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Multiple differential electron spectra from detachment in collisions of 30-300-keV
anions with atoms and molecules
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We have measured triple differential momentum distributions for electron detachment in collisions of 30-
and 300-keV anions (C~ and Si~) with atoms and molecules (He, Ar, and N;). The entire angular range of the
ejected electrons was covered. The binary encounter ring, well known from positive ion-atom collisions, was
observed in most cases. In a quasifree-electron scattering model this structure represents elastic scattering of
the active electron from the target. However, especially for the slowest projectiles, this model fails to reproduce
the angular distributions. In this regime it is probably necessary to use quasimolecular models to describe the
collision. Indications for a projectile cusp are observed, implying that excitation-induced dipole moments in the

ion projectile may be important.
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I. INTRODUCTION

One of the fundamental processes occurring in atomic col-
lisions is the removal of an electron from one of the collision
partners. Studies of such processes are particularly suitable
to advance our understanding of the few-body problem. The
essence of the few-body problem is that the Schrédinger equa-
tion is not solvable in closed form for more than two mutually
interacting particles even if the forces acting within any pair
of two particles in the system are precisely known (e.g., [1,2]).
Electron removal processes, i.e., ionization of the target or
detachment from the projectile, are especially subjected to
this problem because, in contrast to excitation or capture,
the final state involves three unbound particles. Two factors
which can significantly contribute to the difficulties in solving
the few-body problem are (a) an incomplete understanding
of the underlying forces and (b) the long-range nature of the
underlying forces. One well-known approach to solving the
few-body problem is based on the Faddeev equations [3]. It
was originally designed for short-range forces, which should
make it well applicable to nuclear systems. On the other hand,
our understanding of the nuclear force is still rather incom-
plete. The essentially complete understanding that we have
about the Coulomb force acting between two charged particles
may make atomic systems better candidates for studies of the
few-body problem.

Ideally, one would study systems in which the underly-
ing two-particle forces are completely understood short-range
forces. Of course, such a system does not exist. However, an
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approximate realization may be offered by anions colliding
with neutral atoms or molecules. Because the forces acting
within pairs of particles are well known, the static structure
of the collision partners can often be calculated accurately
using numeric methods like the Hartree-Fock approach. At
the same time, if an electron is removed from the projectile
the residual collision partners are both neutral. Therefore, the
forces leading to the transition and acting on the ejected elec-
tron can be reasonably modeled as short-range forces. This
can significantly reduce the required computational efforts
because the spatial integrals of the transition amplitude can be
reduced to much smaller dimensions compared to collisions
involving charged particles in the final state. A well-known
manifestation of the long-range nature of the Coulomb force
acting between charged particles is the occurrence of the so-
called cusp peak in the ejected electron spectra [4]. It is due to
a transition of the electron from a bound state of one collision
partner to a low-lying continuum state of either the same
(electron loss to the continuum) or the other partner (electron
capture to the continuum). The long-range interaction of the
latter with the electron gives the cusp peak its eponymous
shape. The very high sensitivity of the description of cusp
electrons on the details of the theoretical model has been
demonstrated [5].

Total cross sections for detachment in anion-atom colli-
sions have been studied extensively (e.g., [6—17]). At small
collision velocities these data can be reasonably well de-
scribed within a quasimolecular picture [18] and by models
using the zero-range potential approximation [19-21]. At
intermediate and high velocities remarkable success was
achieved by treating the active electron on the projectile as
quasifree [15,16]. The detachment cross sections were ob-
tained by convoluting the elastic scattering cross section for
free electrons [22] with the Compton profile on the projectile.
However, it is rather challenging to develop models which are
applicable for all collision velocities.

Published by the American Physical Society
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Macek et al. [23] have presented such a model, based on
the zero-range approximation, to calculate triple differential
momentum distributions of electrons ejected in detachment
in ion-atom collisions. For relatively fast collisions (v, =
10 a.u., where a.u. denotes atomic units) they found some of
the features that are well known for ionization of the target
atom by positively charged ion impact: the projectile cusp,
occurring at v,/vp, = 1 in the laboratory frame (correspond-
ing to the target cusp in the case of target ionization [24]),
the target cusp occurring at v,/vp, = 0, and a ring extending
from v,/v, = —1 to 1 due to binary encounter collisions.
Here, v, and v, are the longitudinal electron speed and the
projectile speed, respectively, and a.u. denotes atomic units.
Binary encounter refers to a direct first-order interaction be-
tween the active electron and the target. For slow collisions
(vp = 0.1 a.u.) the binary encounter ring disappeared and the
projectile and target cusps merged into a single peak.

