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1. Introduction

In the first decades of the century the subject of atomic
physics was the phenomena in which one or two electrons of the
atomic cloud were involved. Furthermore, in that time the atoms
and the structure of them were studied more or less isolated
from other atoms.

In the last two decades, however, a quite new approach,
namely the study of ion-atom collisions has been used applying
mainly the techniques of nuclear physics. In this new way a lot
of new information have been acquired on the atom, especially
on the highly ionized states.

As regards the ion-atom collisions, one can study the
angular and energy distribution of the X-rays and electrons, as
well as those of the scattered and recoiled ions. The
characteristic X-rays and Auger electrons are emitted after the
collision process, in general, by filling the vacancies in the
separated collision partners. In the collision process itself
there are also electrons ejected at the ionization (vacancy
production). These electrons have a continuous energy
distribution.

On the study of the spectra of electrons originating from
ion-atom collision processes, a great number of survey papers,
e.g. Stolterfoht (1976), Stolterfoht (1978), Toburen (1979),
Berényi (1981), Berényi (1983) have been published in the last
years.

2. Characteristic regions of the continuous spectrum

A typical electron spectrum (or to be more exact a double
differential cross section - DDCS - where the energy and the
angular distribution of electrons are taken) is shown in Fig. 1

Submitted to Proc. of Int. School on Atomic and Nuclear
Heavy Ion Interactions, Poiana Brasov, 28 Aug.-8 Sept,
on 21 June, 1984



measured in a study of an energetic heavy ion collision.
Characteristic regions (structures) can be observed in the

spectrum. On the continuous distribution having broad peaks the
Auger-groups (from the target and the projectile) are super-
imposed.

At the high energy end of the spectrum the broad peak (the
so called binary encounter peak - BEP) can be seen. In this
structure the electrons come from "hard" collisions, where the
momentum transfer has a maximum from the impact ion to the
target atom. In the classical picture there is here a "head-on"
binary collision between the projectile and an electron of the
target atom, or in other words: in this case the impact para-
meter has a minimum, i.e. the projectile passes by the target
at a small distance. So the energy of the top of this broad
peak (E ) is given in the following formula

EBEP = 45r E
P
c o s * (1)

P
where Ep is the impact energy, me and nip are the mass of the
electron and the projectile, respectively and-^ is the detection
angle of electrons, relatively to the original direction of the
projectile.

The lowest energy part of the spectrum strongly increases.
These electrons are ejected in "soft" collisions in which the
momentum transfer is minimum (i.e. the impact parameter is
high - the projectile passes by the target at a high distance -
"remote" collision).

As regards the electron loss peak (ELP), the electrons
lost by the projectile in the collision processes are involved
in it. The energy of ELP is given similarly as that for BEP

EELP = m^E
P <2>

where the designations are the same as earlier. According to
the formulas above, the BEP is shifted towards to lower
energies as the detection angle is increasing while the
position of ELP is independent of the angle. At the same time,
BEP vanishes if the angle is larger than 90°.

In the present paper I intend to deal with the details of
the continuous spectra. The Auger lines from heavy ion-atom
collisions were treated of by N. Stolterfoht in the course of
this School.

3. Electrons ejected from the target

The study of electrons of continuous spectrum and so that
of the soft and hard collision regions in these spectra were
started at the beginning of the sixties, with proton projectiles
(50-150 keV) and H2 and He targets. (Here e.g. the work of
Kuyatt and Jorgensen, 1963 and that of Rudd and Jorgensen, 1963
should be mentioned.) In this section I am going to summarize
some important findings on the soft and hard collision region
of the spectrum, or to be more exact, on more or less the whole
continuous spectrum, which has its origin in target ionization,



except the electron loss peak, which comes from the projectile,
if it had accompanying electron(s). A subsection will be de-
voted to these phenomena with the light, and another one with
the heavy projectiles.

3.1. Light projectiles. In the seventies detailed studies
were carried out for the continuous electron spectra,
originating from the target ionization in light ion-atom
collisions (mainly in the Battelle Institute, Richland,
Washington, and the University of Nebrasca, Lincoln, USA).
The simplest projectile except electron is the proton. In Fig.2
the spectra - the DDCS - from the H+-H2 collision system are
shown. These spectra (the DDCS data) can be interpreted by
direct Coulomb interaction between the projectile and the target
atom handled in the Born approximation (PWBA = plane wave Born
approximation) even in the case of very different (e.g. He,
Kr) targets (Manson et al., 1975; Toburen 1982).
Similar statement can be made in the case of He + + projectiles
(Toburen and Wilson, 1979). Deviations from the theory were
observed only at small angles having a maximum at several
hundred keV impact energy (Manson et. al., 1975; Stolterfoht,
1978; Toburen, 1982). It is also observable in Fig. 2 as a
"cusp" in the spectrum taken at 0°. It can be explained by
another mechanism treated in the Section 5 of this paper.

