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Absolute doubly differential cross sections have been measured as a function of electron energy and
angle of observation for electron emission in collisions of 3.5-MeV/u Fe!”* and Fe??" ions with He and
Ar gas targets under single-collision conditions. The measured electron emission cross sections are com-
pared to theoretical and scaled cross sections based on the Born approximation. The results using
intermediate-mass ions are discussed with reference to previously reported cross sections from collisions
with highly charged lighter- and heavier-ion species at MeV/u projectile energies. The
continuum-distorted-wave —eikonal-initial-state approximation shows good agreement with experiments
except in the “binary-encounter peak” where the interaction between projectile electrons and target elec-
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trons could play an important role.

PACS number(s): 34.10.+x

INTRODUCTION

The present studies of the secondary-electron emission
in collisions of 3.5-MeV/u Fe'’" and Fe??* ions with He
and Ar atoms are a continuation of recent investigations
involving collisions of fast highly charged heavy ions (5
to 25-MeV/u C®*, O, Ne!°", Mo**, Th*", and
U*™") with various gas targets [1]. The plane-wave born
approximation (PWBA) was found to be in good agree-
ment with the experimental data for fast /ight-ion impact
on He and Ar targets [2—8]. In these cases the electron
emission is basically determined by the potential of the
target atom and the ionization is well described by the
first Born approximation. For fast heavy-ion impact,
however, it has been demonstrated that the doubly
differential electron emission cross sections are not in
good agreement with the PWBA; investigations of the
electron emission probabilities for heavy-ion projectiles
have been recognized to provide a sensitive measure of
the dynamics of the ionization process during the col-

46

lision [9-11]. It has been found that in fast collisions
with highly charged projectiles, particularly at high elec-
tron emission energies, the contribution of higher-order
effects can be studied. The existence of such effects, asso-
ciated with the simultaneous presence of the projectile
and target fields, is demonstrated through a comparison
with experimental cross sections scaled according to the
Born approximation and with other theories, e.g., the
classical trajectory monte carlo (CTMC) calculations
[12-14] and the continuum-distorted-wave-—eikonal-
initial-state (CDW-EIS) calculations [15,16].

It has been found that at forward and backward emis-
sion angles, for electrons emitted around 1 keV, there is a
deviation between cross sections deduced from the scaled
PWBA and experimental cross sections [11]. In the case
of highly charged heavy ions the forces of both nuclei are
important, so that the ‘“single-center emission” concept
breaks down and a ‘“‘two-center emission” picture must
be introduced for faster electrons. The higher-energy
electrons sense more of the two potentials from the two
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nuclei when departing from the collision [11]. This two-
center emission concept was evaluated quantum mechani-
cally in the CDW-EIS calculation and found to be in fair
agreement with the experimental results obtained from
25-MeV/u Mo*™" collisions with He [11]. Good agree-
ment between experiment and theory was also found by
applying the CTMC codes to obtain doubly differential
cross section for the previously investigated collision sys-
tems [10].

In this work we have chosen an intermediate projectile
with nuclear change Z, and two different charge states to
extend our systematic study. The case of iron Fe!’* and
Fe?2" as projectiles is of particular interest because of its
relevance to plasma physics research (e.g., tokamak and
astrophysical plasmas).

EXPERIMENTAL PROCEDURE

The doubly differential cross sections for electron emis-
sion between a few eV to about 8-keV electron energies,
following collisions of 3.5-MeV/u Fe'’" and Fe??™ ions
on He, Ar, and CH, atoms, have been determined abso-
lutely for the observation angles ranging from 27° to 155°.
The experiments have been performed at the SuperHI-
LAC facility at the Lawrence Berkeley Laboratory.

The experimental setup has been described previously
in Ref. [1]. It is similar to the setup developed at the
Hahn-Meitner Institute in Berlin [10] including the ex-
perimental method given in earlier references (e.g., Ref.
[4]). The tightly collimated ion beam interacts with the
gas target maintained by a jet in the center of the magnet-
ically shielded scattering chamber. The secondary-
electron emission is observed at different observation an-
gles using a 45° electrostatic parallel-plate analyzer rotat-
able in one plane around the scattering center.

The target density produced by the gas jet is about 10'*
atoms/cm?® over a target length of about 3 mm. This den-
sity ensures single-collision conditions. The analyzer has
an energy resolution of about 9% full width at half max-
imum (FWHM) and a solid angle of 4 X 1073 sr.

