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Because a more general Keynote talk on topics very similar to those
addressed in this paper was presented a few days ago at the X-84 meeting in
Leipzig, and attendees at the present more specialized satellite meeting are
more often likely to be knowledgable specialists concerning related topics,
the present manuscript dwells mainly on very recent progress in the field —
especially on progress with experimental techniques. This discussion fol-
lows a very brief review of basics to provide appropriate orientation for
those who may lack acquaintance with the field.

In 1970 Crooks and Rudd [1] discovered a cusp-shaped peak in the
doubly differential distribution of electrons emitted with nearly the same
vector velocity as ionic projectiles that collide with individual atoms in a
gas target. The appearance of this cusp, which in velocity space was seen
to be centered at the projectile velocity v , has been attributed to the
ion-electron Coulomb attraction. The electron is essentially dragged along
by the ion [2]. In the same year Harrison and Lucas [3] discovered a similar
cusp in the doubly differential distribution of electrons emitted downstream
of a solid foil target traversed by an ion beam. The conclusion was drawn
that the.ion-solid interaction also leads to excitation of similar final
states in the low lying continuum of the emerging ionic projectiles. Since
that time the process of electron transfer into the continuum in both dilute
gas and thin solid targets has been actively investigated. Extensive re-
views have recently appeared [4,5,6].

For the single collision case encountered in dilute gas targets,
there are two electron transfer processes that produce electrons in contin-
uum states of the moving ions., the so called 'convoy electrons': electron
capture (ECC) and electron loss (ELC) into the continuum. If the initial
charge i of a projectile of atomic number Z is i « Z, the only possible
transfer 'co continuum process is ECC (sometimes accompanied by simultan-
eous bound state capture). For i < Z the impinging projectiles also carry
electrons into the collision which can be lost into low lying continuum
states by ionization with small momemtum transfer to these electrons, and
both ECC and ELC contribute to the convoy electron production. For both
processes the final state of the electron is a projectile-centered Coulomb
state for which the doubly differential cross section (DDGS),,
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do d2o (Eq. 1)

dv v2dvdfi ,

diverges as 1/|v'| = 1/|v - v |. Experimentally, this singularity leads to a
characteristic cusp-shaped peak centered at v whose shape is determined by
dependence of the production cross section on the vector velocity difference
v' as modified by the instrumental longitudinal and transverse velocity resolu-
tion functions.

Angular Distributions

Most studies of both ECC and ELC have to date focussed on character-
izing the longitudinal velocity distribution of the convoy electrons obser-
ved, averaging over a collection cone of half-angle e0 centered on the
forward direction. In this sense most measurements of cross-sections for
convoy electron distributions made to date have been singly differential
even though a collection cone of > 1 deg near zerc degrees has been used.
It is of course desirable to measure truly doubly differential distribu-
tions, as then both longitudinal and transverse velocity components of the
distributions in it can be studied to comparable accuracy. In painstaking
experiments at Aarhus, Dahl [7] has studied proton-helium collisions using
a value of 60 = 0.38°.

To get a true picture of the doubly differential cross-section in
velocity space, comparable apparatus resolution in both longitudinal and
transverse electron velocity components is desirable. Although electron
energy analyzers have-more often been used than momentum analyzers, data
transformation to velocity space is both straightforward and useful for the
following reason: Since the laboratory and projectile rest frames are re-
lated by a simple translation in velocity space, the corresponding longi-
tudinal and transverse velocity distributions in the two frames are essen-
tially identical.

Because most experiments are carried out at beam velocities large
compared to electron velocities in the projectile rest frame, the kine-
matic compression of 4IT solid angle in the projectile rest frame within
-1 deg near the forward direction presents at once experimental advan-
tages as well as challenges. Among the advantages are high collection
efficiency and the ability to transform low electron emission velocities
to much easier to measure laboratory frame velocities. For example, it has
been possible to measure very low energy Auger electron emission ener-
gies [4] by taking advantage of the large Doppler shift implied. Obser-
vation near zero degrees also results in suppression to second order of
the normally undesirable Doppler spread which smears the observed Auger
emission energies, a problem much more critical for electron spectroscopy
than for photon spectroscopy because of the much smaller ratio of electron
velocity to projectile velocity (the latter analogous to the speed of light
in the photon spectroscopy case).