Initially, the occurrence of cusp structures was associated
with a long-range potential. However, as pointed out by Liu
and Starace [25] and Barrachina [26], even for a short-range
potential cusp peaks can be significant if the residual neutral-
ized projectile is left in an excited state. Due to the degeneracy
in the orbital angular momentum quantum number the super-
position of two states of opposite parity can lead to an electric
dipole moment. In most cases, even the ground state can be
polarized by the field of the target, however, the transient
dipole moment only survives for the duration of the collision
(typically a fraction of a fs). In the case of excitation to a
superposition of degenerate states this lifetime is enhanced by
several orders of magnitude. Due to the small binding energies
of anions such polarization effects are further enhanced. An
interaction of the detached electron with the induced dipole
moment can result in a cusp-shaped peak. It was further sug-
gested that these peaks could be present, due to virtual excited
states on the projectile, even without any permanent dipole
moments [27]. Cusp structures were indeed experimentally
confirmed by Vikor et al. [28] in 85-keV H™ + He collisions.

Two features which were observed in measured ejected
electron spectra [29,30] were not discussed in the work of
Macek et al. [23]: (a) low-energy electrons (in the rest frame
of the emitter) resulting from direct removal and (b) resonant
electron emission due to doubly excited intermediate states on
the emitter. The former is distinguished from cusp electrons
by the shape of the energy spectrum, which is much broader
than the characteristic cusp shape. Furthermore, it does not
rely on the presence of a long-range force, an electric dipole
moment, or virtual states.

Here, we present measured momentum distributions of
electrons detached from various anions colliding with various
target atoms and molecules at speeds ranging from 0.224 to
1.0 a.u. These spectra are equivalent to those calculated by
Macek et al., although we will present them in a different dif-
ferential form. Nevertheless, a direct quantitative comparison
with these theoretical results is not possible because Macek
et al. did not specify (except for the projectile speed) the
collision system for which they performed the calculations.
Qualitatively, we observe some of the features predicted by
Macek et al. while others are absent in the data. Furthermore,
we did not find any indications for resonant states on the pro-
jectiles contributing to electron detachment. However, we did
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FIG. 1. Experimental setup. The ReMi spectrometer consists of
the ring-shaped electrodes and the electron and recoil-ion detectors
(not used in the present project) on top and bottom of the spec-
trometer. Both detectors were set in coincidence with the neutralized
projectile detector.

observe clear signatures for a strong resonance on the target
in collisions with N,. The quasifree electron scattering model
[15,16], which very well describes total cross sections, cannot
reproduce our multiple differential data even qualitatively.

II. EXPERIMENTAL SETUP

The experiment (see schematic setup in Fig. 1) was per-
formed at the Cryogenic Storage Ring CSR [31] at the
Max-Planck-Institute for nuclear physics in Heidelberg. An-
ions (C~, C,7, and Si™) were produced with a sputter source
and injected into the CSR. There, they were stored at an
energy ranging from 30 to 300 keV. Depending on the ion
and projectile energy the storage time varied between 30 and
60 sec. One important feature of the CSR is the extremely
good vacuum of less than 10™'2 mbar. As a result, data could
be taken essentially free of background from collisions with
the residual gas. One detrimental feature is the large beam size
of about 1 cm, which is the price to be paid for a very good
transverse momentum sharpness of about Apy,/p = 107%.
The projectiles neutralized in the collision with the target were
separated from the charged projectiles by the first of the elec-
trostatic deflectors after the target region keeping the beam in
the CSR (not shown in Fig. 1). They were then detected by a
microchannel plate (MCP) detector with a diameter of 12 cm
equipped with a two-dimensional position-sensitive delay-line
anode.

