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Doubly differential cross sections (DDCS) for electron ejection in electron-argon collisions have been
studied for ejected electron energies 25 to 300 eV, ejection angle 85=90°, and incident electron energies of
300 eV to 8 keV. Performing a charge-state analysis of the recoil ion in coincidence with the ejected elec-
tron, we were able to distinguish between singly and multiply ionizing collisions. It was observed that the
relative importance of multiple ionization events increases with increasing energy of the ejected electron.
At an ejected electron energy corresponding to LMM Auger transitions, Ar>* and Ar®* are predominantly
produced by L-shell ionization. From an analysis of the corresponding DDCS, information about simul-

taneous L- and M-shell ionization is obtained.

I. INTRODUCTION

Recently, there has been an increasing interest in the
study of multiple ionization events. While a large body of
data already exists for photoionization,!? studies of ioniza-
tion by particle impact seem to be only at their beginning
(e.g., Refs. 3-6, and references therein). Experimental in-
vestigations by particle impact have so far made use of the
detection of multiply charged ions (e.g., Ref. 7, and refer-
ences therein), or used vacuum ultraviolet,® Auger elec-
tron,”!% or x-ray spectroscopy.!! Few attempts have been
made to measure energy and angular differential cross sec-
tions for electron ejection in multiple ionizing collisions.
Van der Wiel and Wiebes!? have obtained energy differen-
tial cross sections for multiple ionization in electron-argon
collisions measuring the energy loss of the incident electron
in coincidence with the ions of a certain charge state. The
present investigation is similar to the recent work of
Hippler, Bossler, and Lutz,® who measured doubly differen-
tial cross sections for electron ejection in proton—rare-gas
collisions in coincidence with the product ion, thereby ob-
taining the different contributions from singly and multiply
ionizing collisions. In particular, we have investigated the
following process

e~ +Ar— [ne” 1+ A"t +e5 . 4))

Detection of the product ion in coincidence with the ejected
electron (eg ) allows identification of n-fold ionization
events. No information is obtained on the systems within
the square brackets, which would require a higher-order
coincidence experiment.

II. EXPERIMENTAL PROCEDURE

The experimental arrangement has been described in
some detail previously.’> The measurements have been per-
formed by injecting an energetic electron beam into a dilute
argon gas target. lons produced by the ionization process
were extracted from the collision region by a small electric
field (about 25 V/cm) between a lower plate and an upper
grid, both of 1 cm diameter and separated 1 cm from each
other. The target gas was introduced into the chamber
through a small orifice in the lower plate. Electrons ejected
at 90° with respect to the incident electron direction and
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perpendicular to the direction of the electric field for ion
detection were detected in a 30°-parallel plate electrostatic
analyzer. In order to increase its detection efficiency, the
analyzer was operated with a modest energy resolution of
about 12% full width at half maximum (FWHM). No sig-
nificant change in the measured energy distribution of the
ejected electrons with and without applied electric field was
observed, provided the electron kinetic energy was corrected
to allow for the potential difference between target and elec-
tron analyzer.

Electrons ejected in an n-fold ionization process were
identified by simultaneous detection of the product ion.
The ionic charge state was determined in a time-of-flight
(TOF) setup, measuring with the help of standard coin-
cidence electronics (time-to-pulse height converter, mul-
tichannel analyzer) the time delay of the product ion rela-
tive to the ejected electron. Typically, this time delay was of
the order of few us; depending on the ionic charge state and
mass and the length of the TOF drift tube (about 3 cm).
Several peaks corresponding to ionic charge states n=1 up
to n=4 were observed in the time spectra. After subtract-
ing random coincidences, the number of true coincidences,
N were related to a doubly differential cross section
(DDCS) for n-fold ionization, d’c"/(dE dQ), by

o ™/(dE dQ) = (NP/N)ao/ (AEAQes) . (2)

o; is the total cross section for ion production, N; the
number of detected ions, €5 the efficiency of the electron
detection system, and AE and AQ energy bandwidth and
solid angle of the electron analzyer, respectively. For the
total ionization cross section o; we used the cross sections
for 3s and 3p ionization given by McGuire,!* extrapolated to
higher incident electron energies with the help of Bethe’s
formula (see, e.g., Ref. 15)

o;=/E)[41n(E/1)+B] . 3

Here, E is the incident electron energy, / the ionization en-
ergy for a particular subshell, and 4 and B are two constants
determined from McGuire’s calculations. The inner shell
(K, L shell) contribution to the total ionization cross section
is negligibly small; its largest contribution is at 8 keV where
it accounts for less than 4% of o;. Alternatively, one could
have used experimental cross sections® for o;, which on an
absolute scale deviate about 15% from McGuire’s data and
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show a slightly different energy dependence. €; and A}
have been assumed to be independent of the electron ener-
gy in the range of interest here (25-300 eV). No attempt
was made, however, to determine ¢; and AQ absolutely.
Therefore, only relative DDCS were obtained.

