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Electron emission following the ionization of projectile ions has been investigated systematically in
collisions with Ne?* and Ar?+* ions at several hundred MeV incident on different target gases. The
projectile electrons are concentrated within one maximum, the electron-loss peak (ELP). The varia-
tion of the shape and intensity of the ELP with the projectile energy, its charge state, the observation
angle, and the target gas has been measured. Theoretical predictions which are based on the binary-
encounter approximation show, in general, good agreement with the experimental data. The contri-
butions of the different subshells to the ELP are deduced. It is shown that electronic screening of
the target nucleus plays an important role in the ionization process of the projectile ions.

I. INTRODUCTION

Electron emission following projectile ionization in ion-
atom collisions has been observed in secondary-electron
spectra first by Schowengerdt et al.! and by Wilson and
Toburen.? Wilson and Toburen? have measured angular
and energy distributions of electrons ejected in 0.6—1.5-
MeV H,* +H, collisions. They have shown that in the
laboratory frame projectile electrons form a significant
maximum in the secondary-electron spectrum at an elec-
tron energy which corresponds to an electron velocity
equal to the projectile velocity. The electrons which are
due to the projectile ionization are, in general, superim-
posed on a continuous background of electrons due to the
target ionization. This background can be subtracted and
the peak due to the electrons lost from the projectile, the
electron-loss peak (ELP), can be investigated separately
from the target ionization. The electron loss is due to ion-
ization of the projectile in the screened Coulomb field of
the target. The ionization of a heavy-ion projectile and
that of the target atom is the same. Thus the electron
spectra for symmetric collisions are expected to be equal
in the rest frames of the colliding particles. However,
considerably different energies are found for target and
projectile electrons as they are simultaneously observed in
one system of reference, the laboratory frame. Wilson and
Toburen? deduced experimental cross sections for the ELP
at different observation angles and found good agreement
with elastic scattering cross sections for electrons incident
at velocities equal to the projectile velocity. The agree-
ment gave some first insight into the electron-loss process.

The electron-loss process has since then been investigat-
ed in more complex systems by Burch et al.> using O?+
projectiles at tandem energies. The angular dependence of
the ELP for such systems has been investigated by Stolter-
foht et al.* Recently, cusp profiles for electron-loss peaks
have been investigated near 0° observation angles in col-
lisions with C?+, 0%, and Si?* projectiles traversing He,
Ne, and Ar targets.’ Theoretical work concerning the
projectile-electron loss has been performed by Drepper and
Briggs,® Briggs and Day,’ and Jakubassa.?

We report results from a systematic investigation of
projectile-electron loss from fast heavy-ion—atom col-
lisions. Projectile ions, Ne?* and Ar? ¥, ranging in energy
from 3 —14.5 MeV/amu were used. The relative intensity
of the electron-loss peak has been studied as a function of
electron-observation angle, and for a variety of target
gases (Ne, Ar, Kr, and Xe) and projectile charge states g.

In Sec. II a general description of the process leading to
the emission of projectile electrons is given. In Sec. III the
experimental procedure for the measurement of projectile
electrons and the analysis of the electron-loss peaks is
described. In Sec. IV the experimental results are given
and discussed in comparison with calculated ELP’s.
Atomic units are used throughout this work.

II. THEORETICAL METHOD

As pointed out by Wilson and Toburen? the electrons of
the incident particle can be considered as a merged beam
of electrons traveling with the velocity V, of the incident
ions.”!® The velocity distribution f(¥}) of the electron
which results from their binding to the projectile is taken
into account by adding the velocity vV to V,,. Thus, elec-
trons with velocity V, =V, 4V} are considered to scatter
elastically off the target atom which is represented by a
screened Coulomb potential. The energy of the ejected
electrons is equal to the incident energy vZ/2. Hence, it
follows that

E=%v5=%(up2+u,;2+2vpv,;cos0’) , (1

where ¢ is the angle between V,, and V. The mean ener-
gy is given by E ~vp2/2 for v, >>vj,. The mean energy of
the ELP is equal to the projectile energy divided by the
projectile-electron mass ratio. The width of the ELP is
primarily determined by the variation of 2v,V ,cosf. The
velocity v; for each subshell is centered around the mean
value 0. As 0’ varies from 0° to 180° the full width at
half maximum (FWHM) of the ELP is obtained approxi-
mately by’

AE=v,0} . (2)
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The formula (1) infers that an increase in projectile veloci-
ty v, amplifies structures in the wave function by project-
ing the velocity distribution f(V ) of the different bound
projectile electrons on a larger velocity scale. It will be
shown further below that structures in the wave function
for a specific ionic state of the projectile is projected on
the scale of several hundred eV in the laboratory frame.

