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are not too different. Thus we believe that the
inverted part is quite well established.

Accordingly the main error for r(V) in Fig. 3
is due to the error in the V(E) points where ~/
E-2%. This gives ar/r-1% from Eq. (1).
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The 90' electron spectra from oxygen-ion single collisions with Ar have been measured
at energies of 17 to 41 MeV and charge states of 3+ to 8+. A broad peak in the spectra
is observed and identified as electrons lost from the incident ion. A simple model of the
electron-loss process is described which supports the identification.

Fast heavy-ion-atom collisions result in the
production of copious amounts of electrons. The
energy spectra of the emitted electrons have been
studied in detail for incident heavy-ion energies
below 500 keV. Recent reviews of these mea-
surements have been given by Ogurtsov' and by
Rudd and Macek. ' At observation angles of 90'
or greater, the continuous electron spectra are
found to be monotonie functions of the electron
energy, decreasing nearly exponentially with in-
creasing electron energy. Superimposed on the
continuous backgrounds, monoenergetic electrons
have also been observed from autoionization and

Auger de-excitation of the target and projectile.
The subject of this Letter is the continuous

spectra in similar measurements at much higher
energies —in particular, a prominent peak in
these spectra which is unique to collisions at
these energies. This peak is shown, on the basis
of the incident energy and charge-state depen-
dence, to be attributable to electrons knocked out
of the incident ion. A simple model of the elec-
tron-loss process based on elastic electron scat-
tering is described which semiquantitatively sup-
ports this identification.

We have measured the 90' electron spectra in
single collisions of oxygen ions with several gas-
es at energies of 17.5 to 40.8 MeV using charge
states of 3+ to 8+. The oxygen beams were pro-
duced in the University of Washington's FN tan-
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dern Van de Graaff accelerator. The intensities
of the 30-MeV 0" and 0"beams were 100 nA;
the intensities of the other beams used were 5 to
10 times higher. After energy and charge-state
analysis, the beam traveled 10 m in a vacuum of
&2 x 10 ' Torr and entered a differentially pumped
gas-scattering cell. The target-gas pressure was
(4.6 + 0.2) x 10 ' Torr measured with a Baratron
capacitance manometer. The oxygen beam tra-
versed 5 cm of gas at this pressure before reach-
ing the center of the scattering region visible to
the electron analyzer. Charge-exchange mea-
surements' have shown that less than 5'l/p of the
beam undergoes a charge-changing collision un-
der these circumstances. Since the electron
spectra which we report are dependent upon the
incident-ion charge state, we were able to test
the charge-state purity by measuring the target-
pressure dependence on the electron spectra.
The pressure-variation measurements were also
used to determine the electron-energy depen-
dence of the effective electron "absorption coef-
ficients. " The emitted electrons traveled 5 cm
through the target gas to reach the analyzer vacu-
um chamber which was also differentially pumped
to 2X10 ' Torr. The electrons were energy anal-
yzed with a cylindrical-mirror electrostatic an-
alyzer' with a resolution of 1.4% full width at
half-maximum. An SDS-930 computer was used
to store the spectra, and control the automated
operation of the analyzer. The measurements
were made at a laboratory angle of 90' with an
acceptance angle of + 5'.

Figure 1 shows the observed electron spectra
in the energy range of 310 to 2100 eV from O"
+Ar at several G4' energies. The spectra are
shown normalized to the number of counts ob-
served at 310 eV which was -10' in each case.
The shape and energy of the broad peak was
found to be independent of target gas in collis-
ions with O„N„Ne, and Ar. The spectra shown
are raw data which have not been corrected for
the transmission function of the analyzer (1/E),
the scattering losses (absorption) in the target
gas, or the Channeltron electron-detector effi-
ciency. The nearly exponential component of
these spectra is due primarily to the electrons
the oxygen nucleus knocked out of the Ar atom.
The broad peak, which appears at an energy
slightly less than that corresponding to the in-
cident-ion velocity, is attributed to the electrons
that the Ar atom knocked out of the 2s shell of
the incident 0 ion. In the following we present
the basis for this identification.
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To lowest order the electrons on the incident
ion may be considered to constitute merely a
merged beam of electrons traveling with the vel-
ocity v; of the incident beam. The momentum
distribution of the electrons which results from
their binding to the ion is taken into account by
adding to v, a component v which is determined
by the speed distribution f„,(v) characteristic of
the outermost shell of the ion. An electron with
velocity v"=v;+v is then considered to scatter
elastically to the angle of observation 6' off the
target atom which is represented by a screened
Coulomb potential. The double-differential elec-
tron yield can then be determined, by integrating
over the velocity distribution, as
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FIG. 1. Relative 90' electron yields in 04+ single col-
lisions with Ar. The yields are shown normalized to
the number of 3l0-eV electrons.
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with —'mv"'=E" =E' and2

dQ' ' E' (4 sin'9/2+ 8 ')' '

the 2s-hydrogenic wave function:
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Equation (3) is the electron elastic-scattering
cross section for a screened Coulomb potential'
V(r) = (Ze'/r) exp(- r/R). 9 is the angle between
v" and v' (cos8=cos8'cos8" +sin9'sin9" cosy"),
and 6, is the minimum scattering angle deter-
mined by the screening radius 8 and the de Bro-
glie wavelength of the scattered electron'. 9,
= A/R and R = aoZ ~'. To analyze the 0"data we
have used the normalized speed distribution
f„(v) determined from the Fourier transform of

where —,'mv, ' = 113.9 eV, the binding energy' of
the last electron in 04'.

