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Electron-momentum distributions in singly ionizing C6¿-He collisions at intermediate velocities

M. A. Abdallah,* C. L. Cocke,† W. Wolff,‡ H. E. Wolf,‡ and M. Stöckli
Physics Department, J. R. Macdonald Laboratory, Kansas State University, Manhattan, Kansas 66506-2601

~Received 11 August 2000; published 16 January 2001!

The process of single ionization has been studied in C61-He collisions at the collision velocities of 1.17,
1.36, and 1.63 a.u. Ejected electrons were detected in coincidence with the recoil ions. Two components of the
electron-momentum and the full-momentum vector of the recoil ion were measured. From these, two-
dimensional momentum-space distributions of the continuum electrons were deduced, projected parallel or
perpendicular to the collision plane, and for several values of the recoil transverse momentum. The distribu-
tions do not show the molecular-orbital-like patterns seen in similar collisions with singly and doubly charged
projectiles. They do tend to lie preferentially along a ridge joining the target and projectile velocities, and show
an increasing tendency to go in the direction of the projectile, both longitudinally and transversely, as the
collision velocity is raised and the impact parameter lowered. The results are in agreement with classical
trajectory Monte Carlo predictions for similar systems.
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When a highly charged ion collides with an atom, one
more of the target atom electrons can be liberated to
continuum in a process known as ionization. The analysi
the energy and momentum of the ionized electron is a
mary tool for studying the ionization mechanisms@1#. While
ionization mechanisms are well understood at large collis
velocities (vp@v0, wherevp and v0 are projectile velocity
and target classical bound electron velocity, respective!,
they have remained a subject of debate at low veloci
(vp&v0). At intermediate to high velocities, two majo
mechanisms that have been identified as giving rise to c
tinuum electrons are soft-electron emission~SEE! and elec-
tron capture to the continuum~ECC!. In momentum space
electrons produced through these two processes are cen
on the target and on the projectile velocities~multiplied by
the electron mass!, respectively. At low projectile velocities
a third mechanism~saddle-point mechanism! was suggested
@2,3# that would produce electrons centered on the equifo
point ~saddle point! between the target and the projectil
This suggestion was followed by a great deal of controve
and experiments were reported that both support, and do
support, the importance of such a mechanism@4#.

We have previously reported emitted electron moment
distributions ~EEMDs! for different collision systems ob
tained using imaging techniques and position sensitive de
tors@5–7#. Unlike conventional electron spectroscopy, whi
measures electron energy at a certain ejection angle, the
aging method measures two-dimensional soft electron
mentum distributions in one ‘‘snapshotlike’’ image. Usin
this technique, we found that the EEMDs strongly depend
the charge and velocity of the projectile ion, and also on
target atom. In general, we found that the emitted electr
are strongly focused in the forward direction in the labo
tory frame. The EEMD peak position in the longitudinal d
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rection was found to shift toward the projectile velocity wi
an increasing projectile charge state, opposite to what
expected from simple saddle-point arguments. For C61,
O81, and Ne101 colliding with He and Ne, we found that th
EEMD peak in the longitudinal direction was centered nea
on the projectile velocity. The results of these experime
were in fair agreement with continuum-distorted-wav
eikonal-initial-state calculations~CDW-EIS! @5–9#, but in
not as good agreement with classical trajectory Monte Ca
~CTMC! calculations@5,10#.