Drepper and Briggs® suggested first calculating the pro-
jectile ionization in the rest frame of the projectile and
then performing a frame tranformation into the laboratory
system. This formalism has a relatively simple form, if
the velocity V, of the projectile before the collision is the
same as after the collision. This condition is fulfilled for
the collision systems investigated here. Thus the double-
differential cross section (DDCS) for the emission of an
electron in the laboratory frame can be obtained from the
DDCS in the projectile frame by

d’s v d%
dEdQ ) dE'dQ

(3)

The DDCS in the projectile frame can be calculated
with the use of the binary-encounter approximation (BEA)
as formulated by Bonson and Vriens.!! The DDCS for
ejection of projectile electrons is obtained from the elastic
scattering cross section folded with the velocity distribu-
tion f(V}) and integrated over V. The cross section is
given as

2 oo

Traw = AV, @
d?c/dE'dQ) is the double-differential cross section for the
emission of an electron with orbital velocities V ; into an
energy interval dE’ and into a solid angle d{}' by the pure
Coulomb potential of the target nucleus. The minimum
velocity v, is determined from the minimum energy
transfer, i.e., binding energy. The velocity distribution
f'(vy) is determined by transforming the corresponding
wave functions into momentum space. The wave func-
tions for each subshell were extracted from the Hartree-
Fock code of Froese Fischer.!?

It might be expected that the shape of the ELP is sensi-
tively dependent on the kind of wave function of the pro-
jectile electron.’ In order to study this dependence, ELP’s
were calculated with the use of Hartree-Fock (HF) wave
functions'? and scaled hydrogenic wave functions. The
two sets of theoretical data differ only a little. This shows
that the ELP’s of the present collision systems are not par-
ticularly sensitive to the wave functions. Nevertheless, HF
wave functions are used throughout the present calcula-
tions.

III. EXPERIMENTAL

The 60—200-MeV Ne?t and Ar?* ion beams were pro-
duced in the heavy-ion accelerator facility VICKSI at the
Hahn-Meitner-Institut in Berlin. The accelerator is a
combination of a 6-MV single-stage Van de Graaff ac-
celerator and a four-sector split-pole-type cyclotron with
an energy gain of a factor of 17.

The measurements were performed in a crossed-beam
apparatus which has been described in more detail previ-
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ously.!3 The incident ion beam of about 100 particles/nA
which was focused to a diameter of 2 mm was crossed
with an atomic beam target with a density times thickness
product of approximately (5x 10~3 Torr) (3 mm). Elec-
trons emitted from the scattering region were measured by
an electrostatic parallel-plate analyzer. The intrinsic reso-
lution of the analyzer was 7.8% FWHM. The electron ob-
servation angle could be varied continuously from 18° to
160°.

It should be emphasized that special care had to be tak-
en to avoid background caused by nuclear reactions at the
high projectile energies.'* Therefore, a beam collimation
system and beam defining apertures were used at a certain
distance from the entrance and exit of the target chamber.
The beam stop was positioned several meters away from
the target region. Quartz plates, which could be inserted
in the scattering chamber and which were observed by
television cameras, were used to perform the alignment
and the focusing of the beam. In addition, an aperture of
2 mm could be inserted at the scattering center to control
the spot size at this point. The alignment of the spectrom-
eters with respect to the scattering center was tested with
an electron gun which was mounted perpendicular to the
ion beam axis at the chamber.

IV. RESULTS AND DISCUSSION

A. Energy, projectile, and charge-state dependence

The spectrum in Fig. 1 shows the structures typically
observed in a secondary-electron spectrum following ener-
getic heavy-ion—atom collisions. The maxima labeled
“soft collisions” and “electron loss” are produced by elec-
trons from the target atom and the projectile, respectively.
The Auger peaks result from K-shell excitation of the pro-
jectile and the target atom. Owing to the collision
kinematics, the projectile Auger peak appears twice in the
spectrum at that particular observation angle. The spec-
trum indicates the major difficult concerning a systematic
analysis of the ELP, that is, the background subtraction
which is necessary to separate it from the continuous tar-
get electron distribution. We used a second-order polyno-
mial to fit the background. A further difficulty in the
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FIG. 1. Electron spectrum produced in 100-MeV Ne®*+ +Ne
collisions at an observation angle of 25°. Structures originating
from projectile and target atoms are labeled P and T, respective-

ly.
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FIG. 2. Electron-loss peaks after the background subtraction
from collisions with various Ne projectile ions incident on Ne.

analysis is due to structures from the target and projectile
Auger electrons, which overlap with the ELP in some
cases. The “binary encounter” peak’® could cause prob-
lems due to its anisotropic angular distribution. This peak
shifts towards lower electron energies with increasing ob-
servation angle and may actually be shifted through the
ELP which makes a separation of the two peaks impossi-
ble for some angles.

