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The energy distribution of electrons ejected in collisions of Ne ions with Ne and He ato
and Kr, and Xe ions and neutral atoms K d X '

hp y, av b Il Ill asli fo n goms in r an e, res ectivel h
e spec ra consist of a continuous distribution decreasin rnonotoni

energy on which there are superimposed l t
Th d f th

impose e ectron groups of definite ener char
origin o ese groups are discussed.
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FIG. 1. El. Electron-energy distribution for ionizing collisions of
Ne+ in Ne, and (curve F) for He+ in He. The ordinate scale for
curve F is unrelated to the others. The relative net yields of the
characteristic group for Ne+—Ne are shown in the u er ri h-
hand corner. The vale values given in keV for each curve represent
the ion energy in the laboratory system.

~ This work supported in part by the Aeronautical Research
Laboratories, Wright Air Development Division, U. S. Air Force
and by the National Science Foundation.

' H. W. Berry, Phys. Rev. 121, 1/14 (1961).

"EASUREMENTS of the energy distribution of
~ e ectrons ejected in ionizing collisions of ions and

atoms, previously reported' for argon ions and neutral
atoms in argon and for helium ions and neutral atoms
in helium, have been extended to neon, krypton, and
xenon. Definite evidence has been found which indicates
the formation of intermediate excited states in the
ionization process. These states seem to be quite limited
in number even for heavy atoms and are of sufhcient

energy to eject electrons with kinetic energies of the
order of 10 eV. The experimental technique was de-
scribed in detail in the initial report and so is oddly. sum-
marized here.

Ions produced in a source by electron bombardment
are focused and selected by a low resolution mass spec-
trograph, neutralized by charge exchange if the cor-
responding neutral atom beam is desired, and then
undergo collisions with a target gas in a field free region
within a cylindrical 6ne wire grid. Electrons ejected in
an ionizing collision arise at a point in space at which

the electric potential can be varied relative to the
metal electrodes of the region. This allows a definit. c
separation of the electrons ejected from surfaces by ion
or atom bombardment and those originating in ionizing
collisions. Those electrons ejected in a narrow angular
range are energy analyzed by a cylindrical condenser.
This current is amplified by a secondary electron mul-

tiplier and an electrometer, and subsequently recorded.
A method of calibration of the analyzer system has

been added for these measurements in which known
potential differences introduced between the ionization
cylinder and the analyzer produce definite shifts of the
spectrum. Analysis of these measurements gave a cali-
bration consistent within 1%; however, inaccuracies in
measurement of the record charts, as well as fluctuations
in space charge in the ionization region, raise the esti-
mated error in the measurement of the absolute elec-
tron energy to about 2%.
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FIG. 2. &&ectron-energy distributions for ionizing
collisions of Ne+ in He.

MEASUREMENTS AND DISCUSSION

The electron energy distributions obtained so far for
ionizing collisions of rare gas ions and atoms show a
general similarity. Each seems to be composed of two

istinct parts; one is a continuous spectrum which has
its largest value at the zero of electron kinetic energy,
and the second is composed of a number of electron
groups of a limited energy range, which in yield and in

energy are characteristic of the colliding particles. The
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sec. The energy of the groups at in6nite separation is
found by extrapolation to be 21.2 and 22.4 eU.

Values for the lifetimes of doub/y excited states
against autoionization have been calculated for He by
Wu' and by Bransden and Dalgarno, ' but no calcula-
tions seem to be available for the other rare gases. The
values found for He range from about 1)&10 " to
2X10 " sec. At the relative velocities of motion here,
the mean internuclear separation at ejection wouM.

range from several to ten angstroms. At these close dis-
tances, one might expect the electric field of the ion to
produce a sizeable Stark displacement of the energy
levels. This may be the explanation of the peak shift
for Ne+ —Ne which varies approximately as 1/Res.

Three distinct groups are observed for He+ —Ne, at
22.5, 25.5, and 38 eV. See Fig. 3. The dashed peak at
34 eV is the result of an incomplete subtraction of the
background He+—He. Examination of the recorder charts
indicates that this peak is identical with that which ap-
pears on the background gas run. Compared with the
38-eV peak, the yield is quite large, and since the cor-
rection for this involves an unknown adjustment for the
eRect of the addition of neon gas on the ion beam, this
background contribution is not always wholly removed.
For other parts of the spectrum the error incurred is
unimportant. The groups at 22.5 and 25.5 eV are too
close to determine the line shift with the present resolu-
tion. Very likely, these represent an autoionization of
Ne. The 38-eV group could arise from either He or Ne,
but the autoio:sizing state (62.6 eV) is nearly at the
same value as one of the energy losses observed by
Lassettre and Silverman4 (63.5 eV) for electrons in He.
A characteristic group near 25 eV occurs for all ca,ses
involving Ne. It would seem reasonable to ascribe these
to the same autoionization process except that the line
shift with relative velocity is not the same for all. This
is particularly apparent in comparing the Ne+ —He data
records with the background gas (Ne+-Ne) runs taken
at the same time.

The electron distributions for Ne' —Ne have also been
measured and are unusual in that they are almost en-
tirely composed of the continuous spectrum. Only at
low collision energies is there just a trace of a group at
14 eV. The distributions are nearly logarithmic with a
negative slope (on a semilogarithmic plot) which de-
creases in absolute value with the collision energy, 80

~ T. Wu, Phys. Rev. 66, 291 (1944).

approximately as Eo '. Figures 4 and 5 show the dis-
tributions observed for Kr ions and neutral atoms in
Kr, and for Xe ions and neutral atoms in Xe. These are
very similar to the Ar in Ar results previously reported.
At low L&o, the ion produces a relatively greater charac-
teristic yield with the difference between the ion and
the neutral atom projectile becoming less for higher col-
lision energies. Since the ion beam will contain a neutral
atom component which is appreciable in this case of
resonant charge exchange in the ionization region, one
might expect some like groups in the ion and neutral
atom cases but with these 1ess prominent in the case of
the ion. Approximately 25% of the ion beam is believed
to be neutralized on reaching the region of the ioniza-
tion chamber in which the observed electrons origina, te.'
This similarity is particularly evident in Kr+' —Kr,
Quite apparent for the ion and to a lesser extent for the
neutral atom projectile is the increased emphasis on
the higher excitation energies with increasing collision
energy. The Kr+—Kr spectra like Ar+—Ar seem to have
three groups so close that separation is not possible
with the present analyzing system. The energy range
associated with these groups varies in the way expected
from the energy-level structure in the rare gases, 7—10
eV for Xe+—Xe, 8—13 eV for Kr+—Kr, a,nd 10—14 eV for
Ar+ —Ar at 3.0 keV. These are in general agreement with
the results of Moe and Petsch' for the ionization of the
rare gases by K ions.

SUMMARY

The ionization resulting from collisions of atoms and
ions of several keV energy produces groups of electrons
of definite energy as well as electrons with a broad energy
spectrum. The origin of the characteristic electrons
seems to be a process of autoionization of one of the
particles involved. That relatively few states subject to
autoionization are excited in the collision would seem
to indicate rather limited selection rules for the process.
The results here indicate that measurements of suK-
ciently high resolution and accuracy should yield infor-
mation on the decay rate of the autoionized states and
on the Stark displacement in high fields.
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