The projectile beam was crossed at 90 ° with a very cold
beam (T ~ 1 K) of neutral atoms (He or Ar) or molecules
(N) from a supersonic jet. The ejected electrons (and re-
coil ions produced by target ionization, although not used
in this analysis) were momentum-analyzed by means of a
reaction microscope (ReMi), which is schematically shown
in Fig. 1, and detected by MCP detectors identical to the
projectile detector. Here, we focus on electron detachment;
the data on accompanying target ionization will be reported
in a forthcoming article. The operation of a ReMi in the CSR
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requires special design characteristics because of the very low
temperature of the CSR (T < 10 K), the demanding vacuum
requirements, and the need of an obstruction-free passage of
the stored ions. The proper operation of the spectrometer and
the detectors under these conditions was confirmed by cross-
ing the projectile beam with a laser beam (photon energy of
1.5 eV) and measuring electrons ejected in photodetachment.
Since this process leads to discrete electron energies this also
allowed us to calibrate the spectrometer. The details of the
ReMi will be reported in a forthcoming paper. Here, it suffices
to state that the basic concepts of momentum-analyzing the
electrons and recoil ions are the same as in a “standard”
ReMi [32,33]. In the present context, the most important dif-
ference is that in the CSR design the particles are extracted
transversely relative to the ion beam by a combination of
weak uniform electric and magnetic fields, which forces the
electrons into cyclotron motion. As a result, electrons with
sufficiently small momentum (typically 1-1.5 a.u.) are con-
fined to the size of the detector. All three detectors were set in
coincidence with each other.

The two momentum components in the plane of the de-
tectors (see coordinate system in Fig. 1) are obtained from
the position information and the component in the direction
of the extraction field from the time of flight which, in turn,
is contained in the coincidence time. One difficulty concerns
the determination of the electron momentum component in
the x direction, which is given by the target beam direction.
The large ion beam size leads to a large overlap with the
target beam which would, if not corrected for, result in a
poor momentum resolution. Therefore, the position of the
neutralized projectiles was measured and the departure from
the centroid trajectory of the ions could be determined and
subtracted from the electron position. The departure from the
centroid trajectory caused by the scattering in the collision
and the anion beam divergence is negligible. The momentum
components in the y and z directions (defined by the recoil-ion
extraction field and by the ion beam, respectively) are not
affected by this problem because they are perpendicular to
the target beam direction, and its width in both transverse
directions is less than 1 mm.

III. RESULTS AND DISCUSSION

To the extent possible, the data will be presented in the
order of decreasing projectile speed, i.e., from v, = 1.0 a.u.
for 300-keV C~ down to v, = 0.22 a.u. for 30-keV C,™. We
will first analyze two-dimensional momentum distributions
of the ejected electrons in the xz plane with a condition
[Pely| < 0.05 a.u. (where pejy denotes the electron momentum
in the y direction). By this condition the distance of any data
point from the origin in the displayed plane represents the
magnitude of the electron momentum. Later, we will discuss
the angular electron distributions for fixed electron energies.
We will start with the data for atomic targets and at the end
briefly address the only molecular target for which we took
data, namely N,. The two-dimensional momentum distribu-
tions are shown in Figs. 2-6 for 300-keV C~ + Ar (Fig. 2), for
300-keV Si~ colliding with He (Fig. 3) and Ar (Fig. 4), as well
as for 30-keV C~ (Fig. 5) and C,~ + Ar (Fig. 6). The arrows
show the direction of the incoming projectile ion beam, and

P, (@.u.)
counts

0.5 0.0
Py (a.1)

FIG. 2. Two-dimensional momentum distribution in the xz plane
of electrons detached in 300-keV C~ 4 Ar collisions with a condi-
tion on the y component at 0 £ 0.05 a.u. Since the spectrum was
multiplied by the magnitude of the momentum, the count rate is di-
rectly proportional to d*o /d 2*dE. The circle indicates the expected
location of the binary encounter ring.

the circles indicate where the electron speed is equal to the
projectile speed. We started the analysis with spectra which
represent triple differential cross sections (TDCSs) d3o /dp?
in Cartesian coordinates, which, after transforming using the
Jacobi determinant, are equal to 1/p d3c /dQ*dE . The Carte-
sian momentum spectra were multiplied by the magnitude
of the electron momentum in order to present d3c /dQ*dE.
The spectra should show left/right symmetry with respect to
the projectile beam axis. The observed deviations from this
symmetry are due to detection imperfections.

All spectra exhibit a pronounced ringlike shape, which for
a projectile energy of 300 keV (v, = 1.0 and 0.655 a.u. for
C~ and Si—, respectively) has a radius close to the projec-
tile speed, while for 30 keV the ring is significantly larger.
In addition, the ring shows a substructure, where in most

1.5

T T T

T T
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(=]
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FIG. 3. Same as Fig. 2 for 300-keV Si~ + He collisions.
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FIG. 4. Same as Fig. 2 for 300-keV Si~ + Ar collisions.

cases strong maxima occur in the forward and/or backward
direction. Only for the He target (Fig. 3) are such maxima
most prominent perpendicular to the beam axis. In the case
of Si™ + Ar collisions (Fig. 4) a triple peak structure is seen
in the forward direction, and a structure similar in shape to
the center peak is also observed for the He target. We will
discuss this substructure further when we analyze the triple
differential angular distributions of the electrons with fixed
energies and compare them to the quasifree electron scattering
model. First, we will qualitatively compare our results to the
calculations of Macek et al. [23].