As described in Ref. [4] the actual target density is ob-
tained by comparing electron yields measured from the
gas target jet in place with those measured from a homo-
geneous target (with the jet removed). The channel plate
detector used for electron detection has been calibrated
with electron beams at different electron energies. As re-
ported in Ref. [1] the Ar L Auger-electron emission has
been used to cross check the absolute cross sections in
comparison with the theoretical cross sections. The total
L shell ionization cross section for 3.5-MeV/u Fe?** on
Ar was found to be 1.8 X 107! cm?, which yields a total
Ar L Auger-electron production cross section of
1.26 X107 '° cm?, if a mean L shell fluorescence yield of
30% is taken into account, which agrees within £40%
with the theoretical value.

The continuum electron spectra were corrected for
background contributions from measurements without a
gas target. For the doubly differential cross sections we
estimated a relative uncertainty of about 30% and an ab-
solute error of about 40%.
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RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) and Figs. 2(a), 2(b), and 2(c)
present a summary of the doubly differential cross sec-
tions for secondary-electron emission from 3.5-MeV/u
Fe?2* on He and Ar, and 3.5-MeV/u Fe!’t on He, Ar,
and CH,, respectively. The cross sections display a max-
imum at electron energies of about 10 eV and fall off by
several orders of magnitude towards the high-energy lim-
it of the measurement at electrons energies of about 8
keV; structures arising from Auger-electron emission are
superimposed on the continuum.

At the high-electron energies and at the forward an-
gles, the broad peaked structure, the “binary-encounter
peak” (BEP), due to electron emission following collisions
with maximum momentum transfer, dominates the cross
section. The BEP energy position is strongly dependent
on the electron observation angle 6, and is given by
E(BEP)=4t cos’9, where t is the projectile energy re-
duced by the ratio of the projectile to electron mass. The
broad peaked electron distribution extending towards
lower energies next to the BEP is the “electron-loss peak”
(ELP). Its energy position is given by ¢; it is independent
of the electron observation angle. The intensities of the
BEP and ELP decrease with increasing observation an-
gles. The angular dependence of the BEP causes an an-
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FIG. 1. Doubly differential cross sections for secondary-
electron emission measured as a function of observation angles
for 3.5-MeV/u Fe??* colliding with (a) He and (b) Ar gas tar-
gets.
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gular dependent overlap with the ELP which determines
the shape of the electron energy distribution at higher
electron energies. The doubly differential cross sections
multiplied by the electron energy for forward angles are
shown in Figs. 3(a) and 3(b) for the different projectile
charge states and He and Ar targets. This particular
plotting of the data makes some specific differences in the
cross sections more visible. Since the intensities of the
BEP and ELP vary with the projectile, the target, and the
electron emission angle, it is expected that the shapes of
the electron distribution at the energies, where the two
peaks overlap, will deviate from one another and may
lead to an interpretation as an interference pattern from
continuum electrons centered at the projectile (ELP) and
the target (BEP). However, for lower collision energies,
coincidence measurements between electrons and projec-
tile ions in specific charge states performed by Hagmann
and collaborators [17], showed unexpected broad peaked
energy distributions in the electron spectra. The angular
dependence of this structure is inconsistent with that of
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FIG. 2. Doubly differential cross sections for secondary-
electron emission measured as a function of observation angles
for 3.5-MeV/u Fe!’* colliding with (a) He, (b) Ar, and (c) CH,
gas targets.
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FIG. 3. Doubly differential cross sections multiplied by the
electron energy are plotted vs the electron energies for
Fe'”*'22* incident on (a) He and (b) Ar gas targets.

the binary encounter or electron-loss peaks. The struc-
ture is attributed to a diffraction pattern of electrons
which are elastically scattered off the screened projectile
potential [18]. Figure 3(b) shows that, for the case of the
Ar target, the cross sections are higher for Fe?2" than for
Fe!”* at low electron energies up to about the Ar L
Auger-electron structure in accordance to PWBA predic-
tions. At higher electron energies the Fe!’* exceeds that
of the Fe??>* and is about 40% larger at the BEP max-
imum. In the following we summarize our observations
derived from a comparison of the measured doubly
differential cross sections (DDCS’s) for the different cases
in Figs. 1 and 2.

For the case of 3.5-MeV/u Fe?" on He and Ar the
DDCS’s for Ar are higher, in particular, towards higher
electron energies, compared to the DDCS’s for He. This
is due to the ionization of electrons with much higher
binding energies in Ar (wider velocity distributions). The
intensity due to the ELP is weak. At backward angles,
the intensity due to Ar K Auger-electron emission is ob-
served for the case of Fe??" on Ar.