The leading challenge posed consists of subdividing a small labor-
atory frame collection angle < 1 deg into angular zones as narrow as possi-
ble, so that the effective angular resolution in the projectile rest frame
corresponds to differential slices in longitudinal and transverse velocity
components, of preferably comparable size. To date this challenge has been
incompletely met, but there has been substantial recent progress.



Integral and Millidifferential Method

One of two methods used most recently for making angular distribution
measurements is a straightforward integral method, requiring however great
geometrical precision and painstaking measurement care. It consists of vary-
ing the half-angle of collection e0, and by the subtraction of two integral
measurements, a cross-section differential in polar angle of emission is
obtained. (Azimuthal symmetry with respect to the beam direction is assumed,
since normally projectile scattering angle or some other property distin-
quishing azimuthal angle is not coincidentally determined). Determining the
precise location of 0 = 0 degrees, and producing reproducible concentric
angular zones about this direction, represent formidable mechanical challen-
ges, which may limit the ultimate angular resolutions reachable to near
presently realized levels. The results of this method, pioneered by Meckbach
and collaborators [8], are nonetheless impressive.

The second method pioneered by in our laboratory has already produced
comparable angular resolution to that obtained by Meckbach et al. and has
certain other advantages — for example the precise direction corresponding
to 9 = 0 is self-determined by the apparatus — and appears to be capable of
higher intrinic angular resolution. It is more fully described below.

Integral Method Results

Figure 1 shows typical electron energy vs angular distributions as obtained
by Meckbach et al. These were obtained for 105 keV for protons (H+) and
neutral hydrogen projectiles (H°) interacting with a helium gas target.
These spectra are typical for ECC and ELC, respectively. Since the doubly
differential cross section (DDCS) is rotationally symmetric around the beam
axis the cusp shape is independent of the azimuthal angle.

Fig. 1: Convoy electron cusps obtained with (a) 105 KeV H+ and (b) 105
KeV H° Yearns interacting with a He-gas target. They are typical for
(a) electron capture and (b) electron loss into the continuum. From Ref. [63.



The shape of do/dv is presently determined by the spherically sym-
metrical factor 1/|v'|. Cusps like those seen in Figure 1 permit comparison
with recent theoretical predictions which now describe various asymmetries and
anisotropies in the cross sections for ECC and ELC. The anisotropies of the
cusp shape can be described by a multipole expansion [9] of the DDCS.

^ = - I a.(v') P (cose'),
dv v' i=0 *

(Eq. 2)

with (v',61) the velocity polar coordinates in the projectile frame. A
double expansion incorporating a Taylor expansion in the projectile rest
frame emission velocity results iri

a (V) = I B
* i=0

(k)
v-

(Eq. 3)

Determination of the expansion coefficients in Eqs. (2) and (3), both theoret-
ically and experimentally (by fitting to the measured cusp shape) permits a
systematic description of anisotropies. In Figure 2 contour lines corre-
ponding to horizontal cuts through the cusps seen in Figure 1 are represented
in a polar diagram.
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Fig. 2. Contour lines obtained from the electron distributions
of Fig. 1 at the different peak levels indicated, (a) 105 keV H° on He.
They are typical for (a) electron capture and (b) electron loss into the
continuum. :

For ECC as in Figure 1a, strong forward-backward asymmetry is seen.
This indicates contributions of the I = 1 multipole (and possibly higher
order odd multiples) in the DDCS. Several theories have now been proposed
which predict an asymmetry [9] in the ECC cusp.

