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The collision system of 19-MeV F91 on Ne has been studied using recoil and projectile momentum spec-
troscopy. For each event, identified by final recoil and projectile charge state, the three-dimensional momentum
vector of the recoil ion and the transverse momentum vector of the projectile ion were measured. The trans-
verse momenta of the recoil and projectile ions were found to be equal in magnitude and opposite in direction,
indicating that the transverse momentum exchange is dominated by interactions between the two ion cores. The
transverse momentum distributions are well described by nCTMC calculations. The longitudinal momentum
distributions of the recoil ions show that a large fraction of the momentum transferred to the projectile is
carried off by continuum electrons. The recoil ions are scattered slightly backward, in partial agreement with
predictions of nCTMC calculations.

PACS number~s!: 34.50.Fa

I. INTRODUCTION

The passage of fast charged particles through matter oc-
curs in a wide range of situations such as ion implantation
@1#, radiation therapy@2#, and heavy-ion pumped fusion@3#.
For such applications, it is common to characterize the ion-
matter interactions in terms of ranges, stopping powers, and
angular scattering distributions. Such parameters describe the
mean behavior of the collisions averaged over many colli-
sions. In recent years considerable emphasis has been
brought to bear on understanding the individual binary ion-
atom encounters that ultimately determine the above average
quantities. In this paper we examine the exchange of energy
and momentum in the collision of 1-MeV/amu F91 on Ne.
Such a collision is typically a violent one, removing many
electrons from the target, some of which may be captured by
the originally bare projectile. The final states are sufficiently
complex as to defy a complete experimental determination,
and comprehensive electron spectroscopy on the outgoing
electrons is nearly impossible. In this paper, we use measure-
ments of the projectile and recoil momenta, and the charge
states of these products, to experimentally isolate the final
states and to deduce information on both transverse and lon-
gitudinal momentum transfer to the heavy-ion cores. Such an
approach provides some of the same information that one
could deduce from a complete electron momentum spectros-
copy, but without the detection of the many individual con-
tinuum electrons. Instead, such heavy particle momentum
spectroscopy provides, for each event, the equivalent of the
average tranverse continuum electron momentum and less
complete information on the longitidunal momentum of the
electrons.

Numerous measurements of the momenta or energies of
the recoil ions produced in similar violent ion-atom encoun-
ters at MeV energies have been carried out in recent years
@4–10#. Ullrich et al. measured the transverse energies of
the recoil ions for fast U321 on Ne and Ar@7# and found
recoil energies ranging from thermal to several eV, depend-
ing on the recoil charge state. The results were found to be in
good agreement with nCTMC calculations, one of only two
theoretical approaches that has had significant success in
dealing with such complex collisions. Levinet al. @5,6# used
a time-of-flight technique to determine mean recoil energies
for Cl and F projectiles on rare-gas targets for selected pairs
of final recoil and projectile charges and were able to deduce
characteristic impact parameters for the collisions and to
demonstrate the importance of screening in the effective
projectile-recoil potential. Additional total measurements
were made by Grandinet al. @11#. The use of cooled targets
by Ullrich et al. significantly improved the resolution pos-
sible in recoil ion momentum spectroscopy@8,10,12–14# and
has been used to study both He and heavier targets. Further
technical advancement by that group to the use of supersoni-
cally cooled He targets has now allowed very high-resolution
complete recoil momentum spectroscopy to be carried out
@9,15# and numerous studies of electron capture and ioniza-
tion have been carried out~for a review, see Ullrichet al.
@9#!. Of particular relevance to the present work is the recent
study of the transverse recoil energies for 10-MeV F81 on
Ne carried out by Lencinaset al. @16#. These authors found
that the transverse momentum exchange was nearly entirely
between projectile and recoil cores, with the continuum elec-
trons carrying off at most a small net transverse momentum.
They also found significant discrepancies between experi-
ment and two theoretical predictions, namely, the nCTMC
calculation@17# and calculations of Horbatch based on a so-
lution of the Vlasov equation@18#.