With the development of cold-target recoil-ion mome
tum spectroscopy~COLTRIMS! @11,12#, it has become pos
sible to study this process with more complete experime
control over the collision parameters. By detecting electro
in coincidence with fully momentum-analyzed recoil ion
one obtains not only the EEMDs, but the dependence
these distributions on the transverse and longitudinal m
mentum transferred to the recoil in the collision. The tran
verse recoil momentum determines the collision plane
can be used to determine quantitatively the impact param
for the collision if a suitable effective heavy-ion scatterin
potential is known. The longitudinal recoil momentum me
sures the inelasticity of the collision. Using this techniqu
previous studies of ionization in collisions ofp, He1, He21,
and Ne1 with He, Ne, and H2 @13–18# have been carried out
These highly differential experiments revealed striking p
terns in the EEMDs, which were interpreted as reflecting
structure of the molecular orbitals whose promotion into
continuum was responsible for the ionization. These co
sion systems all involved singly or doubly charged proje
tiles, for which the main population in the EEMDs centers
the vicinity of the saddle point longitudinally. As the proje
tile charge is raised, one would expect the molecular str
tures to become less well defined, as the promotion pa
become less obvious. Furthermore, the evolution of the
MDs away from the saddle region toward the projectile su
gests that a different picture of the process might be ne
sary. The main purpose of this investigation is to use the
experimental control over the collision plane and transve
heavy particle momentum transfer to examine how the m

ail
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lecular structures seen for singly and doubly charged syst
evolve as the projectile charge is raised.

We have investigated single ionization in C61-He colli-
sions at projectile velocitiesvp51.17, 1.36, and 1.63 a.u
We used the same technique of combined electron
recoil-ion detection used in earlier COLTRIMS experimen
@14–18#. A detailed description of the experimental set
and data analysis can be found elsewhere@14#. Briefly, the
ion beam (z direction! intersects with a target supersonic H
gas jet (y direction! at 90°. An electric field perpendicular t
the ion beam and the gas jet (x direction! is used to extract
the recoil ions and electrons from the collision area in op
site directions. The recoil ions and electrons are detecte
two two-dimensional position sensitive detectors~2DPSDs!
placed on the opposite ends of the extraction region~in the
yz plane!. The electron position (z,y) on the electron
2DPSD was used to reconstruct two components (vez,vey)
of its initial velocity ~momentum!. The recoil-ion position
and its time of flight were used to reconstruct its full mome
tum vector, where the timing start signal was taken from
corresponding electron signal. Two-dimensional (vez,vey)
EEMDs were produced for different conditions on the dire
tion of emission of the recoil ions. Two particular EEMD
are of interest:~1! one for which the recoil-ion momenta ar
required to lie parallel to the plane of the electron detec
which yields a ‘‘top view’’ of the emitted electrons, lookin
down on the collision plane, and~2! one for which the recoil
momenta are required to lie perpendicular to the plane of
electron detector, which yields a ‘‘side view’’ of the ejecte
electrons, looking edge-on along the collision plane. F
each of the above views, further selection of small or la
impact parameter collisions was made by selecting the m
nitude of the transverse recoil momentum vector.

In Fig. 1 we show the EEMDs for single ionization i
C61-He collisions atvp51.63 a.u. All electron spectra ar
integrated over the third velocity componentvex , which has
not been measured in this experiment. Dashed and solid
guide the eye to the target and projectile laboratory-fra
velocities, respectively. Seven contour lines are used
present the intensity in every plot on a linear scale. Fig
1~a! shows the top view of the emitted electrons. In th
figure, recoil ions are emitted downward~negativey direc-
tion!. Figure 1~b! shows a side view of the emitted electro
where the recoil ions are emitted into the page (x direction!.
Figure 1~c! shows the electron momentum distribution wi
no specific direction of recoil-ion transverse momentum
lected. These spectra are gated on recoil ions with transv
momentumpr'<1.8 a.u., which covers the major part
the cross section. It is noted that most of the emitted e
trons form a narrow ridge between the target and projec
velocities, in agreement with previous observations@5–7,10#.
As one expects, the distributions in~b! and~c! are symmetric
in the transverse direction. However, the symmetry is bro
in ~a!. Electrons are preferentially emitted away from t
recoil ions and in the direction of deflection of the proje
tiles. This asymmetry increases with emitted electron ene
and maximizes near the projectile velocityvp . Although
asymmetry in electron transverse velocity has been obse
in other systems@13–18#, the shape of the distribution fo
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this system is different from the shapes of distributions s
in earlier experiments. The marked molecular-orbital-li
structure seen for singly and doubly charged systems is
longer present. In particular, the two-branch pattern that
been seen in the collisions ofp, He1, and He21 with He is
not present. The side-view distribution@Fig. 1~b!# is slightly
narrower than the top-view distribution, indicating that t
ejected electrons have a slight preference for staying in
collision plane. This behavior has also been observed
other systems@13–18#.

