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Absolute doubly differential cross sections for electron emission are presented for 0.5-MeV/u mul-
ticharged ion-atom collisions. The collision systems investigated are B¢*, C¢* (g =2-5) and 07", F¢*"
(g =3-6) projectiles impacting on helium and C?* (¢ =2-5) ions impacting on neon and argon targets.
Laboratory electron emission angles between 10° and 60° were studied. Under the assumption that the
cross sections scale with the square of an effective projectile charge, Z (€, 6), the scaling was investigat-
ed as a function of emitted electron velocity and angle. For distant collisions (low-energy electron emis-
sion), we find that Z 4(¢,0) > g for small q. For the highest values of ¢ investigated, Z (g, 0) was found
to be smaller than the net projectile charge gq. The effective projectile charges may be subject to a sys-
tematic underestimation since they were determined by referencing the partially stripped ion impact
data to fully stripped boron, rather than proton, impact cross sections. In the binary-encounter region,
the present data confirm previously observed features—namely that the emission increases as g de-
creases. For the helium target, the qualitative behavior is roughly in accordance with predictions by
Schulz and Olson [J. Phys. B 24, 3409 (1991)]. Neon and argon targets also demonstrate these features,
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but less dramatically than helium.

PACS number(s): 34.50.Fa

INTRODUCTION

Differential electron emission studies provide a very
sensitive probe for investigating interactions between
atomic particles. For single ionization of simple atoms
by protons, it has been shown [1] that the first Born ap-
proximation is reasonably accurate in describing interac-
tions where the impact energy is larger than a few hun-
dred keV. For higher Z, fully stripped projectile impact,
the differential electron emission cross sections for single
ionization are expected to scale as Z2. For very high Z
projectiles, deviations from Z? scaling are known to
occur [2-6].

The situation is much more complicated if the projec-
tiles contain bound electrons of their own. These bound
electrons can also participate in the collision, either ac-
tively, which increases the cross section for electron pro-
duction, or passively, which typically reduces the cross
section with respect to that resulting from fully stripped
ion impact. One active role is ionization of the projectile
electrons, which from a theoretical viewpoint is
equivalent to target ionization induced by neutral projec-
tile impact. Thus, understanding the active role leading
to projectile ionization is equivalent to understanding the
passive role bound electrons play in ionization of a target
by dressed-ion impact.

An additional, and more complicated, active role in-
volves direct interactions between projectile and target
electrons. These interactions lead to both electrons being
ionized and/or excited. Two-center electron-electron in-
teractions play a minimal role for collisions involving
low-velocity multicharged-ion impact [7] but can be im-
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portant at higher impact velocities [8—10]. With regard
to the present study, recent experiments in our laboratory
using hydrogen, helium, and carbon ions and atoms im-
pacting on helium indicate that two-center electron-
electron interactions can be important for very-low-
energy ( <10 eV) target electron emission resulting from
fast neutral-atom impact but for intermediate-energy
electron emission by multiply charged ion impact (the
present case), they contribute in a negligible fashion.

Thus, for multicharged-ion impact the problem can be
reduced to understanding the passive role which bound
projectile electrons play in the collision, i.e., to that of
understanding the partial screening of the projectile nu-
clear charge. Analogous to the situation for fully
stripped ion impact, ionization cross sections for partially
stripped ion impact are expected to scale with the square
of the partially screened projectile charge; but, in the
Born description, the degree of screening depends on the
momentum transfer. In the semiclassical description, it
depends on the impact parameter. This means that we
can define a differential effective charge, Z 4(¢,0), as a
scaling parameter where € and 6 are energy and angle of
the emitted electron.

Our measurements of the doubly differential electron
emission allows us to study the scaling as a function of
electron energy and angle. To obtain information about
the scaling as a function of impact parameter, the rela-
tionship between the average impact parameter of the
collision b,, and the emitted electron energy € can be
used [11]. Thus, b,,=V,/(e+1I). Here V, is the projec-
tile velocity and I is the ionization potential of the target
electron. Note that this formulation implies that small
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ejected-electron energies are associated with distant col-
lisions, i.e., large b,,, and that large ejected-electron ener-
gies imply close collisions, i.e., small b,,.

