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Measurements of recoil and projectile momentum distributions for 19-MeV F°* + Ne collisions
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The collision system of 19-MeV ¥ 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 numbd(s): 34.50.Fa

[. INTRODUCTION Numerous measurements of the momenta or energies of
the recoil ions produced in similar violent ion-atom encoun-

The passage of fast charged particles through matter ogers at MeV energies have been carried out in recent years
curs in a wide range of situations such as ion implantation4—10]. Ullrich et al. measured the transverse energies of

[1], radiation therapy2], and heavy-ion pumped fusidB].  the recoil ions for fast 3" on Ne and Ar[7] and found

For such applications, it is common to characterize the ionfecoil energies ranging from thermal to several eV, depend-

matter interactions in terms of ranges, stopping powers, anithg on the recoil charge state. The results were found to be in

angular scattering distributions. Such parameters describe tlgwod agreement with nCTMC calculations, one of only two
mean behavior of the collisions averaged over many collitheoretical approaches that has had significant success in
sions. In recent years considerable emphasis has beelealing with such complex collisions. Levat al. [5,6] used
brought to bear on understanding the individual binary ion-a time-of-flight technique to determine mean recoil energies
atom encounters that ultimately determine the above averager Cl and F projectiles on rare-gas targets for selected pairs
quantities. In this paper we examine the exchange of energyf final recoil and projectile charges and were able to deduce
and momentum in the collision of 1-MeV/amW@’F on Ne.  characteristic impact parameters for the collisions and to

Such a collision is typically a violent one, removing many demonstrate the importance of screening in the effective

electrons from the target, some of which may be captured bprojectile-recoil potential. Additional total measurements

the originally bare projectile. The final states are sufficientlywere made by Grandiat al. [11]. The use of cooled targets
complex as to defy a complete experimental determinatiorby Ullrich et al. significantly improved the resolution pos-
and comprehensive electron spectroscopy on the outgoimgjble in recoil ion momentum spectroscqj8y10,12—14 and
electrons is nearly impossible. In this paper, we use measuré&as been used to study both He and heavier targets. Further
ments of the projectile and recoil momenta, and the chargeechnical advancement by that group to the use of supersoni-
states of these products, to experimentally isolate the finatally cooled He targets has now allowed very high-resolution
states and to deduce information on both transverse and lomomplete recoil momentum spectroscopy to be carried out
gitudinal momentum transfer to the heavy-ion cores. Such af9,15 and numerous studies of electron capture and ioniza-
approach provides some of the same information that ongon have been carried oufor a review, see Ullrichet al.
could deduce from a complete electron momentum spectro$9]). Of particular relevance to the present work is the recent
copy, but without the detection of the many individual con-study of the transverse recoil energies for 10-Me¥" Fon
tinuum electrons. Instead, such heavy particle momenturile carried out by Lencinast al. [16]. These authors found
spectroscopy provides, for each event, the equivalent of théhat the transverse momentum exchange was nearly entirely
average tranverse continuum electron momentum and lessetween projectile and recoil cores, with the continuum elec-
complete information on the longitidunal momentum of thetrons carrying off at most a small net transverse momentum.
electrons. 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-

*Physics Department, Western lllinois University, Macomb, IL lution of the Vlasov equatiofil8].

61455. While the transverse momentum exchange between heavy
TPhysics Department, University of Toledo, Toledo, OH 43606. cores is closely tied to the impact parameter of the collision,
*Physics Department, University of Nevada at Reno, Reno, N\the longitudinal momentum transfer is more closely related

89557. to the energy transfer or, in some cases, the operative
3340 Winter Park Drive No. 256, Sacramento, CA 95834. “mechanism” in the collision. If no electrons are ejected into
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section (typically 0.2x0.2 mnf), parallel beam. The ¥

y beam was magnetically charge-state analyzed immediately
@\[/z@ before the target region in order to ensure high charge-state
Sl purity. The gas jet target was an integral part of an assembly

Beam Jet Ti“é‘:;;’;ﬁ::bg called the “pusher.” The recoil ions created in the pusher

Recoil |_| were extracted by _a_qnlfo_rm e_Iectnc field so tha_t all r_ec0|l

Detector | | ions, regardless of initial direction, struck a two-dimensional
Drift Stop  Start position-sensitive detector. The projectile ions passed
Space > /- Pusher Projectile through the pusher, were charge-state analyzed, and were

Beams == Detector measured in coincidence with the recoil ions by another two-
(z axis) ¥ N dimensional position-sensitive detector located 520 cm
Gas Jet Dipole downstream. The detector used for the recoil ions was a 40-
(x axis) Magnet 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-
r§'amm0n(wedge and stripanode. The combination of the
pusher electric field, the projectile, and recoil detector posi-
. : tion information, and the recoil ion time of flight provided
the continuum, as is the case for pure electron capture, the{ﬁ . . )
. : . = e necessary information for the momentum reconstruction.
is a one-to-one relationship between longitidunal momentum N

The projectile transverse momentum transfer was calcu-

transferApZ and the release of electronic ener@yin the. lated from the position XY) at which the projectile hit on
reaction. Several papers have reported the use of experimej)- .
he downstream detector, using

tal determinations of longitudinal recoil momentum transfers
to measureQ values for electron captures,15,19-22. In
addition, measurements dfp, 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 spectai@3,24.