The situation is somewhat more complicated if the
projectile ion is not as simple as the proton, but it has its
own electron(s) (i.e. the incident ion carrying electron(s)).
Namely, these electrons screen the Zp charge of the nucleus,
the Coulomb interaction, on the other hand, depends on the
projectile charge. The actual situation is further complicated
by the fact that the screening is dynamic, i.e. the extent of
the screening is changing and depends on the actual conditions
of the collision (if the projectile passes by the target more
distantly, then the screening is smaller)..

In the case of simple projectiles (H+, He++) the
prediction of the Born approximation on the Z p dependence is
proved (e.g. McKnight and Rains, 1976; Toburen and Wilson,
1979). According to this, the total and the differential cross
sections are proportional to Z2 (Z2 scaling rule). Fig. 3
shows the Z2 scaling for the case of He+ projectile taking
into consideration theoretically the electron ejection from
the target with simultaneous projectile excitation (upper
dashed curve) and without it (lower dashed curve). Lower than
1500 eV the electron loss peak is prevailing which comes from
the projectile (see in Section 4). Zeff can be defined for the
impact ion on the basis of Z 2 scaling rule and their behaviour
can be studied in the collision:

Zeff " Z p o(fi;*J k '

where Z p is the charge of a projectile without electrons
(H+ or H e + + ) , a(E,^) is the corresponding cross section, while
CT»(E,^) is the cross section for the projectile carrying
electron(s) (e.g. He+) with the Zeff concerned. Several studies



were carried out on this topic (Toburen et al., 1980; Toburen-
et al., 1981; Toburen, 1982; McGuire et al., 19 81).
The calculated values of Zeff for H2

+ and He+ projectiles
related to H+ (with Ar target) as a function of the impact
parameter are shown in Fig. 4 in comparison with the experi-
mental data. It can be seen that at the high values of the
impact parameter (i.e. at remote collision - effective
screening), - even if there is a deviation of the experimental
data from the corresponding theoretical curve - the Zeff tends
to be unity (Zeff*l) in both cases and the He

+ and H2+ behave
as "giant protons". If however, there is a close collision
(small impact parameter), Zeff=Z which corresponds to the
nuclear charge of He (for H2 + the situation is somewhat more
complicated; see Schader et al., 1984).

3.2. Heavy projectiles. In heavy ion collisions the role
of the screening is very important because here the projectiles
generally carry several electrons. The number of corresponding
studies, however, are rather limited. In Section 2 we referred
the work of Professor Stolterfoht and coworkers (Stolterfoht
et al., 1974; and also Burch et al., 1975; Stolterfoht, 1978).
In these works the continuous spectra of ejected electrons from
the 0n+-02» Ne, Ar collision systems as a function of the
charge state (n=4-8), the electron ejection angle («& = 25°-9O°) ,
the impact energy (Ep=25-40 MeV) and the target species (02,
Ne, Ar) are studied.

Using the above data for the 0n+-02 systems where the
spectrum in the case of the bare oxygen projectile also has
been taken, Toburen et al. (19 81) carried out calculations for
the dynamic screening in these collisions. The calculated
values were compared with the corresponding experimental ones
determined on the basis of the formula (3) by using 0^+ (i.e.
the electron spectrum obtained in the corresponding collision)
as a reference spectrum (i.e. the case where the projectile
charge is equal to the nuclear charge, Zp=8). In Fig. 5 some
deviations between the experiment and the calculation can be
observed but the tendencies are rather well described by the
theory. Namely, at hard collision (small beff) the effective
projectile charge tends to be 8 (nuclear charge of the oxygen)
and at soft collision the effective charge is nearly equal to
the ion charge. Between these regions there is a transient
region where the Zeff changes relatively quickly.

It should be noted here that at heavy-ion - heavy-atom
collisions if the projectile velocity is not high enough
relatively to the electron velocity in the shell concerned
and/or Zp/Zt is not so much different from unity, then the
collision will be described not by the direct Coulomb interaction
but by a quite different mechanism, namely by the quasimolecular
model (see details e.g. Madison and Merzbacher, 1975).

Another remark is that Zeff values can be determined not
only from the basis of the continuous spectrum but also from
the study of the Auger spectrum. It is especially important in
the case of energetic heavy ion collisions (Scheider et al.,
1982; Berényi et al., 1984).



