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Higher-Order Effects of Electron Capture and Loss to the Continuum in Ion-Atom Collisions

W. Oswald, R. Schramm, and H. -D. Betz
Sektion Physik, Universitiit Munchen, 8046 Garching, Federal Republic of Germany
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We have investigated electron capture and loss into the continuum of projectiles resulting from single
ion-atom collisions. It is revealed that characteristic shape parameters of the well-known cusp in the ve-

locity spectrum observed in the forward direction depend markedly on the experimental resolution. This
hitherto unobserved behavior can be explained by higher-order effects in the transition amplitudes of the
double-differential production cross section.

PACS numbers: 34.70.+e

When ions collide with target atoms electrons can be
captured into the continuum of the projectile (ECC) or
initially bound projectile electrons can become excited
into the projectile continuum (ELC). In both cases,
these electrons travel along with almost the same velocity
as the ion (vp) and can therefore be observed only at and
near 0 in the forward direction, giving rise to a cusp-
shaped peak in the velocity spectrum of electrons. Ever
since its first evidence' this phenomenon has been stud-
ied theoretically and experimentally ' ' and is
thought to be essentially understood.

Previous experiments with various ion beams and
diA'erent gas-target species have resulted in cusp shapes
which turned out to be either quite symmetric or very
asymmetric depending on whether ELC or ECC was
studied. It has always been assumed that, for a given
collision system, the (FWHM) width I of the cusp de-
pends on the angular resolution Bo, I -60, while shape
and degree of asymmetry are thought to remain
unaA'ected. " This expectation has been tested sys-
tematically only for H+ He where it was found to be
essentially correct except for the smallest collision veloci-
ties used. As a consequence, many authors have repre-
sented the double-diA'erential cross section by a series ex-
pansion with Legendre polynomials and extracted the
relevant coe%cients from an analysis of a cusp shape ob-
served for a single experimental angular resolution. It
has to be assumed, of course, that these parameters
should be characteristic for the system studied, indepen-
dent of the geometry of the apparatus employed. ''

It is the purpose of this Letter to demonstrate that in

many collision systems cusps can exhibit a more compli-
cated structure than hitherto believed. Our data are in

good agreement with previous results obtained for
So ~ 1, but a pronounced and unexpected change of
line shape is revealed when 60 is improved. Apparently,
a characteristic feature of ECC and ELC processes has
gone unnoticed for a long time and theoretical descrip-
tions of the process must be extended in many cases to
incorporate the newly observed features of continuum
state production.

The Munich tandem-accelerator facility was used to

prepare beams of 25- to 80-MeV oxygen and 110-MeV
bromine ions with initial charges ranging from 4+ to
8+ and 10+ to 24+, respectively. The beams were col-
limated to a diameter of 0.8 mm and a divergence of less
than 0.05 . The gas target consisted of a windowless
diA'erentially pumped cell of 8-mm length operated with
CH4, Nq, Ne, Ar, and Kr gas at pressures from 1 to
1000 mTorr. Electrons emerging from the interaction
region in the forward direction within + 4 were ana-
lyzed with a standard magnetic spectrograph focusing in
two planes, and detected by means of a Channeltron.
Beam normalization was achieved with a Faraday cup.
Typical analyzing-field strengths in the cusp region were
= 20 G. A more detailed description of the apparatus is
given in Ref. 12.

Momentum (hp/p) and angular resolution 00 of the
spectrograph were defined by pairs of apertures which
could be varied from 0.2% to =2% and 0.2 to 1.2, re-
spectively. These values were calculated from geometry
using ray-tracing techniques and experimentally verified
by resolving a series of known KLL Auger lines from
0 + beams. ' We note that our Bo values, which are
smaller than those used in most other experiments, are
necessary for an easy observation of the newly reported
behavior of cusp shapes. In order to obtain adequate
alignment the spectrometer could be moved parallel and
perpendicular to the beam direction and rotated around
the target center.