Analogous results have recently been published [10] for 105, 190, and
270 keV hydrogen projectiles traversing carbon foils of sufficient thickness
to assure charge and excitation state equilibrium. The results are compared
with corresponding helium target results in Fig. 3.
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Fig. 3. (a) Contour lines of BFC three dimensional cusps taken at
the indicated levels (background, as seen in Fig. 1, has been previously sub-
tracted; (b) Contour lines of ECC and ELC-Cusps [2] shown for comparison.

In harmony with earlier heavy ion projectile data C^], it is confirmed that
beam-foil convoy electron cusps are more similar to ELC than to ECC cusps.
However, the contour lines for the solid target case exhibit far less struc-
ture than those in the gas target case. It was concluded that beam-foil
convoy electron heavy distributions measured as a function of electron
energy E (or speed v) and angle of emission 6 are distinctly different
from electron capture to the continuum (ECC) distributions, mainly in that
they do not exhibit the strong asymmetry characteristic of ECC. Solid tar-
get convoy and electron loss to continuum (ELC) distributions are more simi-
lar in that both do not show appreciable asymmetry. However, the ELC peaks
are narrower. Furthermore, solid target convoy distributions do not show
a characteristic anisotropic structure that is common to ECC and ELC.



For ELC the target atom plays the role of an ionizing particle (in
the projectile rest frame), and a weak collision is sufficient to eject
electrons into low lying continuum states in that frame. A first Born
perturbation treatment could be adequate to describe details of the re-
sulting electron distribution. Briggs and Day £11] have shown that in the
small velocity limit the electron emission from a hydrogenic 1s state can
be described by an isotropic (B̂ 0',,) and second order anistropic (Bto'z)
contribution. Generalizing this approach to arbitrary initial states (n£m),
Burgdorfer et al. [12] have found that all even multipoles (B^° ̂ ) with
I < 2n contribute. Consequently the electron emission is expected to be
highly anistropic with increasing principal quantum number n. The DDCS is
found to be forward-backward symmetric. The forward-backward symmetry is
in good agreement with earlier ELC measurements [13] in the velocity range
6-18 a.u.

Recent experimental ELC data for the cusp width r in 0 5 + collisions
with Ar permit a comparison with the theory for electron emission from the
L-shell. Good agreement has been obtained with a calculation [12] in the
first Born approximation utilizing the closure approximation for target-
inelastic processes in Ar (Figure 4) The improvement in comparison to an
isotropic cusp shape (-B̂ °̂ ?) emphasizes the importance of the large transverse
anistrophy described by B(o*2 and B

( o % contributions in accounting for the
narrow, weakly velocity-dependent cusp width for highly charged projectiles.
The presence of B^°\ (or even higher multipoles) seen in the contour
lines for H (Figure 2b) is not predicted by the Born approximation for a Is
state. A possible explanation could be in an admixture of a few percent "
metastable H(2s) component having a much larger ELC cross section, contri-
buting B^°'2 and B^°\ anisotropies. Alternatively, higher order Born
contributions to the 1s cross section at moderately high velocities might be
important. " '"

Figure 4. ELC cusp width for 0 5 + on Ar (60 = 3.i4x10""
2rad = 1.8°)

as a function of the projectile velocity. Solid line: calculation (Ref.
[12]), broken line: width for isotropic electron emission, symbols: ex-
perimental data from Ref. [4].