We now address the dependence of these patterns o
transverse momentum transfer to the recoil. This momen
is approximately a measure of the impact parameter, s
the transverse momentum transfer to the electrons is sm
To show the range of transverse recoil momenta involv
we show in Fig. 2 recoil-ion transverse momentum distrib
tions for the three collision velocities. It is noted that the
distributions show no significant change with changing c
lision velocity. A slight shift in peak position toward large
momentum can be seen with decreasing collision velocity
Fig. 3 we show how the structure of the EEMDs varies w
increasing impact parameter. Each column shows top-v
EEMDs for a single collision velocity. The first three row
show how the EEMDs evolve as the transverse recoil m
mentump' is increased~i.e., the impact parameter is de
creased!. Each row is labeled by the range inp' ~in a.u.!. For
a Coulomb encounter, the transverse recoil momentum

FIG. 1. Emitted electron momentum distributions in singly io
izing C61-He collisions at collision velocityvp51.63 a.u.~a! Elec-
tron momentum top view, recoil ions are in they direction. ~b!
Electron momentum side view, recoil ions are in thex direction. In
~c! no collision plane is selected. In each plot, intensity is rep
sented by seven contours on a linear scale. Dashed and solid
guide the eye to the laboratory-frame target and projectile vel
ties, respectively.
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related to the impact parameterb by p'52ZaZb /bvP ,
whereZa andZb are the effective heavy particle charges a
atomic units are used. In all of these plots, the recoil ions
selected to have a transverse momentum in the negatiy
direction. In general, the ejected electrons form a ridge
tween target and projectile velocity at all velocities. For t
softest collisions~first row!, the distributions show little

FIG. 2. Recoil-ion transverse momentum distributions in sin
ionizing C61-He collisions at collision velocitiesvp51.17, 1.36,
and 1.63 a.u.

FIG. 3. Top views of the emitted electron momentum distrib
tions for three collision velocities 1.17, 1.36, and 1.63 a.u. Re
ions are emitted in they direction. For every velocity, the distribu
tion is gated on three ranges of recoil transverse momentum~0–
0.75,0.75–2.0,2.0–5.0 a.u.!. Top views with all transverse momen
tum values are shown in the bottom row. In every plot, sev
contours represent the intensity on a linear scale. Dashed and
lines are to guide the eye to target and projectile velocities, res
tively. The apparent cutoff and accumulation atvez.2.0 a.u. in
some plots is an artifact caused by the edge of the position-sens
detector.
02470
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awareness of the recoil direction, and tend to maxim
about halfway between projectile and target.~We note, how-
ever, that the saddle point for this collision system is ve
near the target in velocity space, so these electrons are
grouping near the saddle.! As the impact parameter become
smaller, the tendency for the electrons to follow the proje
tile and to scatter away from the recoil ion and toward t
projectile increases. Ultimately for the hardest collisio
~smallest impact parameter; third row!, many electrons are
even thrown forward of the projectile. This effect is mo
marked at the highest projectile velocity. A similar asymm
try has been seen using CTMC calculations by Olsonet al. in
the collisions of 165 keV/u C61 @10# and 100–500 keV/u
Ne101 @19# with He. Olsonet al. suggested that this asym
metry is due to the effect of the large projectile charge on
ejected electron, as the ejected electron ‘‘follows’’ the d
flected projectile.