While the transverse momentum exchange between heavy
cores is closely tied to the impact parameter of the collision,
the longitudinal momentum transfer is more closely related
to the energy transfer or, in some cases, the operative
‘‘mechanism’’ in the collision. If no electrons are ejected into
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the continuum, as is the case for pure electron capture, there
is a one-to-one relationship between longitidunal momentum
transferDpz and the release of electronic energyQ in the
reaction. Several papers have reported the use of experimen-
tal determinations of longitudinal recoil momentum transfers
to measureQ values for electron capture@8,15,19–22#. In
addition, measurements ofDpz can be used to distinguish
collisions in which the recoil system acts as a unit from those
in which the recoil ion is merely a spectator@23,24#.

The complimentary measurement of the projectile longiti-
dunal momentum change, or energy loss, is quite difficult,
since it involves the daunting measurement of energy
changes of a few hundred eV out of a projectile energy of
several MeV. The experiments of Schuchet al. @25# and
Schoeneet al. @26# appear to be the only ones reported for
high-velocity collisions of interest here. These authors were
able to measure projectile energy losses up to several keV for
MeV Cl and F ions colliding with rare-gas targets and to
deduce that energy losses in the vicinity of 100–300 eV per
continuum electron were typical in such collisions. Angular
scattering distributions were also measured and good agree-
ment with nCTMC calculations were found in those cases
tested. These projectile energy-loss measurements are of di-
rect relevance to the interpretation of the present results,
since in principle both projectile and recoil momenta must be
measured in order to deduce unambiguously the missing
continuum electron momentum.

II. EXPERIMENTAL METHOD

In this experiment we have measured, event by event, all
three components of the recoil ion momentum, the two trans-
verse components of the projectile momentum and the final
charge states of both ions in 19-MeV F911Ne collisions.
For the purpose of discussion, the coordinate system for the
experiment is defined in Fig. 1. The ‘‘longitudinal’’ direction
is taken parallel to the beam, orz, direction and the trans-
verse direction is perpendicular to the beam, in thex-y plane.
The schematic diagram of the apparatus is also shown in Fig.
1. The projectile ions were supplied by the KSU EN tandem
Van de Graaff accelerator. F41 ions were accelerated to 19
MeV ~1 MeV/u! and then post stripped with a thin carbon
foil to obtain 1-MeV/u F91 ions. This beam was tightly col-
limated with four-jaw slits in order to produce a small cross-

section ~typically 0.230.2 mm2!, parallel beam. The F91

beam was magnetically charge-state analyzed immediately
before the target region in order to ensure high charge-state
purity. The gas jet target was an integral part of an assembly
called the ‘‘pusher.’’ The recoil ions created in the pusher
were extracted by a uniform electric field so that all recoil
ions, regardless of initial direction, struck a two-dimensional
position-sensitive detector. The projectile ions passed
through the pusher, were charge-state analyzed, and were
measured in coincidence with the recoil ions by another two-
dimensional position-sensitive detector located 520 cm
downstream. The detector used for the recoil ions was a 40-
mm-diam. microchannel plate detector with a resistive an-
ode. The projectile ion detector was either a 25-mm-diam. or
a 40- mm-diam. microchannel plate detector using a back-
gammon~wedge and strip! anode. The combination of the
pusher electric field, the projectile, and recoil detector posi-
tion information, and the recoil ion time of flight provided
the necessary information for the momentum reconstruction.

The projectile transverse momentum transfer was calcu-
lated from the position (XY) at which the projectile hit on
the downstream detector, using

Px5Mv~X2X0p!/L,

Py5Mv~Y2Y0p!/L, ~1!

whereM is the projectile ion mass,v the incoming beam
velocity, andX andY the coordinates at which the ion hit the
detector. The distance between the target and the projectile
detector isL andX0p Y0p correspond to the position of an
unscattered projectile on the detector. The recoil ion momen-
tum vector for each event was calculated from the known
position (y,z) of the ion on the recoil detector, the time of
flight ~TOF!, and a knowledge of the electric field in the
pusher. The three components of the recoil ion momenta are
given by

px5ma~ t2t0!, ~2!

py5m~y2y0r !/t0 , ~3!

pz5m~z2z0r !/t0 , ~4!

wheret is the measured TOF of the recoil ion,t0 is the TOF
of a recoil ion which had no initial velocity towards or away
from the detector, e.g., a recoil ion that was scattered verti-
cally in the collision,a is the ion acceleration in the pusher
region, andm is the recoil ion mass. The acceleration was
derived from the electric fieldE at the site of the collision in
the pusher and is given bya5qeE/m, wheree is the mag-
nitude of the electronic charge. The centersy0r andz0r were
taken to be the location at which Ne11 ions in coincidence
with F91 projectiles struck the detector. The parametert0
was taken to be the center of the time peak for each recoil
charge state.