4. Elections ejected from the projectile

If a projectile is carrying electrons, this fact will not
result only in a dynamic screening of the projectile charge but
there will be a possibility for the ejection of the electrons
from the projectile ion in the collision process.

There is no principal difference between the ionization of
the impact ion and that of the target atom. Practically, it is
a question of the reference system (i.e. laboratory frame or
rest frame of the projectile). As we have seen in Section 2,
these electrons from the impact ion can be observed in one
broad peak (electron loss peak) at an energy corresponding to
the electron velocity which is equal to the projectile velocity.

Drepper and Briggs (1976) showed that when the electron
spectra are studied in the rest frame of the projectile, then
they can be obtained in the laboratory frame simply by a
velocity transformation, namely

da'

v'dE'du)5

where the letters with prime designate the corresponding
quantities in the projectile frame.

1.1. Light projectiles. The electron loss peak at simple
collision systems, namely at H2+-H2 was discovered in 197 3
(Wilson and Toburen). In Fig.6 the ELP can be seen as a function
of the electron emission angle at 1.5 MeV impact energy.

Studying ELP one can measure the position, the width, the
shape, the intensity (cross section) of this broad peak as a
function of the emission angle, the projectile charge and the
number of the electrons carried by the projectile, as well as
the impact energy. In the seventies such studies were carried
out by Nuncan and Menendez and their coworker (Duncan and
Menendez, 1976; 1977; 1979; 1981; Menendez and Duncan, 1978;
1979; Menendez et al. 1977). Recently similar measurements have
been carried out by Kövér et al. (19 83). In these studies H 2

+,
He+, H have been used as projectiles.

Among others it has been stated that the shape of ELP is
nearly symmetrical in all studied cases, the position is varied,
similarly the width is also varied (see Fig. 7) as a function
óf the emission angle mainly according to PWBA. At the same
time, the interpretation of the variation of the intensity
(versus angle) was not successful in all details. There are
definite differences between the theory and the experimental
data in the case of He+ projectiles, probably due to some
molecular effects (see e.g. Fig. 7). They should be analysed
from the point of view of the ionic structure. However, there
is no detailed study for the energy dependence of the
characteristic features of ELP in simple collision systems.

H..2. Heavy projectiles. There are only a few studies for
£'LP in the case of the energetic heavy ion projectiles. The
discovery of ELP in this case, however, was reported in the



same year as that for light impact ions, namely by Burch et al.
(1973) at 0 n + (17-41 MeV)-Ar.
The electron spectra were taken at 90° and interpreted by a
simple model, namely by the elastic scattering of projectile
electrons on the Coulomb field of the target atom.

In the work of Stolterfoht et al. (1974) mentioned before,
and that of Burch et al. (1975) a series of the whole electron
spectra (see also Stolterfoht 1978) from 0n+-02> Ne, Ar are
given demonstrating the impact energy, the emission angle, the
projectile charge state and target species dependence. No
detailed information on ELP are included, however, in these
publications.

In a recent study of Stolterfoht and his collaborators
(M. Prost et al., 19 82; Schneider et al., 19 83), a detailed
experimental work and a comparison with the corresponding
theoretical results have been performed for Ne n + and Ar n +

impact at several hundred MeV on different targets. In this^
work a typical ELP and the corresponding' theoretical analysis
are shown in Fig. 8. The theoretical analysis is based on the
BEA with velocity distributions deduced from Hartree-Fock
calculations. The agreement is good and it can be seen that
inner-shell electrons significantly contribute to the ELP.
Although the differences in the contributions to ELP from 2s
and 2p electrons can be seen, the shape of ELP is not very
sensitive on the wave function of the bound projectile electrons

5. The ECC and ELC mechanisms

Studying the electron spectrum from ion-atom collisions
with bare (fully stripped) projectiles (e.g. H+, He + +, C°+ etc.)
in forward direction around 0°, a so called "cusp" can be
observed at an energy corresponding to the electron velocity,
which is equal to the projectile velocity. This peak is
appearing at the same place as ;the electron loss peak, but in
the case of the bare projectiles, of course, no electron loss
is possible and it can be observed only in forward direction
(see the spectrum in Fig. 2 at 0°). For the interpretation of
this phenomenon, a new mechanism had to be supposed, namely
the electron-capture-to-continuum (ECC), i.e. capture to
projectile centered states, first suggested by Macek, 1970. If
the incident ion is carrying electrons, an analogue process,
namely the electron-loss-to-continuum (ELC) is also present.