I1II. RESULTS AND DISCUSSION

Spectra for ejected electrons coincident with argon ions of
different charge states are given in Fig. 1 for 0.7-keV in-
cident electron energy. The kinetic energy Ej of the detect-
ed electron was varied between about 30 and 260 eV. Ionic
charge states up to n =4 were detected. At low electron en-
ergies singly charged ions are the most abundant. This
changes in the vicinity of the Ar-L Auger transitions around
200 eV. There, Ar’* and Ar’* are more abundant than
Ar* by a factor of about 8 and 4, respectively. At 260 eV
Art, Ar?*, and Ar’* have about the same abundance. A
singly differential (with respect to the kinetic energy Ejs of
the ejected electron) electron spectrum calculated in the
plane-wave Born approximation (PWBA)'® using analytical
M-shell form factors given by Choi,!” agrees satisfactorily
with the continuous part (i.e., excluding the L-shell Auger
part around 200 eV) of the electron spectrum obtained by
summing the spectra for the four different ionic charge
states. One may conclude from this comparison that, as far
as the ejected electron energy dependence is concerned, the
experimental sum spectrum is in reasonable agreement with
predictions from standard theoretical descriptions.!®
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FIG. 1. Doubly differential cross sections (DDCS) for n-fold
ionization vs energy of the detected electron for 0.7-keV electrons
incident on argon. The ejection angle is 90°. Data are obtained
in coincidence with © Ar*, ® Ar2* A Ar3t, and A Ar** ions.
The solid line gives a sum spectrum obtained by summing the
four DDCS(n+) spectra. The dashed-dotted curve is a singly dif-
ferential cross section (do/dE) for electron ejection calculated in
PWBA with analytical M-shell form factors (see text). Dashed
lines are to guide the eye only.
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Of special interest are the characteristic (Auger) parts of
the electron spectra around 200 eV. At this ejected-electron
energy the ionic charge states 2+ and 3+ are chiefly pro-
duced by L-shell ionization, whereas singly charged ions
result from M-shell ionization or from L-shell excitation
processes, resulting, for instance, in 2p° nl final states.
Therefore, an analysis of the DDCS (n -+ ) at this particular
ejected-electron energy may provide information about L1
and L23 ionization. Assuming that Auger electrons are
ejected isotropically, which is a reasonable assumption since
the corresponding alignment is small (see, e.g., Refs. 15 and
19), and neglecting contributions from multiple M-shell ion-
ization li.e., from the (continuous) electron background
under the Auger peaks], the DDCS(2+) and DDCS(3+) at
E;=200 eV are proportional to the total cross sections
o(L1) and o(L23) for L1- and L23-shell ionization,
respectively. According to Van der Wiel and Wiebes!?

DDCS(2+ ) 0.890(L23) ,

4).
DDCS(3+ )< 0.840(L1)+0.9250(L23)S ,

where S is the so-called shake-off probability following L-
shell ionization. Here, we have omitted double L-MMM
Auger processes®® which result in ejection of two electrons
but do not contribute to the DDCS at E;=200 eV.

In Fig. 2 doubly differential cross sections are given for
electron ejection in 0.3- to 8-keV electron-argon collisions.
These cross sections have been measured for an ejected
electron energy of 200 eV, an ejection angle 8= 90°, and in
coincidence with ions of charge states 1+ to 3+. As has
been noted above, at this ejected-electron energy the ionic
charge states 2+ and 3+ are chiefly produced by L-shell
ionization. The experimental DDCS(2+4) and DDCS(3+)
may be compared with calculations of McGuire!* for L23
and L1 ionization. The two curves in Fig. 2 have been
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FIG. 2. Doubly differential cross sections DDCS for production
of n-fold charged argon ions at an ejected electron energy of 200 eV
vs incident electron energy. The ejection angle is 90°. Present mea-
surements are for O Art, ® Ar2* and A Ar**. Solid and dashed
lines given the L-shell contribution with S=0 [Egs. 4] to
DDCS(2+) and DDCS(3+), respectively. The dashed-dotted line
is a singly differential cross section for M-shell ionization (see text).
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derived according to Eqs. (4) with S=0. Good agreement
with the experimental DDCS(2+) data is obtained, except
at small incident energies. There, the discrepancy is prob-
ably due to double M-shell ionization events. In contrast to
this, the DDCS(3+) data differ by about a factor of 2 from
the predictions of the calculation. Most probably, this is
caused by the neglect of simultaneous L- and M-shell ioni-
zation. Such multiple ionization events may be the result of
different mechanisms. For instance, if ionization is treated
_as some statistical process, there is a certain probability for
producing two (or more) instead of only one electron. If P,
and Py, are the ionization probabilities for L- and M-shell
ionization, respectively, the probability for LM" ionization is
proportional to Py Pf;. Thus, if Py, decreases, for instance
with increasing incident electron energy, the relative fraction
of multiple LM" ionization events compared to single L-
shell ionization will decrease as Pf; and become negligible
for sufficiently small P,. This ionization probability
depends on the energy of the incident electron. There is an
additional contribution which is independent of the incident
energy. This contribution results from a rearrangement of
the electron cloud after removal of a single electron (shake-
off). It is accounted for in Egs. (4) by putting S>0. A