The main contributors to the finite momentum resolution
for the recoil ions were the gas jet source size and thermal
motion, and the detector time and position resolutions. The
expected resolution function was calculated from the geom-
etry and thermal properties of the collimated jet. The major
contributor to the resolution function in they direction was

FIG. 1. Schematic of apparatus. Insert shows coordinate system
used for analysis.
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the thermal motion of that part of the gas jet traversed by a
projectile beam of finite size. In thez direction, the thermal
motion of the jet, and not the beam size, dominated the reso-
lution function. The thermal contribution topz was larger
because the beam creates recoil ions along a longer length in
the z direction than in they direction. In thex, or time,
direction, the momentum distribution of the target is that of a
collimated Maxwell-Boltzmann distribution flowing into a
solid angle given by the intersection of the beam and the jet.
A detailed model of the expected resolution from all sources
gave calculated resolution functions characterized by widths
Dpx , Dpy , andDpz of 6.0, 5.5, and 10.5 a.u., full width at
half maximum~FHWM!. ~We note the resolution function in
the x direction is not centered at zero; only the FWHM is
given here.! This result was checked experimentally using
Ne11 recoils in the F91→F91 channel, for which nCTMC
calculations predict such small momentum transfers that the
experimental results should be dominated by the resolution
functions. Folding of a three-dimensional Gaussian experi-
mental resolution function into the nCTMC results for this
channel gave a best overall fit to the experimental results for
this channel withDpx , Dpy , andDpz of 7.2, 7.2, and 12 a.u.
~FWHM!, respectively, close to the expected model results.
The experimental Gaussian resolution functions were used in
all further analysis of the data, as discussed below.

For the projectile ions, the experimental transverse mo-
mentum resolution is much worse than for the recoils and
was dominated by the detector resolution and the beam op-
tics. Using the Ne11, F91→F91 channel as an experimental
measurement of the projectile resolution function, we found
that a two-dimensional Gaussian resolution function with
DPx 5 DPy 5 16.5 a.u. gave a good fit to the data and this
function was used in all analyses. For reference purposes we
note that the initial momentum of a 1-MeV/amu F91 projec-
tile is 2.213105 a.u.

III. RESULTS AND DISCUSSION

A. General appearance of the distributions

The raw data could be displayed in several two-
dimensional slices, one of which is shown in Fig. 2, where a
plot of the recoil charge state is shown plotted versus thex
component of the projectile scattering angle for three final
projectile charge states. The figure is characterized by several
‘‘islands’’ of events, each of which corresponds to a unique
combination of recoil and projectile ion final charge states.
Different final recoil charge states are resolved in this two-

FIG. 2. Plots of recoil time of flight vs projectile position for
three different final projectile charge states.

FIG. 3. Density plots of the momentum distributions for F91

projectiles that have captured a single electron from Ne, for differ-
ent final Ne charge states. The left-hand figures show the projec-
tions into thex-y plane and are from the recoil momenta. The right-
hand figures show projections into theX-Y ~transverse! plane taken
from the projectile momenta; the transverse recoil momenta are
nearly identical, as discussed in the text.
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dimensional figure, while they would not be resolved in a
simple time-of-flight projection due to the ‘‘tilts’’ of the is-
lands. The tilt is caused by the difference in flight times for
recoils scattered towards and away from the recoil detector.
The projectiles associated with these recoils are scattered in
opposing directions in thex direction~time!. The extensions
to the right of the Ne31 and Ne41 islands are due to the
22Ne isotope. Events associated with a particular projectile
and recoil final charge state were isolated by placing a soft-
ware gate around the desired island and calculating, for each
event, the recoil momentum vector and the transverse pro-
jectile momentum transfer vector. Roughly, the more elec-
trons captured or ionized in the collision, the smaller the
impact parameter. The evolution of the islands as one pro-
ceeds from soft~large impact parameter, low recoil, and pro-
jectile charge change! to hard~small impact parameter, large
charge changing! collisions can be seen. The islands become
more elongated and tilted for harder collisions, due to the
larger scattering angles with respect to the beam direction.