To study the asymmetry and the peak shift of the top-vi
EEMDs in the case ofvp51.63 a.u., for which the effects
are most marked, we show in Fig. 4 longitudinal~a!–~d! and
transverse~e!–~h! projections of the corresponding distribu
tions from Figs. 3~i!–3~l!. In Figs. 4~a!–4~c!, we see the
dramatic shift of electron longitudinal velocity peak positio
with decreasing impact parameter. The dramatic increas
asymmetry in electron transverse momentum can be see
Figs. 4~e!–4~g!. In general, we notice that the EEMDs have
stronger dependence on impact parameter forvp51.63 a.u.
than for the two lower collision velocities. It is important t
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FIG. 4. Corresponding projections of the the distributions
Figs. 3~i!–3~l! on thevez direction~a!–~d! and on thevey direction
~e!–~h!. In ~a!–~d!, dashed, solid, and dotted lines guide the eye
target velocity, projectile velocity, and detector edge, respectiv
In ~e!–~h!, the dotted line guides the eye to transverse elect
momentumvey50 a.u. All distributions have been normalized to
height of unity.
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BRIEF REPORTS PHYSICAL REVIEW A 63 024702
remember that, over this range of collision velocities, el
tron capture is strongly dominant over ionization as
mechanism of target electron removal. From the results
Wu et al. @20#, we find that the ratios of single ionization t
single capture forvp51.17, 1.36, and 1.63 a.u. in C61-He
collisions are 0.004, 0.014, and 0.083, respectively. The
fore, although the collision velocity increases by only 40%
going from the lowest to the highest collision velocity in th
experiment, the ratio of single ionization to single captu
increases by nearly 20 times. Since capture cross sectio
these velocities are nearly independent of collision veloc
@21#, this rise is due to the fast rise in the single ionizati
cross section. Based on the two-center atomic orbital clo
coupling method, Wanget al. @22# explained this strong rise
of ionization cross section as being a result of the increas
role of the ECC process with increasing collision veloc
relative to the slow rise in the SEE cross section. This s
gestion agrees with the present data, since more electron
produced with velocities near the projectile velocity at high
collision velocities and smaller impact parameters. In g
eral, one can expect an interplay between the SEE pro
and the ECC process as the major factor determining
shape of the EEMDs. While SEE is relatively more impo
tant for large-impact-parameter collisions, ECC seems to
more important at small impact parameters. The depende
on collision velocity is more complex, but in general, at i
termediate collision velocities we see a rise in the importa
of ECC relative to SEE with increasing collision velocit
Eventually, SEE comes back to be the most important of
two as the process of electron capture itself becomes
tremely unlikely compared to direct electron ionization. A
interplay of the roles of SEE and ECC processes has b
also suggested by Fainstein@23,24# based on the~CDW-EIS!
calculations to explain the EEMDs forp-He andp-Ne colli-
sions at intermediate velocities. However, it is noted tha
Fig. 3~k! the distribution in the longitudinal direction doe
not show the usual symmetry of the ECC process. In fact,
peak position exceeds projectile velocity. No explanation
this behavior is available at this moment.

In conclusion, we have presented emitted electron m
mentum distributions for C61-He collisions at intermediate
02470
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velocities. The results show that most of the emitted el
trons form a ridge between the target and projectile in vel
ity space, which is in agreement with earlier experimen
Top-view distributions show a strong asymmetry in the c
lision plane, with the electrons being emitted preferentia
opposite to the direction of recoil ions. This asymmetry
creases with decreasing impact parameter and collision
locity. In the longitudinal direction, the electron momentu
distribution peaks at larger velocities with decreasing imp
parameter and increasing collision velocity. That is, EC
like continuum electrons are produced preferentially in sm
impact parameter collisions. This result is in agreement w
CTMC predictions@10,19# for similar collision systems. It
appears that the marked molecular-orbital-like structur
which are seen in the EEMDs for lower-charged systems,
lost when the projectile is highly charged as is the case h
In the case of the singly charged systems, which leave
singly charged ions plus one electron in the continuum, i
typically the case that the promotion of a singlep or s
molecular orbital dominates the process and the symm
properties of these orbitals are seen in the EEMDs. T
simplicity appears to be lost when the projectile is high
charged. It is known that molecular orbital treatments
electron capture for this system are appropriate and succ
ful @25#. However, many orbitals must be taken into accou
in order to describe the collision, and thus the simplicity
promoting a single dominant orbital into the continuu
seems to be lost. It appears to us that such orbital-spe
promotion descriptions for the low-charged systems m
have to be replaced by either very complete molecular orb
ones or classical treatments for the highly charged syste
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