reasonable number for the shake-off probability following'

L-shell ionization is S =0.16.12

In Fig. 3 we have plotted the cross section ratio
DDCS(3+)/DDCS(2+) for the experimental conditions
discussed above (Ey=200 eV, 05=90°) versus incident
electron energy. Also given in this comparison is an experi-
mental data point obtained at an incident electron energy of
10 keV by Van der Wiel and Wiebes,!? which connects
reasonably well to our data. The experimental data are
compared with two theoretical curves, derived from Egs. (4)
with §$=0 and § =0.16, respectively. Obviously, the exper-
imental data are inconsistent with these theoretical predic-
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FIG. 3. Cross-section ratio DDCS(3+)/DDCS(2+) for produc-
tion of triply and doubly charged argon ions at an ejected electron
energy of 200 eV vs incident electron energy. The ejection angle is
90°. The present measurements (O) and those of Van der Wiel and
Wiebes (Ref. 12) (O) are compared with the predictions of Egs. (4)
with §=0 (solid line) and S =0.16 (dashed line) using total cross
sections for L-shell ionization calculated in PWBA (see text).
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tions. The deviations at large incident electron energies
may have at least two causes. One cause might be that the
shake-off probability used in the comparison ($=0.16) has
been chosen too large. The other reason might be of instru-
mental origin. Since the detection of efficiencies for ions
with different charge states (and different kinetic energies)
were not known a charge-state independent efficiency was
assumed. In addition, the measurements were performed
with a fixed kinetic energy of about 200 eV for the detected
electron. It is known that Auger transitions in multiply
charged ions may be shifted to lower transition energies

" (about 20 eV per charge state increase, see, e.g., Ref. 6).

Both effects are likely to introduce some experimental un-
certainty in the absolute value of the cross-section ratio.
Even then, the energy dependence of the experimental
DDCS(3+)/DDCS(2+) ratio is remarkably different from
the theoretical prediction. This shows that the experimental
data are not in agreement with a constant probability for
simultaneous L- and M-shell ionization. A similar observa-
tion was made by Carlson, Moddeman, and Krause® for
simultaneous LM ionization of argon by incident electrons
with kinetic energy up to 3 keV, and recently also by Low,
Genz, Richter, and Dyall,2! who found that the total cross
section for simultaneous K- and L-shell ionization relative
to the cross section for K-shell ionization was energy depen-
dent. The relative magnitudes of the energy-dependent
contribution to the simultaneous LM-ionization processes in
the present and measurements of Carlson et al® are dif-
ferent, however. Furthermore, the latter measurements in-
dicate that energy-independent simultaneous LM ionization
dominates for incident energies about 2 keV, which is not
obvious from the present data. This indicates that these
two experiments, being of different type, probe somewhat
different aspects of multiple ionization processes. A
theoretical investigation of the two contributions to multiple
ionization events has been made recently by McGuire?? for
proton and electron impact on helium. For impact ioniza-
tion of argon no such detailed analysis yet exists.

Also given in Fig. 2 are experimental results for
DDCS(1+). They are compared with a singly differential
cross section do/dE calculated in PWBA using M-shell form
factors of Choi.l” The experimental DDCS(1+) decreases
by almost one order of magnitude when the incident elec-
tron energy is increased from 300 to 500 eV, it remains ap-
proximately constant (with the exception of the 1-keV data
point) from 500 eV up to 8 keV. In contrast, the theoretical
do/dE decreases monotonically over the entire energy
range. We do not think that the large difference between
the theoretical do/dE and the experimental DDCS(1+) can
be accounted for by an energy-dependent anisotropy of the
electron-ejection process. Therefore, it might be concluded
from the strong decrease of DDCS(1+) after the onset of
L-shell ionization that there is some correlation or competi-
tion between M- and L-shell ionization at this particular
ejected electron energy.
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