The results of the momentum reconstruction process can
be seen in Figs. 3 and 4. Figure 3 shows transverse and
longitudinal momentum spectra for different recoil charge
states for single electron capture~and retention! by the pro-
jectile. For this figure the transverse momenta were taken
from the projectiles, although, as discussed below, the recoil
transverse momentum spectra are nearly identical. The na-
ture of the distributions evolves from nearly spherical for
Ne21 to very disklike for Ne71. The disk shape results from
the fact that the transverse momentum transfer for the harder
collisions greatly exceeds the longitudinal momentum trans-
fer. Figure 4 shows similar spectra for harder collisions in
which two electrons are captured by the projectile, display-
ing the disk structure but now with an absence of events in
the center, indicating that very small impact parameters are
required for double capture producing recoils as highly ion-
ized as Ne71.

B. Total ionization and capture cross sections

The relative ionization cross sections are proportional to
the ratios of the number of ions in each collision channel,
where the collision channel is defined as a specific postcol-

lision recoil-projectile charge state combination. In the
present work all recoil charge states were collected simulta-
neously with two of the projectile charge states, so that for a
given data run each partial ionization cross section was pro-
portional to the ratio of the number of counts within the
corresponding software gate. Although the simultaneous col-
lection of the data eliminated most potential systematic er-
rors, it was necessary to correct the data for double collisions
using a spectrum-subtraction procedure similar to that de-
scribed by Aliet al. @27#. To put the entire set of measure-
ments on an absolute scale, we made a separate absolute
measurement of the cross section for single capture, summed
over all recoil charge states. For this experiment, the pusher
was replaced with a gas cell of known length@28#. An abso-
lute measurement of the pressure in the cell was made using
a capacitance manometer. From the ratio of yields of F81

and F91 ions, we obtained a cross section

s985~7.3560.38!310217 cm2, ~5!

which was used to place all of our data on an absolute scale.
The resulting cross sections are approximately 0.72 times the
cross sections reported previously for this system by Gray
et al. @29#, a result consistent with the findings of Beet
al. @30#. Total cross sections are shown in Fig. 5, which also
shows the experimental values of Grayet al., multiplied by
0.72, and theoretical nCTMC results. The error bars are
based on experimental statistics, experimental background,
uncertainty in the length of the gas cell due to aperture ef-
fects, and quality of charge state separation. Overall consis-
tency with the normalized Grayet al. results is excellent,
except for the highest recoil final charge states associated
with double electron capture to the projectile, for which the
cross sections are the most difficult to measure. The agree-
ment of the nCTMC calculations with the experiment is good
except for a slight shift in absolute scale. For the double
capture collisions, the nCTMC calculation predicts a peak in
the cross sections at Ne51, while the experimentally derived
results show peaking at Ne71. The theoretical overestima-
tion of the double capture cross sections is probably due to
the neglect of autoionization of the doubly excited states
produced in the capture reaction.

FIG. 4. Density plots of the recoil momentum distributions for F91 projectiles that have captured two electrons and have left a Ne71

recoil. The left-hand figure shows the projection transverse to the beam direction, and the right-hand figure shows a projection in a plane
containing the beam direction.
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C. Transverse momentum distributions

1. Comparison of recoil and projectile transverse momentum
transfer

By comparing the projectile and recoil ion transverse mo-
mentum vectors, we can deduce the degree to which elec-
trons remove net transverse momentum from the system. If

the contribution to the net transverse momentum of the elec-
trons ionized to the continuum were negligible, we would
expect that the transverse momentum of the recoil ions
should be equal to and opposite that of the projectiles. We
have investigated this point both through event-by-event
comparisons of the momentum balance in individual colli-
sions and through comparisons of the overall transverse mo-
mentum transfer distributions for projectiles and recoils. Fig-
ure 6 shows plots of they components of recoil and
projectile momentum transfer, for which we have the best
overall resolution, for several representative collision sys-
tems. If recoil and projectile transverse momentum transfers
are equal and opposite, the data should lie on a straight line
with a slope of21. This is seen clearly to be the case for the
harder double capture collisions. That this is so for softer
collisions is less obvious in this presentation of the data,
because these plots are dominated by the experimental reso-
lution.

