
VOLUME 59, NUMBER 18 PHYSICAL REVIEW LETTERS 2 NOVEMBER 1987

Coincidence Spectroscopy of Highly Charged Xenon Ions by Electron Impact
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Spectroscopic studies of highly charged xenon ions (up to Xe +) produced by electron-xenon-atom
collisions have been carried out in coincidence with electrons ejected at 90 to the incident electron
direction and having energies between 20 and 550 eV. Relative values of partial doubly-differential ion-

ization cross sections, d o t" /dE do, for Xe+ to Xe + have been measured for several incident electron

energies between 1.0 and 8.0 keV.

PACS numbers: 34.80.Dp

There is growing interest in highly charged ions pro-
duced by inner-shell photoionization, multiphoton ab-
sorption, and charged-particle impact because of their
importance in fields such as those of plasma physics,
fusion physics, radiation physics, astrophysics, and for
the production of ion sources. Ionization of many-elec-
tron atoms by electron impact is a complex phenomenon,
and several processes such as direct single and double
ionization, ionization-autoionization, and shakeoft are
responsible for the production of various ion charge
states. Multiple ionization of atoms by electron impact
has been investigated for a long time but most of the
data available refer only to total or partial ionization
cross sections. Several studies of singly-differential
cross section and doubly-diA erential cross section
(DDCS) for ejection of secondary electrons from atomic
gases by electron impact have also been reported, but

very few data exist for partial doubly-difI'erential ioniza-
tion cross sections and none for xenon atoms in the ki-
loelectronvolt energy range.

In this paper we report an investigation of the collision
reaction,

e+Xe Xe"++(n+ 1)e,

by detection of one of the slow electrons in coincidence
with xenon ions thus obtaining information about partial
ionization cross sections, diff'erential in secondary-elec-
tron energy and ejection angle.

Figure 1 shows schematically the experimental ar-
rangernent. A beam of thermal xenon atoms, emitted
from a capillary array, collides with a focused beam of
electrons having an energy between 1.0 and 8.0 keV.
The ions produced in the interaction region are directed
into a time-of-flight (TOF)-type ion analyzer by a small

ION A NA LYSER

V2

V)

FARADAY CUP

V3
V4

ELECTRON GUN

L
,' l l

V7
V6

GAS INLET

V5

ELECTRON ANALYSE R

FIG. l. Experimental arrangement for ejected-electron —ion coincidence spectroscopy.
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DDCS(n+) =

dE dn
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where o.; is the total cross section for ion production, N;

e+Xe
2+

(=15 V/cm) electric field. Inside the analyzer the ions
are further accelerated before drifting through a field-
free region approximately 35 mm long and are detected
by a Channeltron. In the diagram, V& and V2 are the
Channeltron voltages, while V4 and V3 are the extraction
and drift-tube voltages, respectively, for the ion analyzer.
The electrons ejected at 90 to the incident-electron
direction are energy analyzed by a 30 parallel-plate
electrostatic analyzer and are detected in coincidence
with the product ions. The time delay of the ions relative
to the ejected electrons gives information about the
charge state of the ions. Figure 2 shows such a TOF
spectrum for xenon ions. The incident-electron energy
and the ejected-electron energy were 6.0 keV and 30 eV,
respectively. Peaks for xenon ions having charges +1 to
+8 can be seen clearly, while the peak for Xe +, though
not much above the background, always appeared at the
same position in other spectra as well.

The shape and width of the peaks are due mainly to
the isotopic separation of ions of each charge state. The
time spread due to the thermal velocity of the xenon
atoms and the finite size of the interaction region is small
in comparison.

For every charge state n, true coincidences N, " are
related to the n-fold doubly-diA'erential cross sections,
DDCS(n + ), by

is the number of detected ions, t.'q is the efficiency of the
electron detection system, and hE and h, A are the ener-
gy bandwidth and the solid angle of the electron analy-
zer, respectively. No attempt was made to evaluate the
factor hE h, A t. q which was, however, kept constant
throughout the experiment. To keep eb constant, poten-
tials at the ends of the electron-analyzer Channeltron
were adjusted to give the electrons incident on it a 200-
eV energy, for maximum detection e%ciency. For the
total ionization cross section o.;, we used the values of
Schram, Boerboom, and Kistenmaker. The results also
allowed the calculation of the mean charge n(E) of the
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FIG. 2. Time-of-flight (TOF) spectrum of xenon ions result-
ing from electron impact on xenon atoms. Incident-electron
energy was 6.0 keV, ejected-electron energy 30 eV, and ejec-
tion angle 90'.