On the phenomenon concerned, a great number of papers
were published including several good surveys, among them one
of the recent and the most detailed ones by Breinig et al.
(1982). I am going to summarize the present state in connection
with the "cusp-phenomenon" very shortly.

5.1. Light projectiles. The anomaly, i.e. the "cusp" in
the electron spectrum in forward direction from H+-He collisions
at an electron velocity equal to the incident proton velocity
was observed first by Crooks and Rudd (1970). In the same year,
a similar cusp was observed when a gold foil was bombarded by
protons (Harrison and Lucas, 1970). Here, however, only the
results obtained at gas targets will be treated, because in
these cases the conditions of the single-collision are ensured



and no solid state or absorption effects are present.
In the study of the cusps, similarly to the case of ELP,

the position, the width, the shape and the intensity (cross
section) can be experimentally determined as a function of the
impact energy, the emission angle and the projectile species
(nuclear charge, number of accompanying electrons). The number
of electrons, carried by the projectile ion is especially
important here, because in the case of bare ions only the ECC
mechanism is in operation, while if the projectile ion has
electron(s), then in addition to ECC, the ELC also works. In
general, especially if several electrons are carried by the
projectile, the contribution from ELC to the intensity of the
cusp is much higher than that of the ECC. In the actual case,
however, it depends on the concrete conditions, first of all on
the impact energy. Fig. 9 shows how the ratio of the cusp
intensity varies for He+-He and He++-He, respectively, as a
function of the impact energy. This ratio is approximately
characteristic for the relative contribution of the ELC and ECC
mechanism, respectively to the cusp intensity (Kövér et al.
19 84) in this impact energy range.

As regards the theoretical calculations on ECC in general,
projectile-centered Coulomb electron wave functions are used
formerly in first-order Born approximation (Macek, 1970; Salin,
1969; Dettmann et al; 1974) and more recently in second-order
Born approximation (Sakeshaft and Spruch, 1979a; 1979b; Chan
and Eichler, 1979; Ponce, 1981; Garibotti and Miraglia, 1981).

The position, the intensity (cross section) of the cusp
(i.e. for ECC) for proton impact and similarly the width of
that were measured as a function of the bombarding energy in a
broad impact energy region (from 15 to 1500 keV) and a rather
good agreement has been found with the calculations on the
basis of the first-order Born approximation (Ródbro and
Andersen, 1979).

The first order calculations predict a symmetrical shape
for ECC cusp. Experimental evidence, however, showed a skewness
toward the lower velocities for this cusp (see e.g. the detailed
studies by Meckbach et al., 19 81 for the H+-He collision system
between 40 and 240 keV impact energy). The importance of the
second-Born-approximation has been also proved recently by the
angular dependence of the peak position for He++-Ar shown in
Fig. 10 (Barrachina and Meckbach, 1984).

It should be mentioned here that recently ECC from an
inner shell (Ar L shell) has been studied by coincidence
measurements between the continuous (cusp) electrons and L-MM
Auger electrons in the H+-Ar collisions (Sarkadi et al., 1984).

As regards the measurements on ELC cusps, the number of
detailed studies are fewer than those for ECC cusps (i.e. for
bare projectile, here proton and He + +). Some measurements,
however, were carried out by Duncan and Menendez et al. (see
their referred papers in Section 4) for H2 +, H~ and He+

projectiles, especially as a function of the emission angle.
Recently, a detailed study for H°-He system has been carried
out by Meckbach et al. (1984) by taking the energy distribution
of the cusp at different angles around 0° (between +7° and -7°)
and obtaining the results in a three-dimensional



"cusp-distribution". The interpretation of these experimental
data calls for higher than'first Born approximation (Day, 1980;
Briggs and Day, 19 80) also here.

Fig. 11 shows a recent comparison of an ECC and a mostly
ELC peak for simple projectiles (in case of heavy projectiles
similar comparison was made earlier; see Breinig et al., 1981).

For simple impact ions carrying electrons, the measurements
on determining the characteristic parameters of the cusp
position, width, shape as a function of the impact energy are
practically missing, except those for the intensity (SDCS =
single differential cross section) where some contradictions
seem to be persisted (Briggs and Drepper, 197 8; Cranage et al.,
1982). Such measurements, however, are very important, e.g. to
compare the findings here with the corresponding ones at heavy
ion impact.

