy
is 20 eV. The cross section has much more structure than that of helium. No simple symmetry has been

found common to all the cases for argon.

I. INTRODUCTION

In measurements of the triple-differential cross
section all of the scattering parameters, except
the spin, are experimentally determined. This
provides the most detailed test of any theoretical
approximation or model of electron-impact ioniza-
tion. In recent years, much experimental work,
especially for helium, has been reported.'”*® For
some measurements, the incident and two out-
going electrons are confined in one plane.!” We
will refer to these as in-plane measurements.

For some other out-of-plane measurements, the
two outgoing electrons are restricted to a sym-~
metric configuration.®'* In some cases, a full
three-dimensional picture of the triple-differential
cross section is essential to facilitate the test,

and at present there are very few three-dimen-
sional data available. Therefore it is the purpose
of this work to report some measurements without
the mechanical restrictions of most of the mea-
surements reported previously. Since the accumu-
lation of data for the triple-differential cross sec-
tion is exceedingly slow and there are five inde-
pendent variables involved, it is important to be
very selective about data taking in this five-di-
mensional space. No theory so far is known to
work well in the low-primary-energy range (from
the threshold energy of the target gas to about 200
eV). More experimental data are apparently
needed in order to refine the existing theories.2°733

Many theoretical calculations?®:26:3%33 have been
made to compare with the helium data. However,
few calculations have been done for other target
gases. One reason is the scarcity of experimental
data for other gases in the low-incident electron-
energy range. In this work, we choose to study
the outer-shell ionization of argon for the primary
electron energy near 100 eV and scattering angle
15°. The ground state of Ar* is produced by re-
moval of a 3p electron as contrasted with helium,
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where a 1s electron is ejected. Hence argon is an
interesting case to use to investigate the correla-
tion between the triple-differential cross section
and the state of the ejected electron.

II. EXPERIMENTAL APPARATUS

The details of the apparatus and the experimental
procedures have already been discussed in our
earlier papers.'5!® Therefore only a brief account
will be given here. Figure 1 shows a conceptual
diagram of the scattering quantities. The equip-
ment essentially consists of four relatively inde-
pendent systems which are directed at a small
interaction region C. G, 120, Ea, and E,, represent
the gas beam and directions of incident and two
outgoing-electron momenta, respectively.

The gas beam is formed by a multichannel array.
The size of the gas beam is about 3.5 mm full
width at half maximum (FWHM). The gas pres-
sure in the scattering center is an order of mag-
nitude higher than the background pressure which
is about 2 X 107® Torr.

The electron gun with a tungsten wire filament
and cylindrical lenses of molybdenum can be ro-
tated horizontally about a vertical axis through the
center of the gas beam. The electron beam is

FIG. 1. Conceptual diagram of the scattering quant-
ities. G is the direction of gas beam. k,, IT:,, , and &,
show the directions of the incident and two outgoing elec-
trons. F shows the location of the Faraday cup and C

‘indicates the scattering center.
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about 2 mm in diameter with.an energy spread of
about 0.3 eV. The beam is directed into a deep
Faraday cdp and the current is about 40 nA.

Of the two outgoing electrons, we refer to the
one with higher energy (Ea) as the scattered elec-
tron, and the one with lower energy (E,,) as the
ejected electron. The plane containing the incident
and scattered electrons is called scattering plane.
An electron analyzer collects.the scattered elec-

- trons from the interaction region and counts those
which meet appropriate specifications on direc-
tion and energy. Energy selection is made with a
hemispherical deflector with an energy resolution
about 0.6 eV FWHM and an angular resolution of
1°, Individual electrons are counted by a channel
electron multiplier. The scattered-electron ana-
lyzer is fixed with respect to the vacuum system.
The axis of this analyzer is horizontal and pro-
vides a convenient reference for measuring the
angular position of the gun. We call the angle be-
tween the axis of the gun and that of the scattered-
electron analyzer 6,, or the scattering angle (see
Fig. 1).

A time-of-flight analyzer detects ejected elec-
trons from the interaction region which meet
selected specifications on angle. It accepts a broad
band of energies, with very-low-energy electrons
rejected by a retarding lens. The electron multi-
plier used is capable of a high count rate. This
detector can be moved about two orthogonal axes.
Position is indicated by two angles 6, and ¢, (see
Fig. 1). The angular resolution of the time-of-
flight analyzer is 2.5°. Both of the electron analy-
zers are designed to have a field of view big

330° 0° 30°
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enough to encompass the entire interaction region.