Millidifferential Measurement Techniques

The approach of Elston and collaborators [1^] to the measurement of
angular distributions is quite different. In that case an apparatus has
been constructed which utilizes position-sensitive detector technology for
the measurement of doubly differential electron emission cross-sections in
ion-atom and ion-solid collisions at emission angles near the forward dir-
ection. The properties of the instrument (see Fig. 5) make it especially
well suited for the simultaneous doubly differential measurement of elec-
tron emission processes. The multichannel nature of the system leads to
improved data acquisition efficiency, sometimes an important advantage for
the observation of processes which require the use of heavily-subscribed
accelerator user facilities. Some of the first measurements to be .made
with this apparatus have concerned the doubly differential (in velocity
and angle) cross section (DDCS) for continuum transfer emission from colli-
sions of 41, 82, and 105 MeV 0 s + in helium and argon gas targets. Because the
projectiles carry a relatively loosely bound 2s electron into the collision,
ELC processes are expected to dominate over ECC processes.
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As noted earlier, the full-width-half-maximum (FWHM) of the cusp formed
by ELC for high-Z ions has been found to be smaller than expected and not to
scale as predicted by the earliest theories of the process. For example,
highly charged projectiles such as 0 s + and C1** with relatively loosely bound
L-shell electrons were found to have narrow widths -0.25-0.3 a.u. (in
emission velocity) almost independent of target, projectile velocity, or pro-
jectile charge [13] over a range of collision velocities between 6 and 12 a.u.

A central feature of the recent calculation performed by Burgdorfer
[12] is that the narrow ELC cusps, with widths approximately independent of
collision velocity are a consequence of preferential transverse electron emis-
sion from the 2s level in 3~ and 4-electron ions, coupled with convolution over
the narrow range of observation angles admitted in most ELC experiments.
If the DDCS in the projectile frame is expanded in multipoles as is usual for



anisotropic emission, it can be parameterized as

do/dv = ao[i + 82P2(cos9) + B^P^cose) ], (Eq. 4)

where the emission velocity v and polar angle 6 are expressed in the pro-
jectile frame, P2 and P,, are Legendre polynomials, a0 sets the isotropic
emission level, and the second and fourth order coefficients g2 and $,,
determine the degree and nature of the anisotropic component of emission.
•Various symmetry considerations prohibit other multipoles in the expansion
of the DDCS for pure ELC processes. For the projectiles, targets, and veloc-
ities studied here, 02 - -0.6 and 8., - +0.1, which leads to an emission
pattern which is strongly transverse to the ion beam. Our preliminary
measurements of the emission distribution, seen "in Figure 6, exhibit defin-
ite transverse anisotropy.

Figure 6. Two views of the DDCS as seen in projectile frame for 82
MeV 0s1"in He. Transverse (v ) and longitudinal (v ) velocity axes are
graduated in units of 0.1 a.u.

In Figure 7, plots of contours of equal intensity as observed in the
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Figure 7. Contour plots of the convoluted DDCS for (a) helium and
(b) argon targets, and (c) the simulated data. Contours plotted are in inter-
vals of 0.1 times the peak value.



laboratory frame for 82 Mev 0 5 + on He and Ar targets are compared with the
results of a simulation based on the asymmetry parameters quoted above and
upon a convolution with the instrumental response function we expect from
essentially geometric considerations. Corrections for the transformation
between projectile and laboratory frame and spectrometer transmission effi-
ciency are also included. It is seen that the degree of asymmetry exhibited
by the data away from the central portion of the cusp (where the singular
nature of the cusp results in extreme sensitivity to the details of the in-
strumental response function) is reasonably good. The cusps obtained with
argon targets are a bit narrower than the simulated data, and the helium
cusps are significantly narrower overall than expected, a puzzling result
if one axpects the calculations to be more reliable for the simpler target.

A schematic diagram of the apparatus appears in Figure 5. The tar-
get region, which is a -0.5 cm thick gas cell in the present measurements,
is viewed by a spherical sector electrostatic spectrometer having a mean de-
flection radius of 5.5 cm and a deflection angle of 160 deg. An important
feature of this spectrometer design is that, to first order and in the ab-
sence of extraneous fields, it provides focussing in both the deflection
plane and in the plane normal to it. The emission angles correspond
one-for-one with arrival angles at the exit aperture. By including a short
drift region between the exit aperture and a position-sensitive charged part-
icle detector, the preserved emission angles correspond to detector position
coordinates. The drift space is about 15 cm in length, and the detector con-
sists of a tandem chevronned pair of microchannel plate electron multipliers.
Further data can be found in the paper of Elston et al. [11].

