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Evidence for Electron-Electron Interaction in Projectile JC-Shell Ionization
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Cross sections for projectile K-shell ionization were measured for 0.75-3.5-MeV/nucleon C5+ and
0 + projectiles in collisions with H2 and He targets. The experimental results agree with plane-wave
Born-approximation calculations which take into account the interaction between projectile and target
electrons. We demonstrate that for energies where the target electrons have sufficient kinetic energy in
the projectile frame to ionize the projectile electron, the electron-electron interaction can lead to a
significant increase in the total ionization cross section.

PACS numbers: 34.50.Fa

In a collision between a projectile carrying one or
more electrons and a target atom, one of the events that
may occur is the ionization of a projectile electron. Pro-
jectile ionization is normally attributed to the Coulomb
interaction between the target nucleus and projectile
electron. The effect of the target electrons can be ac-
counted for by introducing a screened Coulomb interac-
tion between the target and the projectile electron.
However, the target electrons cannot only act coherently
as screening agents, but may also act incoherently as ion-
izing (antiscreening) agents. ' In some of the litera-
ture ' this has been called the "screening-antiscreening"
effect. To date, there exists definite evidence only for the
Coulomb interaction between the target and projectile
electrons in the case of projectile inner-shell exeita-

tion. Several authors have considered the inAuence of
this interaction on target and projectile ' ionization
cross sections. While some experiments exhibit a
qualitative agreement with the theoretical predictions,
others have not been able to confirm the interaction be-
tween target and projectile electrons. If only hydrogen
and helium projectile and target collisions are used, the
theoretical interpretation is made more complicated by
exchange effects. " Here, we present a systematic study
of projectile K-shell ionization without the latter compli-
cation and demonstrate the screening-antiscreening
effect unambiguously.

In the nonrelativistic plane-wave Born approximation
(PWBA), the K-shell ionization cross section, accounting
for the effect of the target electrons, can be written as'
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where v is the ion velocity, ao is the Bohr radius, e is the kinetic energy of the ionized projectile electron, i represents
the quantum numbers of the ground and excited (including continuum) states of the target atom with nuclear charge
Z&, and q is the momentum transfer, the minimum of which is qo. If the target excitation energy is small compared to
the projectile ionization energy, one can apply a closure approximation, which has been generalized by Anholt as fol-
lows:
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Here F~, (j(e'~'~ j) is the target form factor for the
jth target electron and F, Q~FJ, . E, is the electron ki-
netic energy corresponding to a projectile energy of E
MeV/nucleon, and o, is the electron-induced ionization
cross section taking into account threshold effects which
can occur at low velocities when the target electrons do
not have sufficient kinetic energy in the projectile frame
to ionize the projectile electron. a& is the Born cross sec-
tion for protons. The upper limit for the momentum-
transfer integration in a, has to be taken as infinity so

t

that o, og at high velocities. The prescription gives
very good agreement with the exact expression of Bates
and Griffing, ' except very close to threshold where it
produces an unphysical "kink" similar to Bohr's free-
electron model. ' The two terms in Eq. (3) can be inter-
preted physically in terms of the ionization by a screened
target nucleus and the ionization by the Z, target elec-
trons. The interaction between target and projectile
electrons can result in an increase or a decrease of the
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projectile K-shell ionization cross section. For energies
below threshold the target electrons can only screen the
target nucleus, thereby reducing the ionization cross sec-
tion below that for a bare target nucleus. Above thresh-
old the target electrons cannot only act as screening but
also as ionizing agents. As noted in Ref. 4 for high pro-
jectile nuclear charges (Zz & Z, ) the target form factors
F, and FJ, in Eq. (3) become very small compared to Z,
and unity, respectively. Therefore the largest relative in-
crease in the cross section is Z, /(Z, +Z, ). This is larg-
est for Z& 1.

The ionization cross section for hydrogenlike ions in
collisions with H atoms has also been calculated in the
classical binary-encounter approximation (BEA). Here
it is assumed that the electrons and the proton collide
separately with the ion. According to Ref. 3 for C +

projectiles the BEA calculation agrees with the result
from Eq. (3) to within a factor 1.5.

We have measured projectile K-shell ionization cross
sections for collisions between C + and 0 + projectiles
and molecular-hydrogen and helium targets. Ions in the
energy range between 0.75 and 3.5 MeV/nucleon were
provided by the Stanford Van de Graaff accelerator.
After charge-state selection by an analyzing magnet and,
if necessary, poststripping, the C + and 0 + projectiles
were directed into a 6-cm-long differentially pumped gas
cell by a switching magnet. The maximum counting rate
was kept below about 1-2 kHz by tightly collimating the
beam and sending it through an attenuating screen. The
beam was then analyzed by electrostatic deflection
plates. A detailed description of this part of the experi-
mental setup can be found in Ref. 8. After being
separated horizontally by approximately 1 cm, the
different charge states were detected in two scintillator-
photomultiplier counters. The ionized charge state (0 +

or C +) was detected in one of the counters (detector 1)
while the other one (detector 2) detected the incident
charge state as,well as the (very weak) capture charge
states. The relative detection efficiencies of the two
counters were tested for each incoming ion beam and en-

ergy and were found to agree within about 3%.
For each target, the relative charge-state yields, i.e.,

the ratio of the number of counts in detector 1 to the
sum of the counts in detectors 1 and 2, was measured at
six to eight target pressures but was kept below 5%. In
most cases, the relative yield without gas target was
much less than 0.5%. The ratio of the number of counts
in the background between the two charge-state peaks
(e.g. , C + and C +) to the number of counts in the in-
cident charge state (C +) was less than 0.03%. (This es-
timate was obtained with a position-sensitive detector. )
The K-shell ionization cross sections were then derived

by least-squares fitting the background-subtracted yields
as a function of the target gas pressure. This procedure
is described in detail in Ref. 8. The statistical uncertain-
ties due to the fit were generally smaller than 1%. The
temperature in the experimental area was constant to
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FIG. 1. Projectile ionization cross sections for C5+ on (a)
Hq and (b) He. Solid curves: screening-antiscreening calcula-
tions using Eq. (3); dashed curves: pure PWBA calculations.