Figure 2 shows examples of ELP’s for different projec-
tile energies and charge states. The experimental data in-
dicate a decrease in intensity with increasing projectile en-
ergy and, in addition, a change in the shape. The answer
to the question of whether these changes result from the
variation of the projectile energy or from the variation of
the charge state, can be given by comparison with theory
as shown further below. It should be noted that the
electron-emission cross sections were not measured abso-
lutely. Therefore, in the following each experimental ELP
is normalized with respect to the maximum of the corre-
sponding theoretical curve.
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FIG. 3. Calculated ELP’s or 1s, 2s, and 2p electrons produced
in 60-MeV Ne** 4 Ne collisions. Observation angle is 30°.

According to Eq. (1) the energy position of the ELP
should be given by the projectile energy. However, this is
only true if the binding energy is neglected. Actually, the
center of the ELP is expected at somewhat smaller elec-
tron energies. This can be seen from Fig. 3, where calcu-
lated ELP’s are plotted. For the different subshells the
ELP appears at different centroid energies which depend
on the initial binding of the electron. This binding energy
is partially lost from the electron-emission energy. Hence,
the shift of the ELP for the 1s electrons is understood.
The nodal structure in the 2s wave functions produces a
shoulder in the ELP. The 1s and 2p wave functions do
not have a nodal structure so that the corresponding
ELP’s look similar. The 2p wave function produces a nar-
rower and less shifted ELP, because of its smaller V ; and
smaller binding energy.

In Fig. 4 two examples are shown where the individual
contributions of the 1s and 2p shell may explicitly be seen.
In the case of 120-MeV Ne’* the main contribution
comes from the L shell. Since there are two electrons in
the 2s shell, the dominant contribution to the ELP ori-
ginates from this subshell. From the 2p shell only one
electron contributes. The 1s electrons contribute also to
the ELP. Their contribution is 15% at 30°, whereas it is
about 25% for 90°. It should be noted that only relative
cross sections were measured in this work. Therefore, the
experimental ELP’s are normalized at the maximum to
the corresponding theoretical data.
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FIG. 4. Calculated ELP’s for the system. (a) 120-MeV

Ne’* 4+ Ne, (b) 200-MeV Ne’* +Ne. Different ELP components
and the sum curve are displayed. Observation angle is 30°. Ex-
perimental data are shown for comparison.
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FIG. 5. Comparison of ELP’s produced in collisions with.
105-MeV Ar®* and 190-MeV Ar®* on Ne. Solid curves are cal-
culated ELP’s.

In the case of 200-MeV Ne’* only one 2s electron is
left. Thus, the contribution of 1s electrons is enhanced.
However, this enhancement is not only due to the fact two
1s electrons are involved, it is also due to the fact that the
contribution per electron increases for 1s electrons in rela-
tion to the 2s electron, as can be seen by close inspection
of Fig. 4.

Figure 5 shows ELP’s for 105-MeV Ar®* and 190-MeV
Ar®* incident on Ne. In spite of the difficulties in the
separation of the ELP from the background, good agree-
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FIG. 6. Calculated ELP’s for 105-MeV Ar®* 4 Ne collisions
in comparison with experimental data. Observation angle is 30°.
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FIG. 7. Experimental ELP’s observed at 30° with the use of
(a) 60-MeV Ne** and (b) 105-MeV Ar®* as projectiles; target
gases are varied as indicated.

ment between experiment and theory is obtained. The dif-
ferent shapes of the ELP’s are caused by the different elec-
tronic configurations of the incident ion. In Fig. 6 experi-
mental and calculated ELP’s are compared for 105-MeV
Ar®*. It is noted that the left side of the ELP exhibits a
peak structure due to target NeK Auger electrons. The
figure shows how much the different components contri-
bute to the total ELP. Since the Ar®* ion has only two 3s
electrons left in the outer shells, the dominant contribution
to the ELP stems from the ArL shell. Nevertheless, the
3s electrons significantly influence the shape of the ELP.