The screening is expected to be rather ineffective for
close collisions (where the interaction occurs at distances
smaller than the mean orbital radius of the bound elec-
tron), but for distant collisions, it should be quite effective
[12,13]. This means that electron emission cross sections
for very distant collisions should scale as g2, where g is
the net ionic charge of the projectile, and that for very
close collisions they should scale as Z2, independent of
the number of electrons bound to the projectile. The
reader is again reminded that distant collisions generally
result in low-energy electron emission and close collisions
typically result in high-energy electron emission.

These expectations are in accordance with data report-
ed some years ago for 2-MeV/u 07*-0, collisions [11]
and for 0.5-MeV/u He™ impact [14] on Ar and H,O.
More recently, investigations of 0° electron emission in
close collisions involving fully [15] and partially [16]
stripped ion impact have verified the expected Z? scaling
in the binary-encounter region of the emitted electron
spectra. However, other recent measurements involving
0° binary-encounter electron emission have demonstrated
an “inverse” scaling effect for partially stripped ion im-
pact [17-19]. By inverse scaling, we mean that for fixed
Z the binary peak intensity increases as q decreases. This
means that for a particular element, the ionization cross
sections for partially ionized projectiles are larger—not
smaller —than those for fully stripped projectile impact.

Several theoretical studies of the scaling of cross sec-
tions in the binary-encounter region, specifically of the
inverse-scaling phenomenon, have been reported in the
literature [20-24], and Schultz and Olson [25] have pro-
vided predictions for systems yet to be investigated exper-
imentally. Schultz and Olson predict that the degree and
type (normal or inverse) of scaling depend on the impact
velocity and on the observation angle. For example, ions
with impact energies less than a few MeV/u and Z less
than approximately 10 are predicted to exhibit inverse
scaling at 0°; for higher-Z ions, the effect shifts to higher
impact energies. At nonzero laboratory emission angles,
they predict that the scaling changes. For example, at
45° the binary-encounter cross sections for 1-MeV/u
carbon-ion impact are predicted to be independent of g.
Recent measurements by Gonzalez et al. [26], for carbon
4, 5, and 6+ ions impacting on H, partially confirm this
prediction.

To date, however, all experimental studies demonstrat-
ing inverse scaling in the binary-encounter region have
used light (H, and He) targets and, except for the work
just cited, have only studied 0° electron emission. Also
they have typically compared cross sections integrated
over the binary-encounter peak. The present investiga-
tion is more detailed in that we have systematically stud-
ied how the differential electron emission cross sections
scale as a function of projectile Z, projectile g, laboratory
emission angle, ejected-electron energy, and target mass.
Specifically, the projectile Z was varied from 5 to 9 while
the projectile charge state ¢ ranged from 2 to 5 for B and
C impact and from 3 to 6 for O and F impact. Laborato-

ry angles of emission between 10 and 60° were investigat-
ed; He, Ne, and Ar targets were studied. In all cases, the
impact energy was 0.5 MeV/u and the electron emission
was measured from approximately 20 eV to energies well
above the binary-encounter peak. The purposes of this
study were to investigate how the differential electron
emission cross sections scale for distant, as well as for
close, collisions and to determine whether previously ob-
served differences between normal and inverse scaling are
related to differences in the laboratory emission angles or
to the target used.

EXPERIMENTAL PROCEDURE

These experiments were performed at the Pacific
Northwest Laboratory using ion beams produced in a
small tandem accelerator and then stripped to higher
charge states via interactions with a thin carbon foil.
Due to hardware and space limitations the stripper foil
was located between the accelerator and the analyzing
magnet. This placed some restrictions on the maximum
charge states of the oxygen and fluorine beams that could
be clearly identified and used. Available accelerator ener-
gies also restricted the minimum and maximum charge
states that we could use for studying 0.5-MeV/u col-
lisions.

The target chamber contained a directed atomic-beam
target, a shielded, rotatable, cylindrical-sector electron
spectrometer, and a chaneltron detector. Magnetic fields
inside the chamber were reduced to less than a few milli-
gauss by double-walled magnetic shielding supplemented
with Helmbholz coils for further reduction of the vertical
field component. Standard techniques were used to col-
lect electron spectra, with and without target gas present.
For selected laboratory emission angles data were collect-
ed as a function of the emitted electron energy. Electron
energies ranged from a few eV to energies well above the
binary-encounter peak. However, large background sig-
nals, particularly for the smallest emission angles, re-
stricted the usable energy range to 20 eV and above.
Lastly, the measured electron spectra were placed on an
absolute scale by performing measurements for proton
impact and normalizing these data to absolute cross sec-
tions previously measured in our laboratory. Primarily
due to this normalization process, the cross sections
presented here are typically accurate to +25%.