this work; &: Ref. 8; &: Ref. 10. The experimental re-
sults of Refs. 8 and 10 have uncertainties of 10% to 30%.
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1 C at 20'C. The target gases used were research-
grade ' purity H2 (99.999%) and zero-gas '3 He
(99.995%) so that the total effect of impurities on the
measured cross sections is below 3%. (A comparison of
research-grade purity H2 with commercial H2 gave a
10% higher cross section for the commercial hydrogen,
which agrees with the estimated effect of the impurities
on the cross section. )

The biggest systematic error in the determination of
the cross section arises from the effective length of the
target gas cell. The entrance and exit apertures to the
6-cm-long gas cell have an area of 2 and 12 mm, re-2

spectively. Looking in the direction of the ion beam, the
entrance aperture is preceded and the exit aperture is

followed by a tube, 18-mm long with an inner diameter
of 7 mm. For the pressures used here, the gas flow

through these apertures and tubes is in the transitional
flow regime, i.e., between viscous and molecular flow.

Following the treatment of this problem in Ref. 14, we

were able to calculate an effective length of our gas cell.
For H2 the result is 7.3 cm and for He it is 7.1 cm. (The
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FIG. 2. Projectile ionization cross sections for 0 + on (a)
H2 and (b) He. Solid curves: screening-antiscreening calcula-
tions using Eq. (3); dashed curves: pure PWBA calculations.

this work; &,&: Ref. 10; 0: Ref. 9; +: Ref. 1 5. The ex-
perimental results of Refs. 9, 10, and 15 have uncertainties be-
tween 10% to 30%.

difference between the two effective lengths is due to the
difference in mass and viscosity between H2 and He. )
By making different assumptions about the gas Aow, we
estimate that the systematic error in the effective length
is between 5% and 10%. The absolute error of our cross
section measurement is therefore of the order of
(10-15)%.

Figures 1 and 2 compare our experimental results and
those of Refs. 8-10 and 15 with calculated cross sections
for C + on H2 and He and 0 + on H2 and He. The
solid curves are calculations based on Eq. (3) and in-
clude both screening and ionizing terms. The dashed
curves represent the pure Born (bare target nucleus) cal-
culations. The calculations for hydrogen have been per-
formed for atomic hydrogen using the exact Bates-
Griffing theory, but the calculations for He were com-
puted by the Anholt prescription and have the unphysi-
cal kink at threshold, noted above. The calculations for
hydrogen were multiplied by 2 in order to account for
the hydrogen molecule. As a first approximation, this

Energy [Me V/N]

FIG. 3. Ratio of H2 to He cross sections for (a) C'+ and

(b) 0 +. Solid curves: screening-antiscreening ratios; dashed
curves PWBA ratios.

appears justified, since the screening-antiscreening effect
contributes predominately at high momentum transfers
(small impact parameters), where the H momentum
wave functions are not disturbed much by molecular in-
teractions. A comparison of projectile ionization cross
sections in H+H and H+H2 collisions' ' shows that
for v/v~ )0.5 the aforementioned factor of 2 is approxi-
mately 1.7 (but, here, exchange effects are also impor-
tant). We have also calculated the projectile ionization
cross section for C + and 0 + on molecular hydrogen. '

The target form factor for H2 has been obtained by using
the Weinbaum wave function ' which takes into account
the electron correlation within the H2 molecule. Our
preliminary results do not differ from the solid lines in
Figs. 1(a) and 2(a) by more than 5%.

As expected, the difference between the curves repre-
senting screening-antiscreening and Born cross sections
increases with energy and it does so relatively more for
H2 than for He. For H2, our results for both C + and
0 + projectiles are in excellent agreement with the
screening-antiscreening theory. Because of the size of
the error, which is mainly systematic, the distinction be-
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tween the two theories is not so clear in the case of
C ++He. However, for 0 ++He it appears that for
higher energies the experimental data points fall closer
to the screening-antiscreening line.

The ratio of the effective gas-cell lengths for H2 and
He has a much smaller systematic error than the indivi-
dual absolute errors. Therefore, by taking the ratios of
H2 and He cross sections, the largest remaining sources
of error are the statistical uncertainties and the effect of
impurities in the target gases. In Fig. 3, we compare the
ratios of our experimental results with the ratios of the
two theoretical calculations for H2 and He. The solid
curve is the screening-antiscreening calculation and the
dashed curve is the Born calculation. The ratio of the
molecular H2 to the atomic He Born cross section
remains constant at 0.5, whereas the screening-
antiscreening ratio increases markedly with energy. Our
experimental values follow closely the screening-
antiscreening curve.

In conclusion, we were able to demonstrate unambigu-
ously the effect of the interaction between target and
projectile electrons on the projectile EC-shell ionization.
Our experimental results show a clear deviation, by as
much as 60%, from the Born calculations. Nevertheless,
the inclusion of molecular effects, exchange effects, as
well as second-order Born terms in the cross-section cal-
culations appears desirable.
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