The complimentary measurement of the projectile longiti-where M is the projectile ion mass; the incoming beam
dunal momentum change, or energy loss, is quite difficultyelocity, andX andY the coordinates at which the ion hit the
since it involves the daunting measurement of energyletector. The distance between the target and the projectile
changes of a few hundred eV out of a projectile energy otletector isL and X, Y, correspond to the position of an
several MeV. The experiments of Schuehal. [25] and  unscattered projectile on the detector. The recoil ion momen-
Schoeneet al. [26] appear to be the only ones reported fortum vector for each event was calculated from the known
high-velocity collisions of interest here. These authors wereosition (y,z) of the ion on the recoil detector, the time of
able to measure projectile energy losses up to several keV fdlight (TOF), and a knowledge of the electric field in the
MeV Cl and F ions colliding with rare-gas targets and topusher. The three components of the recoil ion momenta are
deduce that energy losses in the vicinity of 100-300 eV pegiven by
continuum electron were typical in such collisions. Angular

FIG. 1. Schematic of apparatus. Insert shows coordinate syste
used for analysis.

P,=Muv(X—Xgp)/L,

P,=Mu(Y—=Ygp)/L, 1

scattering distributions were also measured and good agree- Px=ma(t—tg), (]
ment with nCTMC calculations were found in those cases
tested. These projectile energy-loss measurements are of di- Py=m(y—Yor)/to, 3
rect relevance to the interpretation of the present results,
since in principle both projectile and recoil momenta must be P,=mM(Z—2zy) /o, 4

measured in order to deduce unambiguously the missing ] o
continuum electron momentum. wheret is the measured TOF of the recoil idp,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
In this experiment we have measured, event by event, allegion, andm is the recoil ion mass. The acceleration was
three components of the recoil ion momentum, the two transderived from the electric fiel& at the site of the collision in
verse components of the projectile momentum and the finaghe pusher and is given kyy=qgeE/m, wheree is the mag-
charge states of both ions in 19-Me\VPF+ Ne collisions.  nitude of the electronic charge. The centggsandz, were
For the purpose of discussion, the coordinate system for thimken to be the location at which Ké ions in coincidence
experiment is defined in Fig. 1. The “longitudinal” direction with F°* projectiles struck the detector. The parameter
is taken parallel to the beam, ar direction and the trans- was taken to be the center of the time peak for each recoil
verse direction is perpendicular to the beam, intheplane. charge state.
The schematic diagram of the apparatus is also shown in Fig. The main contributors to the finite momentum resolution
1. The projectile ions were supplied by the KSU EN tandentor the recoil ions were the gas jet source size and thermal
Van de Graaff accelerator.’f ions were accelerated to 19 motion, and the detector time and position resolutions. The
MeV (1 MeV/u) and then post stripped with a thin carbon expected resolution function was calculated from the geom-
foil to obtain 1-MeV/u P ions. This beam was tightly col- etry and thermal properties of the collimated jet. The major
limated with four-jaw slits in order to produce a small cross-contributor to the resolution function in thedirection was

Il. EXPERIMENTAL METHOD



53 MEASUREMENTS OF RECOIL AND PROJECTILE MOMENTUM 2409

A or o+ Recoils Projectiles

! F —F

-g No Capture Ne?* yL Ne?* y

3

@ N

3

%‘ Ne8+ S+ 4+ 3+

&

\lv‘ Ne* Ne*
9+ 8+

0 F -F

% Single Capture

g

%

2]

n

] 6+ 6+

% Ne Ne'

2

£

. Ne7+ 6+ S+ 4+ 3+

A 9+ 7+

) F -F

3 Double Capture

N Ne™* Ne'*

%

]