A more comprehensive comparison of the final projectile
and recoil transverse momentum distributions was performed
by plotting the differential cross sectionsds/dp' vs p' for
all available collision channels, shown in Fig. 7. Since the
momentum resolution in the transverse direction for the re-
coils is much better than that for the projectiles, the compari-
son is made after folding the recoil distributions with a
Gaussian resolution function with a FWHM of 16.5 a.u.~the
resolution of the projectile distributions!. This procedure is
rigorously correct only if the recoil resolution is completely
negligible, but is a good approximation here. The folding
procedure has a strong effect on the distributions only for the
lowest recoil charge states in the F91→F91 channel. The
resulting distributions are seen to be nearly identical, con-
firming again that, within the resolution of the experiment,
transverse momentum transfers of the two heavy partners
balance.

FIG. 5. Absolute cross sections for 1 MeV/u F91 on Ne. The
solid circles and open triangles are experimental and nCTMC
points, respectively, from the present work. The open squares are
from Grayet al. @29#, reduced by 0.72.

FIG. 6. Density plots of recoily momentum versus projectiley momentum for four representative collision systems.
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2. Comparison with nCTMC calculations

Since the recoil and projectile transverse momentum dis-
tributions were found to be nearly identical, we chose to
compare the recoil ion distributions, which have the better
experimental resolution, with the nCTMC theoretical distri-
butions. The comparison of the theoretical to the experimen-
tal was performed by folding the nCTMC results into the
experimental recoil resolution function. The comparison is
made in Fig. 8. Agreement between the shapes of the theo-
retical and experimental curves is good, although there is
somewhat less agreement between nCTMC and experiment
in absolute scales. Reasons for the small discrepancies are
not at hand, although it might be noted that the nCTMC
calculations do not include electron-electron interactions ex-
plicitly. The worst disagreement seems to occur for the hard-
est collisions, those involving double capture, for whichK
vacancy transfer might be playing an important role. A clas-
sical description of this process is probably not adequate.
The agreement between experiment and theory for soft col-
lisions seen here is much better than that seen by Lencinas
et al. @16#, who found experimental distributions that were
substantially broader in transverse momentum transfer than
the nCTMC results for a very similar collision system. The
resolution of the present experiment is somewhat better than
that possible with the cooled gas cell used by Lencinaset
al., and this may enable a better comparison between ex-
periment and theory for smallp' .

3. Recoil energies

Historically, it has been more common to discuss trans-
verse momentum distributions in terms of the energy distri-
butions of the recoils, and we include a presentation of our
data in these terms in order to facilitate comparisons and
connections to earlier data. The energy distributions the re-
coil ions produced in such highly ionizing collisions have
been a topic of discussion for many years, partly because of
the information these distributions provide about the primary
collision mechanism and partly because of the importance of
the energy spreads in determining the brightness and energy
resolution of secondary ion recoil sources@4#. Previous ex-
periments have measured only the transverse energy of the
recoils, but as we discuss further below and can be seen from
Figs. 3 and 4, this energy generally is the dominant contri-
bution. We present in Fig. 9 our transverse momentum dis-
tributions converted to recoil energy plots. We note that the
technique of collimating the gas jet and using only one-half
of the Maxwellian distribution results in an effective energy
resolution below thermal, down to 5 meV in this case. The
measured energies of the recoil ions range from 5 meV to 1
eV, where the lower number is due to the experimental reso-
lution. The data are compared with the nCTMC calculations,
folded into the experimental resolution functions. Rather
good overall agreement is seen, as would be expected from
the results of Fig. 8. This conclusion is similar to that
reached by Ullrichet al. @10#.

FIG. 7. Cross sections differential in scattering angle for the
recoil and projectile ions. The uppermost curve for zero, single, and
double capture is plotted on the absolute scale as labeled. For clarity
of presentation, each successive curve below these has been shifted
downward by an additional two decades. The experimental resolu-
tion function for the projectile ions has been folded into the recoil
ion spectra.