For the case of 3.5-MeV/u Fe!”" on He, Ar, and CH,
we observe that the DDCS’s for Ar are the highest. The
intensity for the ELP, however, is enhanced because of
the larger number of electrons in the Fe!”" projectile ions
as compared to Fe??". In addition, the BEP is enhanced
in the case of the Fe!”" impact as compared to Fe?** for
the He target. This is believed to be an indication for
contributions from projectile-electron—target-electron in-
teraction affecting the production of the BEP [19]. The
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target “active” electron (the one to be ionized) must in-
teract with the projectile nucleus in a close collision, to
be ejected in the BEP energy region. So this active elec-
tron must penetrate the cloud formed by the projectile
electrons changing from the external weaker potential
produced by the net projectile charge g+ to the inner
stronger potential produced by the projectile nuclear
charge Z,. This change increases the slope of the projec-
tile attractive potential with respect to a bare nucleus po-
tential, increasing thus the ionization probability of the
active electron before its collision with the projectile nu-
cleus. Therefore the expected results would be an in-
crease of the BEP as g + decreases. This effect has also
been observed in recent measurements of F?* ions on H,
and He targets [20] and of Cu?™ ions on He targets [21].
Measurements with heavier projectiles like U?™ (Ref.
[22]) show interference effects in the BEP which have
been related to interference structures in the elastic
differential cross section for scattering of target electrons
from the impinging ion. These are associated with the
phenomenon of rainbow scattering [23].

Figure 4 shows our DDCS’s measured at the most for-
ward and backward angles in comparison with the exper-
imental cross sections reported in Ref. [10] and scaled ac-
cording to the Born approximation as Z; /v where v is
the projectile ion velocity. The cross sections in Ref. [10]
were measured for totally stripped C® ions. For the
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case of the He target the cross sections reported in Ref.
[10] reached up to electron energies of 2-3 keV, for the
Ar target up to 8 keV (at forward angles). The compar-
ison with the scaled DDCS’s shows the same behavior as
reported previously: For the Fe**' case the scaled
DDCS’s are lower at forward angles and higher at back-
ward angles compared to our measured cross sections. A
similar behavior is also observed for the Fe!”" case. In
the present work the electron emissions were measured
up to electron energies of 8 keV; this permits a compar-
ison of our DDCS’s with the scaled Ar results of Ref. [10]
in the BEP region. It is observed that for the case of Ar
at forward angles the agreement between the scaled and
our measured DDCS’s is good for the BEP region. How-
ever, no comparison is possible for the case of He in this
energy region, since the measurements in Ref. [10] did
not reach high enough in electron energy.

The angle and energy dependence of secondary-
electron emission following fast heavy-ion-atom collisions
has been well documented previously (see, e.g., Refs.
[1,11]). However, recently new results and theoretical
treatments have established additional effects in particu-
lar with respect to the angular dependence. This is
demonstrated by a comparison with theoretical results
using a quantum-mechanical treatment as carried out
with the CDW-EIS. In these calculations Roothaan-
Hartree-Fock bound-state wave functions, distorted by
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FIG. 4. Doubly differential cross sections measured for the most forward and backward angles from Figs. 1 and 2 [3.5-MeV/u
Fe??* colliding with (a) He and (c) Ar gas targets, 3.5-MeV/u Fe'’* colliding with (b) He and (d) Ar gas targets] compared with
scaled cross sections from previous experiments [5-MeV/u C®* on He and Ar targets (Ref. [10]). Scaling was carried out according
to the PWBA.
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an eikonal phase, have been used. The final state is
represented as a product of continuum waves (Coulom-
bic) centered at both the target and projectile, i.c., two
Coulombic potentials are present in the final state (see
Fainstein and Rivarola) [15]. Extended CDW-EIS calcu-
lations have been performed for the case of 3.5-MeV/u
Fe??>* on He. In the entry channel an effective projectile
charge g + has been used in the eikonal phase, and in the
exit channel effective charges g+ and &;=(—2¢;)!?
(with g; the Roothaan-Hartree-Fock initial orbital ener-
gy) have been employed in the projectile and target con-
tinuum factors, respectively. The comparison between
experiment and theory is represented in Fig. 5 together
with PWBA results. The PWBA calculations have been
developed by Salin [23] by using an analytical potential
which reproduces the Herman-Skillman potential [24] to
describe the interaction between each active electron and
the remnant He™ core. The target bound initial and con-
tinuum final states are represented by Hartree-Fock-
Slater functions. The following picture for the electron
emission following highly charged heavy-ion collisions
with atoms in single collisions may be inferred from a
comparison with the theory.