As mentioned earlier, at large projectile speeds (v, =
10 a.u.) these calculations reveal the binary encounter ring
[see Fig. 1(c) of [23]], with radius vy, and sharp peak struc-
tures at v, /v, = 0 and 1, respectively, in the laboratory frame
(note that Macek et al. presented their results in the center-
of-mass frame). The radius of the predicted binary encounter
ring is consistent with the ringlike structure observed in the
experiment for the fast projectiles (v, = 0.655 a.u. for Si~ and

1.5 T T T T T
30 keV C- +Ar

_1.5 1 1 1 1 1
-1.5 -10 -05 0.0 0.5 1.0
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FIG. 5. Same as Fig. 2 for 30-keV C~ + Ar collisions.
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FIG. 6. Same as Fig. 2 for 30-keV C,~ + Ar collisions.

1.0 a.u. for C7). Not surprisingly, there are large quantitative
differences because the projectile speeds differ by an order
of magnitude between experiment and theory. Nevertheless, it
seems reasonable to interpret the ring structure as due to bi-
nary collisions between the target atom and the active electron
on the projectile ion.

The existence of maxima in the forward direction on the
rings is expected and relatively easy to understand as an
ejection of very slow electrons in the projectile frame. This is
precisely what has been observed in other experiments (e.g.,
[34]) on target ionization by positively charged ion impact
in the target frame. What is not obvious is the shape to be
expected for this peak structure. As mentioned earlier, in the
presence of a long-range potential or a permanent electric
dipole moment, induced by excitation of a second electron,
cusplike structures with a narrow width are expected. In the
data for 300-keV C~ impact (Fig. 2), however, we observe
a broad structure unlike the cusp peak predicted by Macek
et al. In contrast, in the data for the Si~ projectiles (for both
He and Ar, Figs. 3 and 4) the peak in the forward direction
comes closer to the expected narrow width and, in the case of
the Ar target, is well separated from the accompanying side
peaks. These Si~ data are thus consistent with the presence of
a projectile cusp. However, further down we will also consider
whether this forward structure can be explained within the
quasifree electron scattering model. If the cusp interpretation
is correct, this could imply that Si~ attains an electric dipole
moment in the collision and C~ does not. However, we cannot
rule out the possibility that in the case of the C~ projectiles
the cusp is simply masked by the broader distribution from
forward electrons which are not affected by a dipole moment.

A rather different picture emerges for 30-keV C~ and C,~
projectile ions (v, = 0.317 and 0.224 a.u., Figs. 5 and 6).
Here, the ring has a radius of about twice the projectile speed,
and maxima in the forward or backward direction extend well
beyond the ring. Furthermore, for this projectile, just exchang-
ing C~ and C,~ prompts the momentum spectra to become
near mirror images of each other. The ring can therefore not
be explained by binary encounter electrons. Indeed, Macek
et al. concluded that the binary encounter ring completely
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FIG. 7. Triple differential angular distributions of electrons detached in 300-keV C~ + Ar collisions (closed circles), 300-keV Si~ + Ar
collisions (open circles), and for 30-keV C,~ + Ar collisions (crosses). The left panel shows the data for 1 eV and the right panel for 7.5 eV.
The curves show calculated differential elastic scattering cross sections for free electrons [39].

disappears at very small v,. Instead, they found, like the
experiment, a ringlike shape at ve;/v, > 1. Furthermore, in
their calculation the projectile and target cusps merge into a
single peak at v, /v, = 0.5. Once again it should be noted that
in the experiment v, was very different from the one used in
theory; this time it was larger by more than a factor of 2. It
appears that the mechanisms explaining the features observed
in target ionization by positively charged ion impact do not
always provide an adequate picture to describe detachment
from negative ions at very small v,. A possible alternative ex-
planation is based on a quasimolecular picture. For example,
our data show some resemblance to momentum distributions
which were recorded by Schmidt et al. [35] for electrons
ejected in transfer ionization in slow He?* + He collisions.
They found that the properties of the transient quasimolecular
state formed during the collision (e.g., its parity) are mapped
into the continuum.