While the intrinsic positional resolution of the detector itself is
100 to 150 jim, the angular resolution provided by the apparatus is deter-
mined primarily by the angle subtended by the exit aperture as seen from the
detector entrance. In the present case, the angular resoluion is about 6.7
mrad (0.38 deg.) and the spectrometer energy resolution is 0.9? (FWHM). '

Coincidence Measurements

Advances in the application of coincidence techniques to studies of
ECC and ELC are also occurring, as in recent experiments carried out by
Andersen et al. at Aarhus.[15] Several years ago our coincidence experiments
on ECC and ELC, wherein coincident bound state capture or loss was studied
whenever a single ECC or ELC start event had occurred, produced interesting
results [16] which the Aarhus group has improved upon to produce signifcant
additional advances in the understanding of cooperative electron transfer in
two- or more-electron transition events. In the earlier experiments [16],
ECC events that occur in coincidence with b bound-state-capture events"
(b=0,1,2,3) were measured for 20 and 30-MeV 0 8 + and 0 7 + on Ar. It was
therefore possible to investigate the importance of simultaneous bound- and
continuum-state capture. For 20-MeV 0 8 + ions undergoing single collisions in
Ar gas targets, we found that additional bound-state capture of one, two, or
three electrons are observed in ~3^%, "11/6, and ~3% of the collisions,
respectively. For 30-MeV 0 8 + on Ar, one or two additional bound-state
captures occur in ~32% and ~9% of the collisions generating an ECC electron.
These observations indicated a high degree of association between the pro-
cesses of multiple-electron capture into bound and continuum states at the
velocities used. It was found that we could consistently account for a signi-
ficant fraction of what have traditionally been termed one, two, and three
electron bound state capture cross sections in terms of two, three, and four
electron capture events instead where an unobserved electron had been ignored.
An immediate consequence is that comparisons which are made w:\th bound-state



capture theories are thus often made with the wrong theories. Comparisons
should instead be made with theories which explicitly include the associ-
ated continuum-capture contributions.

In the more recent Aarhus experiments [15] the emission of electrons
at zero degree in collisions of 20-MeV Auq+ ions (5 < q < 19) with He was
studied in coincidence with the final projectile charge state. Autoionina-
tion lines due to electron transfer plus projectile-core excitation (TE)
were observed in the q+-*q+ channel (See Figure 8). The underlying cusp of
the q+->q+ spectrum represents ECC. Andersen et al. find that close to 100?
of the ionization cross section can be accounted for by ECC for q > 10 .
This finding is in agreement with their calculations using the classical
model of Bohr and Lindhard, which predicts that ordinary ionization is not
possible for high q-values.
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Zero-degree electron energy spectra for 20-MeV Au17+ on He. (Ref.[15])

The cusp observed in the q++(q-1)+ spectrum represents transfer to
projectile bound states plus ionization (transfer ionization, TI). Note that
both electrons have been removed from the helium atom in a single collision.
The transfer ionization cross-section a (TI) approaches a value of 10J5 cm2

at q=15. Andersen et al. [15] find that the yield in the q+-»(q-1)+ cusp
accounts entirely for the observed TI yield! In order to characterize the
cusps measured in the two coincidence channels the partial-wave expansion
method referred to above was applied. As demonstrated in Figure 9 there is
an obvious difference in cusp shape. The TI cusp is thought adequately to



be characterized by s-waves whereas ECC is characterized by both s- and p-
waves, just as in the case discussed earlier.
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Fig. 9. Experimental data for Au 11+ to 11+ and for Au 15+ to 14+ are shown.
The partial-wave expansion fits are also shown and compared on top of the
figure. From Ref. [15].



Andersen et al. conclude that the mechanism for TI clearly involves
two electrons. Based on the cusp shape analysis, they suggest that both
electrons are transferred to the projectile frame in a single step, whereupon
one is lost to the continuum and the other is left in a bound state. The
highly correlated two electron state created during the capture event causes
the state to autoionize with a probability close to unity. Because of the
short lifetime the electrons are emitted with a continuous energy spectrum.
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