At low electron energies the electron production could
be expected to be dominated by the target ionization
occurring at large impact parameters and the cross sec-
tion would be described by a single-center emission pic-
ture treated in the Born approximation. However, im-
portant deviations from the PWBA predictions are ob-
tained even at low electron energies, as can be seen for
backward electrons. For higher electron energies the
single-center emission concept was found to break down
at forward and backward angles. These observations are
attributed to higher-order effects. From the comparison
with the CDW-EIS calculations we infer that for electron
energies, ranging from a few eV up to a few keV, the

two-center emission picture accounts for the experimen-
tal observations as shown and interpreted previously. It
seems evident that at higher electron energies the outgo-
ing electron is affected by the two-center system formed
by the recoiling target and projectile ions. However,
two-center effects are also observed at low electron ener-
gies due to the high charge of the projectile. At very high
electron emission energies, at above 2 keV, it could be ex-
pected that the outgoing electron is affected by a single
center consisting of both nuclei. This picture implies that
the electron continuum reflects the effect of a varying
Coulomb potential from the projectile and target nuclei.
The electron emission spectrum is then determined by the
dynamic change of the screening of the two nuclei and
the outgoing electron. At higher impact velocities, the
slow electrons are expected to sense only a single (target)
emission center, the moderately fast electrons to sense
two emission centers (target and projectile), and the very
fast electrons again to sense both centers united to a sin-
gle point.

The picture discussed here is also generally in agree-
ment with the fact that the low-energy electrons are pro-
duced at large impact parameters, while the high-energy
electrons are produced in small impact parameter col-
lisions. The latter produce high-energy electrons which
quickly escape the united atoms. In order to give an idea
about the range of impact parameters, the electron ener-
gy scale in Fig. 5 has been converted into an approximate
impact parameter scale, using the Massey criterion, to es-
timate the adiabatic radius R,y. The comparison with
the calculated cross sections in Fig. 5 shows strong
disagreement with the PWBA results, particularly also in
the BEP. On the other hand, the CDW-EIS calculations
agree well with the measured results for forward angle
emission, but disagree for the BEP. The CDW-EIS cal-
culations tend to disagree also for higher electron ener-
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gies at the backward angle. The agreement over a wide
range of electron energies, however, clearly favors the
CDW-EIS calculations. The disagreement, in particular
in the BEP region, is currently not clearly understood.

To further illustrate this disagreement, we present a
comparison of the theoretical doubly differential cross
section in Fig. 6. We plot the ratios of the doubly
differential cross sections, as calculated by the CDW-EIS
and the PWBA methods, for the case of 3.5-MeV/u
Fe?™". The ratios plotted are given by

1 docpwris(Z,=22) dopwpa(Z,=1)
222 dE dQ / dEdQ

The results of the CDW-EIS calculations show a
significant deviation from these obtained with the
PWBA. This deviation is observed to increase as one
moves from intermediate angles (60°-90°) either to for-
ward angles (45° and 27°) or to backward angles (150°).
(A similar trend has also been observed above comparing
the experimental DDCS’S with the PWBA results.)
Specifically in the lower electron energy region (below
100 eV), the deviation from the PWBA increases with in-
creasing angle. This effect arises because, for the system
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studied, the PWBA must overestimate the total- and
single-differential do /dE cross sections. It must be not-
ed that comparing the DDCS is a more sensitive test than
comparing the cross sections integrated over the solid an-
gles. [When integrating the factor sinf makes preferable
contributions at intermediate angles (near 90°) and small-
er contributions at further forward and backward angles.]
As expected, when the electron energy increases above
100 eV, two-center effects become more important which
cause the CDW-EIS results to increase at forward and in-
termediate angles compared to the PWBA. At even
larger energies (above 1 keV) a pronounced decrease of
the ratio is observed for all angles [16]. As pointed out
above, this effect is currently not clearly understood and
needs further study.

CONCLUSION

Absolute doubly differential cross sections have been
measured for electron emission in collisions of 3.5-
MeV/u Fe!”t and Fe?" ions incident on He, Ar, and
CH, gas targets under single-collision conditions. The
cross section have been compared to previous experimen-
tal cross section scaled according to the Born approxima-
tion. Strong deviations between calculated and scaled
PWBA results (e.g., Fe?>" on He) and experimental cross
sections were found. Good agreement was observed for
the case of Fe?" on He between experimental and
theoretical doubly differential cross sections using
CDW-EIS calculations except for the binary-encounter
peak around 6-keV electron energy. To understand this
deviation further theoretical and experimental investiga-
tions are necessary.
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