The excitation of the projectile anion to autodetaching
resonances, as observed, e.g., in [29,30], should lead to char-
acteristic features in the electron momentum spectra. Since
the autodetachment energy is fixed in the projectile frame,
the momenta of the ejected electrons would fall on a circle
with a radius representing their momentum in the projec-
tile frame centered on the projectile velocity. We did not
observe any such structure for any of the collision systems.
On the other hand, Balling er al. [36] did find resonances
in photodetachment of Si~ and in production of Sit in an
electron energy range accessible to our experiment. One con-
ceivable reason for this difference could be that the lifetime of
the autodetaching state could be long compared to the transit
time of the electrons in the spectrometer of about 100-200 ns.
However, the lifetime of the intermediate state of Si~ ob-
served by Balling ez al. is about 1 fs [36] so that it should have
been easily observable with our spectrometer. Furthermore,
the projectile detector is sufficiently large to collect essentially
all scattering angles so that resonances are not suppressed
by favoring distant collisions. Therefore, these differences are
likely not due to an experimental artifact, but rather reflect true
differences in the transition dynamics between photon and ion
impact. However, we cannot rule out the possibility that for
other ions, like, e.g., C~, the lifetime of the autodetaching
state may be long compared to the transit time of the electrons.

We now return to the substructure occurring along the
angular direction on the ring interpreted as a binary encounter
ring in the spectrum for 300-keV Si~ + Ar collisions (Fig. 4).
One possible explanation is based on the quasifree electron
scattering model. Here, the binding energy of the weakly
bound electron is neglected and the collision is viewed as
elastic scattering between the electron, moving at the projec-
tile speed, and the target atom. In this model, such events are
expected to lie on the binary encounter ring in the momentum
spectra of Figs. 2—4. Differential cross sections for truly free
electrons have been measured extensively (for reviews see
[37,38]). However, experimental multiple differential spectra
of electrons detached from anions are rare and limited to
a narrow range of emission angles (e.g., [29,30]). In con-
trast, in the present article we report comprehensive TDCS
d*0(E,0)/dQ*dE covering the entire angular range 0—180 °.
These are plotted in Fig. 7 for 300-keV C~ (closed circles)
and Si~ (open circles) and for 30-keV C,~ (crosses) collid-
ing with Ar. The left panel shows the data for an electron
energy of 1 eV (p. = 0.27 a.u.) and the right panel for 7.5 eV
(pe = 0.74 a.u.). Here, our interest is focused on the shape of
the angular dependence and the data sets for the two electron
energies were not normalized relative to each other. Likewise,
the theoretical cross sections were adjusted by an arbitrary
factor to make the average magnitude similar to the experi-
mental data.

Within the quasifree electron model, an electron energy
different from the projectile energy reduced to the electron
mass is due to the vector sum of the electron velocity in its
initial bound state and the projectile velocity. The ejected
electron has the same energy as the incoming electron. For
a given target atom and electron energy the differential cross
section in first-order approximation should thus neither de-
pend on the ion species nor on the ion speed. However, a
comparison between the data for the Ar target reveals large
and qualitative differences in the cross sections for the same
electron energy. The differences between the two data sets for
a projectile energy of 300 keV are considerable, but still rel-
atively moderate. However, the TDCS for 30-keV C,™ + Ar
do not bear any resemblance at all to the 300-keV data. Here,
even a pronounced oscillatory behavior is found in the angular
distribution for 7.5 eV. To some extent, differences between
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FIG. 8. Same as Fig. 7 for 300-keV Si~ + He collisions and electron energies as indicated by the insets.

the TDCS for different ions can be explained by the initial
momentum distribution of the electron in its bound state of
the projectile. However, differences of such magnitude and
of such qualitative nature may serve as a first hint for the
limitations of the quasifree electron scattering model.

The solid curves in Fig. 7 show calculations of differential
cross sections for elastic scattering of electrons with an energy
equal to the ejected electron energies analyzed in our data
[39]. At a projectile energy of 300 keV and an electron energy
of 7.5 eV there is qualitative agreement in the case of the Si™
ions and fairly good agreement for the C~ ions. However, in
both cases large differences are observed for 1 eV. In spite
of the generally rather poor agreement, in most cases the
calculations reproduce the very sharp increase of the cross
sections in the forward direction. Therefore, the sharp max-
ima which we observed for the Si™ projectiles in the ejected
electron momentum spectra do not necessarily represent cusp
structures, but could simply reflect the nature of the elastic
scattering process.