The magnetic field of the Earth and stray fields were
reduced to less than 0.05 G at Mumetal shielding. Back-
ground electrons could be reduced by applying —300-V
bias to the front electrode of the Channeltron and by
careful design of all apertures. A transverse field of
some 100 V/cm was applied in front of the gas cell in or-
der to deflect all electrons produced at the beam collima-
tion apertures. Vacuum in the chamber was 10 Torr
and did not exceed 10 Torr when the highest target
pressures were used. As a result, the signal without tar-
get gas was less than 1% compared with that for typical
gas pressures (100 mT cm) and no background subtrac-
tion was necessary. The signal was found to vary linear-
ly with pressure, indicating that single-collision condi-
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FIG. 1. Cusp-electron spectra of 40-MeV oxygen ions (8+)
incident on Ne gas for diAerent spectrometer semiangles Ho.
(a) 1.2, (b) 0.8', (c) 0.4', and (d) 0.2'.

FIG. 2. Ratio R =(Iz I~)/(Iz+I~) o—f intensities, taken at= 1.

leap

in the right (I~) and at = 0.9vp in the left (Iz) wing
of ECC and ELC cusps, as a function of spectrometer semian-
gle 8O for 40-MeV 0 + (0) and 05+ (O), and 110-MeV Br' +

(a) on neon. The dashed lines are drawn to guide the eye.

tions were fulfilled.
Results for 40-MeV 0 + incident on neon are

displayed in Fig. 1 for various angular resolutions. For
the largest value of Bp=1.2 the observed cusp shape
agrees well with previous results obtained for Bp=1.8
(Ref. 9). When smaller apertures are used, however, we
observe two unexpected effects. (1) The ratio of intensi-
ties I~ and Iz in the right and left wings of ECC and
ELC cusps taken at = 1.1vp and at = 0.9vp, respective-
ly, depends strongly on Ho (Fig. 2). (2) The shape and
(for ECC) asymmetry of the cusp vary markedly with Bo
(Fig. 3).

As regards (1), a ratio with at most a very weak
dependence on Bp is expected for both the cusp wings
and other contributions to the spectrum such as the rela-
tively small amount of secondary electrons. Further-
more, intensities should scale in proportion to Bo (except
for the cusp center), but Fig. 4 reveals that a significant
Bo (n & 2) contribution is present. Incidentally, the ra-
tio Iz/IR is larger than I for ECC, but smaller than uni-

ty for ELC (Fig. 2). Although the total (FWHM) width
I =I z+I R of ECC cusps is found to be close to the
theoretical value 3vp&o/2, the asymmetry I z/I ~ shows a
strong and unexpected increase with Bo (Fig. 3), which
levels oA' for Bp & 1 . It should be stressed that the in-
tensity ratios shown in Figs. 2-4 are quite accurate, be-
cause almost all geometrical factors such as solid angle

I I
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FIG. 3. Cusp-shape asymmetry I z/I R of 40-MeV oxygen
(8+ ) incident on neon, as a function of spectrometer semian-
gle Oo. The solid line is drawn to guide the eye.

and momentum resolution drop out.
Before we discuss these findings, we would like to

stress that no known artifacts can be responsible for the
observed new eAects. There is neither a spurious back-
ground nor evidence for a su%ciently large contribution
of unresolved Auger lines. With the given momentum
resolution we can resolve prominent Auger transitions,
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In principle, inclusion of a large number of terms in Eq.
(1) could remedy this problem to some extent, but a
practical fit then becomes prohibitive and other pro-
cedures must be searched for.

In previous work, it has been shown that the well-
known second Born approximation ' allows one to de-
scribe the asymmetry of ECC cusp shapes:

0
k

r 2z
dp „kdki T +T

i

2Z'~V p2 ~ 0 a k min
(2)
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FIG. 4. Intensity ratios Rg =I~/Hp in the right cusp wing,
normalized to the value obtained for the small=st spectrometer
resolution (80=0.2'), as a function of Oo for 40-MeV 0'+
(G) and 0 + (I), and 110-MeV Br' + (a) on neon.

but especially for incident 0 + and small values of Hp

there is no appreciable chance for such (unresolved)
transitions. Likewise, for several reasons Rydberg elec-
trons ionized in the deflector field cannot be significant in

our spectra: (a) Since the magnetic field does not rise
too sharply at the entrance into the magnet, Rydberg
electrons become field ionized beneath the trajectory of
continuum electrons and cannot reach the detector, espe-
cially when ep is very small. (b) The analyzing field ion-
izes states not below principal quantum number n = 16O;
i.e., the state population is extremely small. In addition,
it may be noted that Rydberg states are produced partic-
ularly abundantly in foil targets, but our copious data
obtained with carbon boils do not show the peculiar
effects (1) and (2) observed for gas targets.