Since our primary purpose is to investigate how the
differential cross sections scale with Z and g, the quantity
Z4(e,0) as defined by Z.(e,0)=[25 0(&,0)1,,,+/
0(g,0)5+1'/? was determined for each projectile P and

charge state g. Here ¢ is the emitted electron energy and
o(g,0) pa+ are the absolute, doubly differential cross sec-

tions that were measured. We recognize that the boron
data are influenced to some degree by capture to the con-
tinuum for electron velocities near those of the projectile
V,, but since accelerator energy restrictions prohibited us
from measuring 0.5-MeV proton impact cross sections,
we chose this method to determine Z4(¢,0). Since our
data, obtained using different projectiles, presumably will
be influenced in similar fashion by any unaccounted-for
symmetric uncertainties, we feel that investigating
Z 4(g,0) using only our present measurements provides
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FIG. 1. Absolute doubly differential cross sections for ioniza-
tions of helium by 0.5 MeV/u fully stripped boron ions. Also
shown for comparison are proton impact cross sections taken
from Ref. [27] and scaled by Z2.

more reliable information about the influence of bound
projectile electrons than would comparisons of the
present data with other experimental or theoretical work.

RESULTS

A. Fully stripped ion impact

Absolute doubly differential cross sections for selected
electron emission angles between 10° and 60° are shown in
Fig. 1 for 0.5 MeV/u fully stripped boron ions colliding
with helium. Also shown for comparison purposes are
30° cross sections for proton impact [27] which have been
scaled by Z2. These data exhibit features typical for tar-
get ionization by fast, fully stripped ion impact, namely
an approximately exponential decrease in the cross sec-
tions with increasing ejected-electron energy followed by
a peak (or shoulder) resulting from binary collisions be-
tween the projectile nucleus and a target electron. Above
the binary-encounter peak the cross sections rapidly de-
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FIG. 2. The effective charge, Z.(¢,60), as defined in the text for 0.5-MeV/u C?™ ions, g =2(

Impact Parameter (a.u.)

), 3(0),4(@),and 5 ("), in-

teracting with helium. The abscissa is the average impact parameter, which has been determined as described in the text. Arrows in-
dicate the positions of the electron-loss and binary-encounter peaks. The horizontal lines on the left and right sides of the figures in-

dicate the nuclear and net charges of the projectile ions.
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crease toward zero.

The binary peak is located approximately at 4T cos6,
where T is the reduced projectile energy and 6 is the lab-
oratory emission angle. At electron energies where the
ejected-electron velocity approximately matches the pro-
jectile velocity, roughly 272-eV electron emission in the
present case of 0.5 MeV/u, electron capture to the con-
tinuum (ECC) processes cause the observed increase in
the cross sections. ECC processes are readily evident in
the 10° spectrum, but apparently still play an important
role at 30° since the boron data are considerably larger
than scaled proton impact data in the 100-500-eV re-
gion. Lastly, Doppler-shifted projectile Auger emission
is responsible for the peaks in the cross sections near 500
and 750 eV for 60° and 45° emission, respectively, and for
the shoulder near 1200 eV in the 10° data.

B. Partially stripped ion impact on helium

In Fig. 2, data for C?* impact on helium are shown.
For ease in comparison at different angles of emission and
in order to investigate scaling properties, Z (¢, 0) is plot-
ted versus b,,, where Z 4(¢,0) and b,, are determined as
described above. Uncertainties in the Z.(g,0) values
primarily result from statistical uncertainties in the cross
sections used in their determination since experimental
conditions—e.g., target-gas pressure, electron detection
efficiency, and solid angle—are the same for both the
partially stripped and fully stripped ion impact data.
Generally this leads to uncertainties in Z 4(g,0) of less
than 10% except for the highest-energy electrons (small-
est impact parameters) investigated where the cross sec-
tions become immeasurably small and for electron ener-
gies below 20 eV (b,, >3 a.u.), where background signals
sometimes are large. Expected centroid positions for
binary-encounter and electron-loss or ECC processes are
indicated by the arrows. The horizontal lines and values
near the left and right axes respectively indicate ¢ and Z
values for the various projectiles used.