FIG. 8. Experimental cross sections differential in scattering
angle for the recoil momenta~solid lines!, compared to nCTMC
calculations~dashed lines!. The uppermost curve for zero, single,
and double capture is plotted on the absolute scale as labeled. For
clarity of presentation, each successive curve below these has been
shifted downward by an additional two decades. The theoretical
results have been folded into the experimental recoil resolution
function.
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D. Recoil longitudinal momentum distributions

The centroids of the longitudinal momentum distributions
from this work have been reported previously in Ref.@31#.
For completeness, we include here the fullpz distributions,
and offer an additional model interpretation of earlier data
that has not been previously presented. A set of thez mo-
mentum spectra for the ionization, single capture, and double
capture collision channels is shown in Fig. 10. The widths of
the peaks are dominated in nearly all cases by the experimen-
tal resolution in thepz direction of 10 a.u. The vertical lines
indicate wherepz50 and the beam direction runs from left to
right. Backward scattering can clearly be seen in this figure
for collisions in which electrons are captured by the projec-
tile. The centroids inpz deduced from these data are shown
in Fig. 11 and are seen to never exceed 8 a.u., much smaller
than the transverse momentum transfer for all collision chan-
nels. The application of energy and momentum conservation
for a two-body collision for small scattering angles leads to
the result@32# that

pz52Q/v2nmv/22pze, ~6!

whereQ is the increase of electronic binding energy in the
collision ~positive for exoergic collisions!, n is the number of
electrons transferred from the target to the projectile,m is the
electron mass, andpze is the net longitudinal momentum
carried by all final continuum electrons, measured in the tar-
get rest frame. Although the collisions studied here are far
from two body in nature, the above expression nevertheless
remains useful in discussing certain aspects of our data. In
particular, the effect of thenmv/2 term is seen clearly when
one compares thepz centroids for cases in which no capture
occurs with those for which one to three electrons are cap-
tured. The nCTMC calculations also shown in Fig. 11 are in
agreement with the data on this point.

Schuchet al. @25# and Scho¨ne et al. @26# have previ-
ously shown that the projectile in similar collisions~C61 on
Ne at 10 MeV/u! can be expected to lose up to 1.5 keV in a
collision that creates a Ne61 recoil and captures no elec-

trons. Such an energy loss by the projectile implies that the
projectile would lose 8.75 a.u. ofPz and thus either the recoil
ion or the continuum electrons or both must travel forward
with this momentum after the collision. Our data for F91 to
F91 show clearly that this momentum is nearly entirely car-
ried by the continuum electrons, not by the recoil ion. This
result is qualitatively in agreement with the recent results of
Moshammeret al. for Ni 241 on He @33# and of Dörner et
al. @12# for p on He and shows that direct ionization events
generally impart little londitudinal momentum to the recoil.
Indeed, in both of the He target cases, the He recoils were
found to recoil slightly backward rather than forward. On the
scale of theQ/v of the present experiments, the recoil is left
nearly at rest in an ionization dominated collision.

The only substantive disagreement between nCTMC cal-
culations and the data lies in the recoil charge state depen-
dence of thepz centroid for a fixed number of electrons
transferred. The data show that the higher the recoil charge
state, the less backward the recoil is thrown, while the
nCTMC calculation shows the opposite trend. No complete
explanation of this disagreement is at hand, but we offer
some observations on this point. First, the nCTMC calcula-
tions do not include the rearrangement effects due to Auger
decays of either projectile or target ion. Especially for the
close collisions it is to be expected thatK to K vacancy
transfer@34# will play an important role, leavingK vacancies
often in the target. The Auger rearrangements following such
a process will increase the charge of the measured recoil
relative to that predicted by the nCTMC calculation pre-
sented in Fig. 11 and will thus tend to wash out the increas-
ingly backward kicks predicted by the calculation. Quantita-
tive evaluation of the size of this effect is difficult. Second,
we note that the increase with recoil charge state ofpz fol-
lows closely the increase inQ/v that would result if the
electrons captured were the ‘‘last ones’’~i.e., most tightly
bound on the Ne ion!. For example, the increase inQ/v for
single electron capture in going from Ne11 to Ne21 would
be the difference between the ionization potential of Ne11