True coincidence events can be distinguished by
the fact that the electrons from the same ioniza-
tion event will have a definite amount of time delay
between their arrivals, while the electrons from
different ionization events have a uniform delay
spectrum. Typically 1-100 true coincidence counts
per minute are collected. The multichannel analy-
sis is done by a small computer which, also under
program control, sets the angles 6,, 6,, and ¢,.
A table of angles is scanned several times to
permit a reproducibility check and to minimize
the effects of instrumental drift. The total count-
ing time for a fixed set of angle variables is about
1-3 h.

III. RESULTS

The electron-impact ionization of argon presently
under study can be represented by

e+Ar—-Ar*(P,,, P,),) +2¢.

The spin-orbit interaction in the ground state of
Ar* causes a doublet separated by about 177 meV.
At present, these two states are not resolved.
Hence our measured triple-differential cross sec-
tion contains the contributions from the transitions
to both of these two states.

The experimental data presented here are for
two sets of energy variables. The primary elec-
tron energy E, is 100 eV and the ejected electron
energy E, is § eV for the first set. E, and E, are
115 and 20 eV, respectively, for the second set.
For both sets of data the scattering angle 6, is

FIG. 2. In-plane triple

differential cross section
(¢, =0) of argon as a func-
tion of detection angle

6, of the ejected electrons
are presented in polar co-
ordinate. This is the re-
sult for the case where
E;=100 eV, E, =5 eV,
and 6,= 15°. &k, k,, and
Kindicate the directions
of incident scattered

270°
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electrons and momentum
transfer, respectively.
Dots are the experimen-
tal data points. The err-
or bars stand for one
standard deviation. The
curves are the lines fit-
" ting those data points to
outline the shape of the
triple-differential cross
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FIG. 3. Vertical scans of the forward lobe with 6; from 51° to 135° in every 6° interval, for the case where E ;=100
eV, Ep=5 eV, and 6, =15°. Units are the same as in Fig. 2.
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FIG. 4. Vertical scans of the backward lobe with 8, from 219° to 285° in every 6° interval for the same case as Fig.

3. Units are the same as in Fig. 2.

set at 15° and the scattered-electron energy is
fixed at 79.24 eV.

According to a simple impulse-approximation
model®° for certain fixed momentum transfer,
K (=E0 —Ea), the triple-differential cross section
is directly proportional to the square of the wave
function in the momentum space of the ejected
electron before the collision, F(gq),

o

T daaE * Do F@P,

where 0, is the Mott cross section and § =k,
-k, -k,. |F(Q)}? has been calculated in the Har-

tree-Fock scheme for an argon 3p wave function,
and shown to have a maximum at ¢~ 0.65 a.u.*3°
For the first set of energy variables, the minimum

g, qmins Occurs around 0.5 a.u. Therefore from

the impulse-approximation model the forward lobe
of the triple-differential cross section is expected
to be cylindrically symmetric about g ,;, with a
minimum at the center. Ehrhardt ef al.* have al-
ready observed a minimum in the forward lobe
from the in-plane measurements. For the second
set of chosen energy variables, ¢.;, occurs around
0.71 a.u., which means that no minimum is ex-
pected to be observed.
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FIG. 5. In-plane measurements plotted same as Fig. 2 for the case where Ey=115eV, E, =5 eV, and 6,= 15°.

The data presented here have been put onto an
absolute scale by normalizing to the absolute
elastic scattering cross section of argon for scat-
tered-electron energy of 79.24 eV and scattering
angle 15°, - (g, =5.08 X 107!¢ cm? sr™* is interpolated
from Vuskovie and Kurepa’s measurement.?*) The
normalization procedures have already been des-
cribed®; we will not repeat the description here.

The measured triple-differential cross sections
as a function of the angles 6, and ¢, of the ejected
electron are presented in polar diagrams. Figure
2 shows the in-plane scan (¢, =0) for the first set
of data. The dots are the experimental results and
the solid curve is the line fitting these data points.
The error bars denote one standard deviation.
Arrows Eo, Ea’, and K represent the directions of
incident- and scattered-electron momenta and
momentum transfer, respectively. The in-plane
distribution is characterized by a pronounced
minimum in the forward lobe which agrees very

well with the data of Ehrhardt ef al.* Furthermore,

" the backward peak is relatively narrower com-
pared to the helium case where the backward peak
is always found to be much broader.