Let us first concentrate on distant collisions which
predominantly lead to the emission of low-energy elec-
trons. Here we expect the projectile electron screening to
reduce the cross sections with respect to those resulting
from bare ion impact. These and similar data for
oxygen-ion impact [28] demonstrate this feature. They
also show that for collisions occurring at mean distances
larger than carbon K and L shells, roughly 0.2 and 0.7
a.u. respectively, Z (¢, 0) attains a nearly constant value.
This occurs for all angles of emission. For distant col-
lisions, the data indicate that Z.(e,0)>¢q for low-
charge-state ions but Z(g,0)<q for more highly
stripped ions. We note that these observations may in
part be influenced by the fact that we used cross sections
for B°*, rather than for proton impact, to detérmine
Z 4(g,0). For example, in Fig. 1 the 30° boron data are
approximately 20% larger than the scaled proton data.
Thus, had we used the proton data in determining
Z 1(£,0), the values would be approximately 10% larger
than shown. This would mean that, for distant collisions,
Z 4(g,0)=q for large q and Z 4(e,0)>¢q for small g,
which is more in line with expectations from a simple
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FIG. 3. The average effective charge for partially stripped
projectiles inducing ionization via distant collisions. The data
are average values obtained from 0.5-MeV/u multiply charged
ions of boron, carbon, oxygen, and fluorine colliding with heli-
um. The data are also averaged over angles of emission between
10° and 60° and impact parameters between 1.5 and 3 a.u. The
line serves to guide the eye. Note that a systematic 10% in-
crease in Z.(b>1) may be necessary since the partially
stripped ion impact data were referenced to B>", rather than
proton, cross sections.

physical screening picture.

As the average impact parameter decreases, the elec-
tron clouds of the colliding particles begin to overlap.
This decreases the screening and Z4(€,0) increases.
From a simple geometric picture, carbon K- and L-shell
screening effects should diminish for impact parameters
smaller than 0.2 and 0.7 a.u. respectively. This leads to
the observed increases in Z4(¢,8) for C**,C3* and for
C**,C%" projectiles in these regions. For low-charge-
state ions possessing weakly bound electrons, projectile
ionization also contributes to the forward emission cross
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FIG. 4. Z(e,0) at the binary-encounter peak position for
0.5-MeV/u oxygen ions colliding with helium. The lines
through the O®* and O°* data serve simply to guide the eye.
Representative experimental uncertainties for the 3+ and 6+
data are shown.
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section which influences Z g(g,0) as indicated by the
structures designated by the arrow labeled ““Loss.”

For electron emission in the binary-encounter region
indicated by the arrow labeled “BE”, Z .4(¢€,0) increases
sharply. Previous experimental studies have only investi-
gated how the integral binary-encounter peak intensity or
the centroid intensity scale. The present data demon-
strate that Z _g(e,0) is considerably larger on the high-
energy (small b) side of the peak than on the low-energy
(larger b) side. These data also show that Z (e, 0)
exceeds Z for very close collisions. This should be inves-
tigated further using data accumulated with higher statis-
tics. The reader should note that relating the momentum
transfer to an average impact parameter may be question-
able for very close binary collisions, which means the
“small impact parameter” information should be regard-
ed in a qualitative rather than a quantitative manner.

At the binary peak position, Z (e, 0) decreases with ¢
at small 6 but tends to be nearly independent of g for
larger 6. This is in accordance with the predictions of
Schultz and Olson [25] and recent observations by
Gonzalez et al. [26]. However, for 60° emission,
Z.+(g,0) increases with g for ¢ >4, whereas for lower
charge states Z.;(g,0) decreases with g, assuming of
course that Z 4(g,0)=6 for fully stripped carbon impact.
Inverse scaling (where the cross sections decrease for in-
creasing g) is found at 45° only for g <3.

Figure 3 investigates Z 4(€,60) for distant collisions in
more detail. For distant collisions, Fig. 2 demonstrates
that Z g(e,0) was nearly constant for all angles of emis-
sion when the impact parameter was larger than 1 a.u.
Thus average values of Z(g,8) were determined for
each projectile, projectile charge state, and angle of emis-
sion using data for impact parameters ranging from 1.5
to 3 a.u. Within experimental uncertainties, these aver-
age values depended only on the projectile charge g and
not on the projectile type or angle of emission. Hence,
the effective charges for distant collisions designated by
Z.4(b > 1) that are displayed in Fig. 3 are average values
for all angles and projectiles investigated.