FIG. 9. Average~transverse! recoil ion energies for all collision channels~open circles!, compared with the nCTMC predictions~solid
lines!. The latter are folded into the experimental resolution.
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~1.5 a.u.! and that of neutral neon~0.79 a.u.!, divided by the
beam velocity of 6.35 a.u. This calculation presumes that the
state~s! into which the electron is captured does not change.
In Fig. 11 we have plotted this trend ofQ/v versus recoil
charge state for each capture channel, arbitrarily setting this
term equal to zero for the pure capture recoil charge state for
each final projectile charge state. Roughly, this amounts to
assuming that the electrons lost to the continuum do not
affect the recoil momentum directly at all, a conjecture sup-

ported by the absence of any recoilPz for the F91→F91

case, and that the binding energy of the final capture state
does not vary with recoil charge state. The trend ofQ/v from
this model is seen to follow the data rather closely, suggest-
ing that the reason for the decreasingly backward-thrown re-
coils for higher recoil charge state is due to the requirement
that the projectile must dig increasingly deeper on the target
in order to obtain the captured electrons. This interpretation
does not explain the discrepancy with the nCTMC results,

FIG. 10. Recoilpz ~longitidunal! distributions for zero-, one-, and two-electron capture. The vertical lines at channel 50 indicate the
positions ofpz50 and the calibration is 0.5 a.u. per channel.
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however, since this effect is included in the dynamics of the
nCTMC calculation.

IV. CONCLUSIONS AND SUMMARY

For the collision system F19 on Ne, we have measured,
for each final channel identified by projectile and recoil
charge state, the full momentum vector of the recoil ion and
the transverse momentum vector of the recoil. The recoil
momentum distributions evolve from quasispherical~lying
within the experimental resolution! for soft collisions char-
acterized by small recoil charge to disk-shaped for hard col-
lisions producing high recoil charge states. The recoil trans-
verse momentum transfers are found to substantially exceed
the longitudinal momentum tranfers in general. The trans-
verse momentum imparted to the projectile is found to be
nearly balanced, within an experimental resolution of a few
a.u., by an opposite transverse momentum given to the recoil
ion. Thus the net mean momentum carried away by up to six
continuum electrons is seen to be much smaller than that
imparted to the heavy-ion cores in such collisions. The ab-
sence of any essential role played by transverse momentum
imparted to the continuum electrons is in disagreement with
the results of Gonzalezet al. @35#. It is in contrast to the
established result for the much lighter system ofp1He,
studied by Doerneret al., for which there is a substantial
mismatch of transverse momenta between projectile and re-
coil. We note that the momentum scale subjected to experi-
mental scrutiny here is limited by the experimental resolu-
tion ~7 a.u.! and that imbalances on a scale smaller than this
cannot be seen in the present data. The projectile energy loss
results for C61 on Ne indicate mean continuum electron

energies of order 200 eV, or about 4 a.u. of momentum per
electron. That the mean vector momentum of several elec-
trons ejected with such a momentum should not exceed our
experimental resolution is perhaps not surprising, but also
not a priori certain. The transverse momentum distributions
are generally in good agreement with the nCTMC predic-
tions, except for the very highest recoil charge states. The
longitudinal recoil momentum is found to be small, below 2
a.u. for the direct ionization F91→F91 channel, for all recoil
charge states. When coupled with the knowledge that the
projectile loses considerable energy in the collision, this re-
sult implies that the continuum electrons carry away most of
the longitudinal momentum lost by the projectile in the col-
lision. For the capture channels, the backward shift due to
thenmv/2 term in Eq.~3! is clearly seen for low charge state
recoils, and good agreement with the nCTMC calculation is
seen. The higher charged recoils are thrown more forward
than is predicted by the nCTMC calculation. Some specula-
tion is offered that this may be due to the necessity of re-
moving increasingly tightly bound electrons from the target
in order to attain a highly charged recoil in coincidence with
capture. However, the discrepancy with the nCTMC calcula-
tion remains.
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FIG. 11. Mean values ofpz as a function of recoil charge state for all collision systems. The filled circles are the experimental data and
the solid lines the nCTMC results. The dashed lines show the variation with recoil charge state which would be expected if only the changing
binding energy of the ‘‘last’’ captured electrons were taken into account~see the text!.
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