5.2. Heavy projectiles. For the ECC and ELC cusp in
energetic heavy ion - atom collisions a more or less complete
information is available, mainly from the works of Sellin and
coworkers (here one should refer again to the detailed survey
on the results of this research by Breinig et al., 1982, and
also to Vane et al., 1978; Suter et al., 1978; Suter et al.,
1979; Vane et al., 1979; Breinig et al., 1980; Breinig et al.,
1981; Berry et al., 1983).

For the width (FWHM), the shape, the cross section (for
bare projectiles and for impact ions with bound electrons)
practically the same findings were observed as in the case of
simple collision systems (see in Section 5.1). (Perhaps only
for the position of the cusp no data have been published in
this case).

In two respects, however, the cusp studies at energetic
heavy ion collisions rendered very important additional
information to those at light projectiles. One of them is the
dependence of the ECC cusps cross section on the Z of the
projectile fFig. 12) . Here beside the theoretically predicted
Z3} Z2.3±0.3 w a s found (Vane et al. , 1978).

Studying the width (FWHM) of ELC cusp (Fig. 13), it has
been found to be approximately unvaried as a function of the
impact ion velocity which does not correspond to the theoretical
expectations (Briggs and Day, 1980; Day, 1980). A recent
calculation seems to explain however, these experimental data
(Burgdörfer et al., 1983) but we have no reliable corresponding
experimental information in connection with the simple collision
systems (e.g. He+-He). Such studies are under way in our
Institute.

6. Final remarks

The study of ion-atom and especially that of the energetic
heavy ion-atom collisions is a quite new field of physics. From
these studies, important information can be obtained on the
collision mechanism, on the atomic ionic structure and also
on some fundamental issues of physics.

The data from ion-atom and on heavy ion atom collision,
however, are important in other branches of science as astro-
and atmospheric physics, radiation and plasma physics. They are



also important in some fields of the practical applications,
like medical dosimetry and also in the realization of the
controlled thermonuclear energy production.
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Elte trón tmrgy

Fig. I. Electron energy
spectrum (cross section mul-
tiplied by electron energy)
from 0 s + (30 MeV) - 02 col-
lisions taken at the observation
angle 25° (Stolterfoht et al.,
1974).

Fig. 2. Electron spectra
(DDCS) for 0.8 MeV proton impact
on helium gas target at different
emission angles (Schader et al.,
18)0.1 1 2

EtaetroR energy ik*Vl

Electron

loss peak

500 1000 1500 2000 2500 3000 3500
•V

Fig. 3. The ratio of the double differential cross
sections for ejected electron from He+ impact on Ar to H
impact on Ar. On the theoretical curves see the text. The
scaling is nearly true in the high energy region of the
spectrum (high momentum transfer - close collision - no
screening) while in the low energy region it tends to be
unity (small momentum transfer - remote collision - complete
screening) (A. Kövér et al., 1982).
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Fig. 4. Zeff values as a
function impact parameter (beff)
for H2+> He+ (1.7 MeV/amu) - He
collision systems. The theoretical
curves were calculated by taking
the screening in the projectile
into account (Schader et al.s

1984).

V
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Fig. 5. A comparison of the
calculated Zeff values with the
experimental ones for the 0n+-Ü2
collision systems as a function
of the adiabatic collision radius,
beff (Toburen et. al., 1981).

Fig. 6. Electron spectra
(DDCS multiplied by electron
energy) for 1.5 MeV H2 impact on
hydrogen gas target at different
emission angles (Wilson and
Toburen, 1973).
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Fig. 7. The width (FWHM) of ELP as a function of the
electron emission angle. Solid curves according to BEA
(Kövér et al., 1983).
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Fig. 8. Comparison of the
experimental data and the calcu-
lated values of ELP in an ener-
getic heavy ion collision
(Schneider et al., 1983).
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"cusp-region"Fig. 9. Ratio of the cross sections in the
of the electron spectrum from He+-He and He++-He, respectively,
as a function of the impact energy. The theoretical curve was
calculated on the basis of PWBA and the Salin theory for ECC.
(A. Kövér et al.s 1984).

2S0-

Fig. 10. Angular dependence
of the position of ECC cusp.
Upper curve: first-Born-ap-
proximation: lower curve: second
Born-approximation (Barrachina
and Meckbach, 1984).
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Fig. 11. A comparison of
the cusps for He+-He (solid
line) and for He++-He (dots)
collision systems (Kövér et
al., 1984).
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Pig. 12. The dependence of
ECC on the Z and v of the
projectiles (Vane et al., 1978)
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Fig. 13. Full width at the half maximum of ELC
cusps as a function of the velocity of the Si 9 + and
0 5 + impact ions (Breinig et al., 1981).
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