In order to construct a three-dimensional picture
of the triple-differential cross section, vertical
scans are made; that is, 6, is kept constant and
only ¢, is varied in each scan. Figure 3 shows
the vertical scans of the forward lobe with 6, from
51° to 135° at 6° intervals. After averaging large
amounts of data taken near the scattering plane it
has been shown that the shape of the cross section
is symmetric about the scattering plane. The

dotted lines are added due to this symmetry. The
minimum of the forward lobe of the in-plane scan
occurs at 6,=75°. From the diagram of the verti-
cal scan at 6, =75° the minimum is indeed a mini-
mum in the full three-dimensional sense. The
vertical scans away from the minimum show that
the cross section is approximately cylindrically
symmetric about the minimum.

The vertical scans of the backward lobe, from
6, =219° to 285° at 6° intervals, are shown in Fig.
4. The backward lobe has much more structure.
Simple theories such as impulse and Born approxi-
mations are apparently not adequate to explain
this. The maximum of the backward lobe in the
in-plane scan occurs at 6, near 261°, From the
vertical scan at 6,=261°, the maximum point in
the plane in fact is a minimum point in the vertical
scan. In other words it is a saddle point. 1t is
even more surprising that there are two more
lobes whose maxima point at ¢, near +40°. The
shapes of these two lobes can be visualized by
looking at the series of vertical scans from 6,
=219° through 261°, Such a structure should pro-
vide an interesting test case for any theory of
ionization. -As seen from Fig. 4, no simple sym-
metry has been found. Hence it is virtually im-
possible to map the whole five-dimensional space
even for a limited energy range.

Results of our second set of measurements are
presented in Figs. 5~7. In Fig. 5 similar to Fig.
2, the in-plane scan results are presented as a
function of 6,. The forward peak indeed does not
have a minimum. The simple impulse approxima- -
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-75°

FIG. 6. Vertical scans of the forward lobe with 6, from 45° to 135° in every 9° interval for the case where E, =11 eV,
E,=20 eV, and 6, = 15°. The scale has been enlarged for angular plots of vertical scans at 6, =117°, 126°, and 135°.

Units are the same as in Fig. 5.

tion model gives a rather good qualitative descrip-
tion of the shape of the forward lobe.

The vertical scans were made for the forward
and backward lobes with 6, 9° apart. They are
shown in Figs. 6 and 7, respectively. The appar-

ent maximum in the plane appears at 6, about 81°.
The vertical scan at 6, =81° shows that it is a
maximum in the three-dimensional sense. From
the vertical scans away from 6, =81° the forward
lobe is obviously not cylindrically symmetric
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FIG. 7. Vertical scans of the backward lobe with 6, from 219° to 282° in every 9° interval for the same case as

Fig. 6. Units are the same as in Fig. 5.

about the maximum. Other structures have ap-
peared in the vertical scans at 6, =108°-135°,
These again cannot be explained by either the im-
pulse-approximation model or the Born approxima-
tion. From Fig. 7, we see that the backward peak
in this set of measurements is rather smooth.
From all the vertical scans, the backward lobe is
even closer to being spherically symmetric.

IV. CONCLUSIONS:

The triple-differential cross section of the outer-
shell ionization of argon has been measured for
two cases. The in-plane and the out-of-plane mea-
surements in this work will help to visualize the
three-dimensional shape of the triple-differential
cross section of argon. For the case where E,

=100 eV, E,=5 eV, and 6,=15° the forward lobe
of the triple-differential cross section is approxi-
mately cylindrically symmetric about an axis in
the scattering plane along the direction of 6, ="75°
A minimum in the three-dimensional sense has
been found. The backward lobes have more struc-
tures which cannot be predicted by simple impulse
approximation or Born approximation. For the
case where E,=115 eV, E,=20 eV, and 6,=15°,
the results of the vertical scans show that the
forward lobe is not cylindrically symmetric about
any axis. More-sophisticated theory will be nec-
essary to explain the experimental results.
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