For the 30-keV ions the differences are dramatic even on
a qualitative level. Based on the comparison with the data for
the 300-keV ions one could argue that the quasifree electron
model works reasonably well at large collision and electron
energies. A gradual failure with a decrease in both energies
would perhaps not be too surprising because of the increasing
relative importance of the Compton profile of the initial-state
electron. However, even for 300-keV Si~ 4+ He the elastic
scattering cross sections do not at all reproduce the data,
which are shown in Fig. 8. Interestingly, here the differences
seem to even get larger with increasing electron energy.

The large differences between the calculations for He and
Ar show that the differences between the detachment data for
these two targets can at least partly be explained by the target
structure. Nevertheless, the enormous differences between the
elastic scattering and detachment cross sections also demon-
strate that the quasi-free electron model, which works very
well for total cross sections and for fast collisions, collapses
on the differential level at small projectile speeds. Several
contributing factors to this failure are conceivable. First, prop-
erly accounting for the initial momentum distribution of the
electron on the ion may be significantly more complex than
merely convoluting the cross sections with the Compton pro-
file. Second, the interaction of the ejected electron with the
residual projectile could be important, especially if it pos-
sesses an electric dipole moment. The resulting structures, like
cusp peaks, could sensitively affect the cross sections. Third,
resonances due to excitation of the projectile ion may be
present. Although we could not identify any autodetachment

lines, we may have missed them due to their very narrow
width well beyond our experimental resolution (about 0.1
a.u. full width at half maximum in momentum). Finally,
quasimolecular effects are likely to play an important role
especially at small projectile speeds. Quantum-mechanical
interference phenomena are known to be prominent in such
transient molecules formed during the collision (e.g., [40,41]).
The pronounced oscillations which we observed for the 30-
keV C,~ projectiles are likely caused by such interference
effects.

Finally, we briefly discuss TDCSs which we measured
for 300-keV Si~ collisions with a molecular target, namely
N;. The electron momentum distribution in the xz plane for
py = 040.05 a.u. is shown in Fig. 9. Here, too, a ringlike
shape is clearly visible. However, there are two important
differences to the data for He and Ar: first, the ring has a
smaller radius than v, and it can thus not be interpreted as
the binary encounter ring. Second, except for the forward
direction within 20 °, the ring has a fairly uniform angular
distribution. The radius corresponds to an electron energy of
about 2.3 eV. In this energy region a series of closely lying
resonances is known to exist in the case of elastic electron
scattering [42—44]. It can thus be safely concluded that this
ring represents resonant quasifree scattering of the detached
electron from the target. However, this resonance is signif-
icantly broadened by vibronic excitation in addition to the
electronic transition [44], which unfortunately we cannot re-
solve. A halo, which is more intense in the forward direction,
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FIG. 9. Same as Fig. 2 for 300-keV Si~ + N collisions.
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can be seen adjacent to the ring and it is centered close to
the projectile speed. We therefore interpret this halo as the
binary encounter ring, which is not fully separated from the
resonance.

IV. CONCLUSIONS

We have measured triple differential momentum distribu-
tions of electrons detached in collisions of anions at speeds
ranging from 0.224 to 1.0 a.u. with various atomic and molec-
ular targets. From these spectra we also extracted angular
distributions of the ejected electrons with fixed energy cover-
ing the complete range 0—180 °. The results were compared to
calculations based on the zero-range potential approximation
(qualitatively, because no collision system was specified in the
theoretical publication) and to the quasifree electron scatter-
ing model.

The zero-range potential calculations predict similar fea-
tures in the detachment spectra as are well known for target
ionization by positively charged ion impact. In our data, only
the binary encounter ring is conclusively verified. In some
cases, we observed structures in the projectile beam direction
which are consistent, but not conclusively confirmed, with
a projectile cusp. Considering the absence of a long-range
force in the final channel of the collision, the existence of

a cusp would hint at the presence of an electric dipole mo-
ment induced by excitation of at least a second electron on
the respective collision partner. Therefore, excitation of the
projectile ion may play an important role.

The quasifree electron scattering model, which works very
well to describe total cross sections for fast ions, still yields
reasonable agreement with the present differential data for
an Ar target at high projectile speed and large electron en-
ergy. However, major differences are found at small electron
energies and the model completely collapses for slow projec-
tiles and for a He target. It seems likely that for the small
projectile energies the cross sections are strongly affected
by quasimolecular couplings. For the slowest projectiles we
observe pronounced oscillating patterns which are likely due
to quantum-mechanical interference. Final conclusions have
to await advanced theoretical calculations of the collision dy-
namics and of the structure of the specific anionic projectiles
and atomic and molecular targets.
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