SECONDARY ELECTRON ENERGY (ev)
FIG. 3. (a) Relative values of the partial doubly-differential

cross sections [DDCS(n + ) ] for Xe+ (filled circles), Xe +

(open circles), and Xe'+ (filled triangles) plotted against
ejected- (secondary-) electron energy E. Incident-electron en-
ergy was 6.0 keV and ejection angle was 90'. DDCS values
are marked as plusses. Lines are to guide the eye. The dotted
line shows the results of Opal et al. (Ref. 9) for DDCS at
500-eV incident-electron energy normalized to our data at 50
eV, secondary-electron energy. (b) Mean charge n(E). Lines
are to guide the eye.
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FIG. 4. (a) Relative values of the partial doubly-differential

cross sections [DDCS(n+)] for Xe+ (filled circles), Xe +

(open circles), Xe + (filled triangles), Xe + (open triangles),
Xe'+ (filled squares), Xe + (open squares), Xe + (filled in-
verted triangles), and Xe + (open inverted triangles) plotted
against incident-electron energy. The ejected-electron energy
was 30 eV, and the ejection angle was 90 . Lines are to guide
the eye. (b) Mean charge n (E), for E =30 eV. Lines are to
guide the eye.

ions detected in coincidence with secondary electrons
having energy E, according to

n (E) =g (N, " n )jg N, "

Figure 3(a) shows relative values of DDCS(n+ ) for
n= 1 to 3 and DDCS=+„DDCS(n+) (Nagy, Skult-
lartz, and Schmidt ) plotted against ejected-electron en-

ergy. The DDCS generally exhibits a smooth de-
crease ' with increase in the energy of the emitted
electrons. Electrons ejected from autoionization states
have definite sharp energies and the corresponding spec-
trum is superimposed over the continuous part of the
energy spectrum due to direct ionization and double
Auger '' transitions such as N45000 which accounts for
27% of the total radiationless transition rate' from N45
subshells. The sharp increase in the DDCS corresponds
to the Auger transition N450i023 emitting 32.8-eV elec-

trons. Figure 3(a) also shows that our results for DDCS
agree generally with similar results of Opal, Beaty, and
Peterson for 500-eV incident-electron energy. Howev-
er, at secondary-electron energies greater than 100 eV,
our values for DDCS are higher than those of Opal,
Beaty, and Peterson. This increase could be due to the
several additional single' and double'' Auger transi-
tions which are possible at 6.0-keV incident-electron en-

Figure 3(b) shows the mean charge n(E) as a function
of the secondary-electron energy E. The apparent de-
crease in the value of n(E) around 100-eV secondary-
electron energy is, perhaps, due to the absence of the
effect of the strong Auger transitions, such as N450i023,
in the region from 20 to 50 eV.

Figure 4(a) shows relative values of DDCS(n+) for
n =1 to 8 plotted against incident-electron energy for an
ejected-electron energy of 30 eV and an ejection angle of
90 . Higher-order ionization is mainly produced by the
removal of inner-shell electrons followed by a vacancy
cascade, but, for multiple ionization to be detected in our
experiment, the vacancy cascade must end at N45 sub-
shells or should otherwise eject an electron of 30 eV by
some other process. A vacancy in the L; subshell, for ex-
ample, has a 52.4% probability' ' of being transferred
to the L23 subshells by a Coster-Kronig transition which
could be followed by several Auger transitions, ' such as
L3M3M3 M3M5045 M5N45N45 and N450i 023, result-
ing in the ejection of up to five electrons. If one adds to
this the contributions due to shakeout processes as well,
the high state of ionization reached in these processes is

quite understandable. Figure 4(a) also shows that, at
incident-electron energies higher than M-shell ionization
potentials, DDCS(n+) for all charges show an increase
in their values. DDCS(2+) and DDCS(4+) have
peaks at 4.0 keV, while DDCS(3+ ) has a peak at
3.0-keV incident-electron energy. DDCS(2+ ),
DDCS(3+ ), and DDCS(4+ ) show jumps in their
values at the L-subshell edges. A trend towards produc-
tion of ions with higher charges, beyond 7.0-keV
incident-electron energy, is also evident. This observa-
tion agrees generally with the results of photoionization
studies" showing that vacancies in the L shell can re-
sult in higher average charge per ion than vacancies in

the M shell or N shell.
Figure 4(b) gives the variation of n(E), for E =30 eV,

with incident-electron energy and shows evidence for a
slow increase in the production of ions with higher
charges as the electron energy increases above 1.0 keV.
There is, however, given the size of the error, no clear in-
dication of any steps in the quantity n(E) which might
be expected just above the L-subshell edges.

In conclusion it should be noted that, while single and
double ionization of atoms by electron impact is fairly
well understood, ' this is not so for the process of mul-
tiple ionization. Since, in general, doubly-diA erential
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cross-section measurements are much more sensitive to
theoretical details than total or singly-differential cross
sections, the data presented here for partial DDCS can
provide an much more critical test for mathematical
models of ionization by electrons.
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