At first we tried to analyze our data by means of a fre-
quently used procedure, in which the cross section is rep-
resented by a few terms of Legendre polynomials

=gv"QB„iPi(cosB) (n (2, I (2), (1)
dEdQ

where v is the electron velocity and B is the emission an-

gle in the projectile frame. It turns out, however, that
application of Eq. (1) to our cusps one at a time (Fig. 1)
yieMs parameters B„~ which depend markedly on Ho.
Consequently, a simultaneous fit of all cusps (which
differ only in Hp) does not work satisfactorily. The
reason can be traced to the peculiar 6 dependence of the
double-differential cross section d cr/dE de in the pro-
jectile frame. In particular, near B=O and z we find a
slope which is diferent from zero, expressing a nonana-
lytic 8 dependence. A nonanalytic function, however,
cannot be represented by a truncated expansion Eq. (I ).
1116

(in atomic units), where k~;„=[(v p+v) /2+EIi]/vp ls

the minimum momentum transfer, and T~ and T2 are
the scattering amplitudes of the first and the second Born
terms. The previously employed high-energy approxima-
tion, however, does not give the presently observed
changes of cusp asymmetry as a function of 80.

In an attempt to describe the newly observed eA'ects,

we find that it is necessary and feasible to drop three ap-
proximations which have been made in previous calcula-
tions: In a refined treatment we take into account (a)
the full Coulomb wave without any approximation, (b)
the initial binding energy Ez of the captured target elec-
tron, and (c) the exact Green's function without lineari-
zation. A full presentation of the calculation is beyond
the scope of this Letter and we restrict the discussion to
the following essential results. In contrast to the asymp-
totic formulation, inclusion of points (a)-(c) leads to
probabilities

~
T~ ), ~

T2 ), and
~
Ti+ T2

~
which are

symmetric for small values of final electron momentum

ky, but asymmetric for larger ky, whereby the degree of
asymmetry depends on the collision parameters. Since
increasing values of eo imply experimental observation
of larger ky values, it becomes directly understandable
that the associated degree of cusp asymmetry also be-
comes larger. A typical example of the cross section
d cr/dEdQ is displayed in Fig. 5 for oxygen (8+) on
neon. In view of our theoretical findings it becomes fair
to state that, for diAering collision parameters, the newly
observed Ho dependence is obtained not only because of
interference of the amplitudes from the first and second
Born approximation but also from a properly calculated
first Born amplitude alone.

Incidentally, our model also provides a simple estimate
for one of the conditions necessary to observe the new
effect in a pronounced manner, namely, Eli = vp/2
(which is the case in our collision systems). When we in-

spect previous data for which this condition is also met,
anomalies show up in the cusp widths for p on He (Ref.
8, Fig. 8) and 0 + on Ne (Ref. 9, Fig. 10), compatible
with our present observations.

This theoretical concept also provides an explanation
for the ELC case. In ECC we deal with a second
scattering event between electron and target atom, so
that it becomes reasonable (except for vp/2»Eti) to im-
prove the description of ELC by taking into account a
second scattering between electron and target ion. A
tentative calculation including the target field to higher
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FIG. 5. Double-diferential cross gection for electron cap-
ture to the continuum (ECC) in the projectile frame, as a
function of relative electron velocity and emission angle for
40-MeV oxygen (8+) on neon.

orders has already been performed'; one remarkable re-
sult is that the ratio IL/In turns out to be smaller than
unity (while it is larger than l for the ECC case), in

qualitative agreement with present observations (Fig. 2).
More detailed calculations utilizing the second-order
Born approximation for ELC and ECC, along with the
presentation of more data, are under way and will be
presented separately. '

In conclusion, we have shown that for many collision
systems ECC and ELC cusps can be interpreted better
when diA'erent experimental angular resolutions Bo are
employed and when adequate higher-order theories are
utilized such as the second Born approximation. The
eAect reported here is mainly due to the peculiar behav-
ior of the double-diA'erential production cross section,
which must be viewed as one of the characteristic
features of both ECC and ELC collision processes, espe-
cially when the initial electron binding Ez cannot be
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