Figure 2 shows the results of Eq. (l) evaluated
numerically at 6I'= 90' compared with the rela-
tive experimental cross sections after the sub-
traction of a background determined from the
low- and high-energy portions of the 40.8- and
17.5-MeV spectra, respectively. The present
relative-yield measurements do not give infor-
mation about the low-energy tail predicted by
the model. For a given speed distribution the
magnitude of this tail depends only on the screen-
ing radius R. The experimental data have been
normalized to the peak heights in each case. It
can be seen that this model does account for the
shift below the incident velocity and also for the
shape of the peak.

The shape of the peak does reflect the speed
distribution of, specifically, the 2s shell. This
is shown in the 30-MeV data of Fig. 2 where the
broader 1s distribution has been used in place
of Eq. (4) while keeping the binding energy fixed
at 113.9 eV. It is interesting to speculate that
measurements of this type might be developed
to determine momentum distributions for spe-
cific electron shells. Data of this type are very
rare and currently limited to results obtained in
difficult coincidence measurements. '

Figure 3 shows the spectra from oxygen-ion
collisions at a fixed energy and varying charge
state. These results provide further evidence
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FIG. 2. Theoretical double-differential electron-loss
cross sections at 90' compared to the experimental da-
ta normalized at the peak maximum in each spectrum.
The arrow indicates the electron energy corresponding
to the incident-ion velocity. The dashed curve in the
30-MeV spectrum results from a 1s speed distribution
with a 2s binding energy. The present experimental
data do not give information about the low-energy elec-
tron yields.
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FIG. 3. Relative 90 electron yields in 30-MeV oxy-
gen-ion single collisions with Ar for various charge
states. The yields are shown normalized to the number
of 310-eV electrons.

825



VOLUME 30, +UMBER 18 PHYSICAL RK VIEW LKTTKRS 30 ApRIL 1973

that the peak electrons originate from the I. shell
of the incident ion. The peak disappears when on-

ly K-shell electrons are left on the ion, and the
intensity increases with increasing L-shell oc-
cupation. The small indication of the peak in the
6+ data could be attributed to a small 0" con-
tamination of the beam.

Equation (1) can be integrated over all emitted
electron energies and emission angles (E', 9') to
yield a total electron-loss cross section. This
has been done for 30-MeV 0"+Ar. The result is
a factor of 8 higher than the measurements of
Macdonald and Martin. ' We note, however, that

Eq. (1) predicts a strongly forward peaked cross
section. At forward angles the magnitude of the
cross section is sensitive to the screening radius
R. For example, a value of A=0. 5a,Z ' results
in good agreement with experiment (5 x 10 "cm').
This value. of A is not unrealistic and, further,
would not influence the 90' fits shown in Fig. 2.

Considerably more measurements, in particu-
lar absolute cross sections, are necessary to
determine the utility of such a simple model of
the electron-loss process. Most desirable would

be coincidence experiments which measure the
electron spectrum associated specifically with
electron-loss events, e.g. , in 0"collisions, the
spectrum in coincidence with the emerging 0"
ions. The electron intensity at energies below
the peak could then be determined which would

yield information about the effective screening
and the high-velocity tail of the speed distribu-
tion. There is at present very little data avail-
able on electron production by high-energy heavy
ions. ' Many laboratories are, however, pre-
paring to make such measurements. The promi-
nence of the electron-loss peak is unique to the
fast heavy-ion collisions which can be studied at
Van de Graaff facilities where wide ranges of
heavy ions, energies, and charge states are
available. Studies of the electron-loss process
via electron spectroscopy should provide very
sensitive tests of electron-loss theories. '

A primary motivation of electron measurements
at high energies is the study of Auger spectra.
In heavy-ion collisions the Auger groups are very
broad in energy as a result of the multiple ioniza-
tion created in the collision. ' Studies of the elec-

tron-loss spectra will be quite important in un-
derstanding the incident energy and charge-state
dependent backgrounds to be expected.

We should add that the electron-loss peak has
also been observed recently in other collisions:
0.6- to 1.5-MeV H, '+H„" 3-MeV He'+Ne, "
and 140- and 150-keV He+He. ' These last re-
sults show that the peak can be observed at lower
energies in light-ion-atom collisions even though
it is less pronounced because of high backgrounds.
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