As discussed above, these data indicate that for distant
collisions, low-charge-state partially stripped projectiles
interact with an effective charge that is larger than the
net ionic charge g, but highly stripped projectiles interact
with an effective charge that is smaller than g. However,
we again emphasize that B>*, rather than proton, impact
data were used in determining Z .(€,0). This may result
in systematic underestimations of Z (¢, 6) and, hence, of
Z.4(b>1) by approximately 10%, which would mean
that in distant collisions highly stripped projectiles in-
teract with an effective charge that is nearly the same as
the net ionic charge.

In Fig. 4 the angular dependence of the effective charge
for close collisions—specifically at the binary-encounter
peak, Z (BE, 0)—is investigated using the oxygen im-
pact data. The solid lines serve only to guide the eye
through the 0% and O®" data. Representative experi-
mental uncertainties are indicated. These result from rel-
ative uncertainties in the cross sections for different
charge states at a particular angle that lead to relative un-

certainties of approximately +10% in Z 4(BE, 6) and sys-
tematic uncertainties, as discussed above, of +10%. Al-
though the experimental uncertainties overlap, the gen-
eral trends exhibited by these data are an inverse scaling
at small angles of emission changing to normal scaling for
more highly stripped ion impact and larger angles of
emission. As a function of angle, Z 4(BE, 0) is rather
constant for smaller angles of emission but decreases in
value for larger angles of emission.
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C. Partially stripped carbon-ion impact on other targets

In order to provide additional systematics about scal-
ing of differential electron emission cross sections result-
ing from multicharged ion impact on heavier targets,
cross sections were measured for C¢* (g =2 to 5) impact
on Ne and Ar. For the heavier targets, fully stripped ion
impact data were not measured. Thus, simple ratios of
cross sections referenced to the C°* data were deter-
mined rather than values for Z 4(€,0), as was done for
the helium target. Nevertheless, these data can still be
used to provide information about how projectile elec-
trons influence target ionization as the asymmetry of the
collision system changes. These ratios, as a function of
the ejected-electron velocity divided by the projectile ve-
locity v, /¥, are shown for several emission angles in
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FIG. 6. Same as Fig. 5 but for a neon target.

Figs. 5-7 for He, Ne, and Ar targets, respectively. Note
that at 10° and 30°, the ratios for small g are strongly
influenced by electron capture and loss processes in the
region near v, /V,=1.

For electrons emitted with velocities less than V),
which corresponds to distant collisions, the cross-section
ratios depend only on g, independent of emission angle or
target. For close collisions, corresponding to v, >V, tar-
get and angular dependent differences are seen. Ioniza-
tion of helium, for example, exhibits large inverse-scaling
effects at small angles of emission, but these effect are less
dramatic at larger angles. For argon, inverse-scaling
effects are smaller, and these effects also decrease at
larger emission angles. Neon, on the other hand, demon-
strates inverse-scaling effects more clearly for larger an-
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gles of emission. Therefore, these limited data demon-
strate no obvious systematic trends in how cross sections
scale for close collisions.

CONCLUSIONS

This study of differential electron emission in mul-
ticharged, partially stripped, ion-atom collisions has
shown that for distant collisions, i.e., for low-energy
secondary-electron production, the cross sections scale as
(g')?, where q’>q when ¢ is small; for more highly
stripped ion impact the cross sections scale as (g')?
where g’ <q. These observations, which were obtained
by referencing the partially stripped ion impact data to
fully stripped boron ion, rather than proton, impact data,
may be subject to a systematic underestimation of ap-
proximately 10%, which would imply that the cross sec-
tions for highly stripped ion impact may scale approxi-
mately as g° while the cross sections for low-charge-state
ion impact scale as (¢')* where ¢’ >g. For energetic elec-

’

tron emission in the forward direction, specifically for
electrons emitted from helium as the result of binary col-
lisions between a target electron and the projectile nu-
cleus, the cross sections were found to systematically in-
crease as electrons were added to a bare projectile ion.
At larger laboratory emission angles this inverse-scaling
effect disappeared, at least for higher charge states of the
ions investigated in this study. For still closer collisions,
the differential cross sections always increased as elec-
trons were added to the projectile ion. This occurred for
all targets and emission angles investigated, but the in-
crease was more dramatic for the lightest target studied.
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