B. Target gas and angular dependence

The centroid energy of the ELP is independent of the
target gas and the observation angle (see Sec. IV A). How-
ever, its intensity varies with the projectile charge and
species for different target nuclei which are screened by
their electrons. For 60-MeV Ne*t on Ne and Ar and
105-MeV Ar®* on Ne, Xe, and Ar the measured ELP’s
are plotted in Figs. 7(a) and 7(b), respectively, for a 30° ob-
servation angle. A comparison shows that the cross sec-
tions for 60-MeV Ne** and 105-MeV Ar®t on Ne are
very similar, but 105-MeV Ar®* on Ar gives a much
larger cross section for the ELP than 60-MeV Ne*t on
Ar.

In order to interpret the influence on the target gas,
mean impact parameters and effective nuclear charges of
the target atom have been estimated. The mean impact
parameter b is derived from the energy transfer AE of the
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TABLE 1. Mean impact parameter b and effective target nuclear charges Z . for ionization of dif-

ferent atomic subshells in Ne and Ar projectiles.

Mean impact

parameter

Projectile Subshell b(a.u.) Target Z st
60-MeV Ne** 2s 0.72 Ne 7.7
2p 0.84 Ne 7.6

2s 0.72 Ar 10.0

2p 0.84 Ar 9.0

105-MeV Ar®+ 2s 0.30 Ne 8.2
2p 0.40 Ne 8.0

3s 0.78 Ne 7.7

2s 0.30 Ar 15.2

2p 0.40 Ar 14.1

3p 0.78 Ar 9.5

incident nucleus to the electrons of the collision partners
by the collision (in a.u.)

b~v,/AE . (5)

AE is determined by applying the results of Kessel et al.'?
and Gray and co-workers.!® Kessel et al.'® found that in
200-keV Net-on-Ne collisions the additional energy
transfer during the ionization of the K-shell of either the
target or projectile is about the K-shell binding energy.
This result can be applied to the much faster collisions in-
vestigated here. It is evident from prevoius results that
the degree of multiple ionization obtained from slow Ne
on Ne collisions!? is comparable with that obtained from
very fast Ne on Ne collisions.!” This is also in agreement
with Gray et al.' who measured the charge state of the
recoiling Ne target. For 1-MeV/amuNe®t projectiles a
projectile charge exchange from 6+ to 7 + was found.
The target charge state after the collision was found to be-
tween 3 + and 4+ . It was found that the energy re-
quired to ionize the target is about the same as the energy
needed to ionize the projectile. In accordance with these
results it can be assumed that the energy transfer AE is
roughly two times the binding energy Ep of the electrons
lost from the projectile.

The effective nuclear charge was estimated with the use
of a model recently introduced by Toburen e al.'® The
effective charge of the target nucleus was calculated by
performing an integration of electron densities of the tar-
get up to the estimated mean impact parameter. The ef-
‘fective nuclear charge Z g is then the difference between
the nuclear charge and the calculated electron charge frac-
tion. The results are summarized in Table I for the dif-

ferent collision systems. Because the cross section
a(V,,Vp) in Eq. (4) is proportional to ZZ;, the intensity
ratio of the ELP’s for the different gases should be equal
to the ratio of the ZZ%; of these target gases. In Table II
we compare the experimentally determined intensity ratios
of the corresponding ELP’s for Ne and Ar [see also Figs.
7(a) and 7(b)] with the corresponding ratios of the ZZ%;
taken from Table I. The squared target nuclear charge ra-
tios are included in the table. It is clearly from Table II
that the ZZ ratios are in good agreement with the experi-
mental intensity ratios. In turn, these results confirm the
assumption made for the energy transfer AE and the mean
impact parameter b.

Table I shows for 60-MeV Ne*t that the effective nu-
clear charges are about the same for the Ne and Ar target
at the impact parameter of about 0.8 a.u. and the observa-
tion angle of 30°. For the Ne target the trajectory of the
projectile passes the L-shell radius. Here screening is pri-
marily produced by the K-shell electrons only. The ZZ;
numbers with regard to 2s and 2p electrons are somewhat
different because of the different impact parameters. For
the Ar target the L-shell electrons contribute significantly
to the screening. Although the nuclear charges of Ne and
Ar differ by 8, the difference in the effective nuclear
charges which act on the L-shell electrons of the projectile
is negligible. As a result, the ELP’s for both cases are
about the same as seen in Fig. 7(a). The 105-MeV ArS*
and 60-MeV Ne** projectiles have almost the same veloci-
ty (10.95 a.u. for Ne** and 10.15 a.u. for Ar+). Table I
shows that the impact parameters which are effective for
the L-shell electrons (2s,2p) in Ne and the M-shell elec-
trons (3s) in Ar are quite similar. However, the impact
parameters for the L-shell electrons in the Ar projectile

TABLE II. Experimental and theoretical intensity ratios Igpp(Ar)/Ig p(Ne). Theoretical values
were deduced with the use of the Z? scaling for the cross sections with Z ¢ and without Z 7 screening.

IgLp(Ar)/Igp(Ne)

Igp(Ar)/Igp(Ne) Theor.
Projectile Expt. With Z . With Z,
60-MeV Ne*+ 1.1 1.5 3.2
105-MeV Ar¢t 3.0 3.7 3.2
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produced in 100-MeV Ne’** 4 Ne collisions. Observation angle
is varied as indicated. Experimental ELP’s are normalized to
the calculated one for 90°.
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FIG. 9. Experimental ELP’s observed at 90° and 150° in col-
lisons with 105-MeV Ar®*. Target gas is (a) Ne, (b) Kr, and (c)
Xe.

are much smaller due to stronger binding. This means
that the Ar projectile has to interpenetrate the target
deeper in order to ionize its L-shell electrons. The ion
therefore “feels” a larger effective nuclear charge of the
target atom. Because of a lack of sufficient data which
could be used to interpret the results obtained when Xe
was used no interpretation is given for this case.

The influence of the target-nucleus screening may fur-
ther be investigated, when the electron-observation angle is
varied. In Fig. 8 experimental ELP’s are compared to cal-
culated ELP’s produced in 100-MeV Ne*+ + Ne collisions.
The experimental data are normalized to the calculated
ELP at 90°. The plots show that the theory overestimates
the ELP for small observation angles. This is most likely
due to the fact that the theory does not account for screen-
ing of the nuclear charge of the target. The data in Fig. 8
exhibit clearly the screening effects for small observation
angles, i.e., glancing collision of the incident projectile

electrons with the target atom. This effect should be in-

cluded in further theoretical studies of the ELP.

For 105-MeV Ar®t on Ne, Kr, and Xe, relative cross
sections for ELP peaks were measured at observation an-
gles of 90° and 150°. In Fig. 9 the spectra show that the
cross section for the ELP at 150° increases strongly with
increasing target Z compared to 90°. Again, this is mainly
due to strong screening effects. Electrons at backward an-
gles are produced in collisions with small impact parame-
ters. Thus, if the effective nuclear charge of the target
atom increases with increasing Z, the projectile electrons
are ionized more effectively at a small impact parameter
and hence, the cross section is increased.

V. CONCLUSION

The electron emission following the ionization of very
fast Ne?* and Ar?* projectile ions has been measured for
various combinations of projectile ions and targets. The
projectile energies as high as used in the present investiga-
tion have specific advantages for the study of the
electron-loss peak. The ELP appears as a pronounced
maximum which may generally be well separated from the
background of target electrons.

The observed electron-loss peaks have been compared in
detail with theoretical results. The calculations are based
on the BEA. The velocity distributions required in the
analysis were deduced from Hartree-Fock calculations.
The good agreement between measured and calculated
ELP’s allows the conclusion that the electron-loss process
can be well described within the BEA for the collision sys-
tems investigated here. In particular, it is seen that inner-
shell electrons contribute significantly to the ELP.

It was shown that the shape of the ELP is strongly in-
fluenced by kinematic effects. The major part of the
width of the ELP can be explained by variation of the
electron ejection angle in the projectile frame. Hence, it is
not expected that the variation of the electron velocity
adds much to the with of the ELP. As a consequence, the
shape of the ELP seems to be not very sensitive on the
velocity distribution and, thus, on the wave function of the
bound projectile electron. This is demonstrated by the
finding that the results with hydrogenic wave functions
are nearly identically equal to those with Hartree-Fock
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wave functions. However, the differences in the ELP’s
produced by 2s and 2p electrons may clearly be seen. It is
evident from the comparison between measured and calcu-
lated shapes of the ELP that the theory enables a deter-
mination of the contributions of electrons from different
atomic subshells.

Measurements of the angular distribution and the

dependence of the ELP intensity on the target gas and on
the projectile species indicate significant screening effects.

The dependence of the ELP intensity on the projectile
species could be partially verified. However, the under-
standing of angular distributions and dependences on tar-
get gas needs further studies including screening effects of
the target nucleus.

*Permanent address: Battelle Pacific Northwest Laboratories,
Battelle Boulevard, Richland, Washington 99352.
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