©

i

[

&

1 8+ 7+ 6+ 5+ 4 +

v | Ne + 3

Receil Ion Time-of-Flight ~>
FIG. 3. Density plots of the momentum distributions fot'F

o . o . projectiles that have captured a single electron from Ne, for differ-

FIG. 2. Plots of recoil time of flight vs projectile position for o fina| Ne charge states. The left-hand figures show the projec-

three different final projectile charge states. tions into thex-y plane and are from the recoil momenta. The right-
hand figures show projections into theY (transversgplane taken

the thermal motion of that part of the gas jet traversed by drom the projectile momenta; the transverse recoil momenta are
projectile beam of finite size. In thedirection, the thermal nearly identical, as discussed in the text.
motion of the jet, and not the beam size, dominated the reso-
lution function. The thermal contribution tp, was larger For the projectile ions, the experimental transverse mo-
because the beam creates recoil ions along a longer length ihentum resolution is much worse than for the recoils and
the z direction than in they direction. In thex, or time, —was dominated by the detector resolution and the beam op-
direction, the momentum distribution of the target is that of atics. Using the Né*, F®* —F?* channel as an experimental
collimated Maxwell-Boltzmann distribution flowing into a measurement of the projectile resolution function, we found
solid angle given by the intersection of the beam and the jethat a two-dimensional Gaussian resolution function with
A detailed model of the expected resolution from all sourcesA Py = AP, = 16.5 a.u. gave a good fit to the data and this
gave calculated resolution functions characterized by width&inction was used in all analyses. For reference purposes we
Apy, Ap,, andAp, of 6.0, 5.5, and 10.5 a.u., full width at note that the initial momentum of a 1-MeV/amd Fprojec-
half maximum(FHWM). (We note the resolution function in tile is 2.21x10° a.u.
the x direction is not centered at zero; only the FWHM is
given here. This result was checked experimentally using lll. RESULTS AND DISCUSSION
Nel* recoils in the B*—F°" channel, for which nCTMC
calculations predict such small momentum transfers that the
experimental results should be dominated by the resolution The raw data could be displayed in several two-
functions. Folding of a three-dimensional Gaussian experidimensional slices, one of which is shown in Fig. 2, where a
mental resolution function into the nCTMC results for this plot of the recoil charge state is shown plotted versusxthe
channel gave a best overall fit to the experimental results focomponent of the projectile scattering angle for three final
this channel withAp, , Apy, andAp, of 7.2, 7.2, and 12 a.u. projectile charge states. The figure is characterized by several
(FWHM), respectively, close to the expected model results'islands” of events, each of which corresponds to a unique
The experimental Gaussian resolution functions were used ieombination of recoil and projectile ion final charge states.
all further analysis of the data, as discussed below. Different final recoil charge states are resolved in this two-

A. General appearance of the distributions
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FIG. 4. Density plots of the recoil momentum distributions féf Forojectiles that have captured two electrons and have left @ Ne
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.

dimensional figure, while they would not be resolved in alision recoil-projectile charge state combination. In the
simple time-of-flight projection due to the “tilts” of the is- present work all recoil charge states were collected simulta-
lands. The tilt is caused by the difference in flight times forneously with two of the projectile charge states, so that for a
recoils scattered towards and away from the recoil detectogiven data run each partial ionization cross section was pro-
The projectiles associated with these recoils are scattered portional to the ratio of the number of counts within the
opposing directions in the direction(time). The extensions corresponding software gate. Although the simultaneous col-
to the right of the Né" and Né&" islands are due to the lection of the data eliminated most potential systematic er-
22Ne isotope. Events associated with a particular projectilgors, it was necessary to correct the data for double collisions
and recaoil final charge state were isolated by placing a softusing a spectrum-subtraction procedure similar to that de-
ware gate around the desired island and calculating, for eacdcribed by Aliet al. [27]. To put the entire set of measure-
event, the recoil momentum vector and the transverse pranents on an absolute scale, we made a separate absolute
jectile momentum transfer vector. Roughly, the more elecimeasurement of the cross section for single capture, summed
trons captured or ionized in the collision, the smaller theover all recoil charge states. For this experiment, the pusher
impact parameter. The evolution of the islands as one prowas replaced with a gas cell of known len¢#8]. An abso-
ceeds from softlarge impact parameter, low recoil, and pro- lute measurement of the pressure in the cell was made using
jectile charge changeo hard(small impact parameter, large a capacitance manometer. From the ratio of yields &f F
charge changingcollisions can be seen. The islands becomeand F°* ions, we obtained a cross section

more elongated and tilted for harder collisions, due to the

larger scattering angles with respect to the beam direction. 095=(7.35+0.39 x 10" " cn?, 5)

The results of the momentum reconstruction process can
be seen in Figs. 3 and 4. Figure 3 shows transverse a
longitudinal momentum spectra for different recoil charge
states for single electron captui@nd retentionp by the pro-
jectile. For this figure the transverse momenta were take
from the projectiles, although, as discussed below, the reco
transverse momentum spectra are nearly identical. The n
ture of the distributions evolves from nearly spherical for
Ne?" to very disklike for Né*. The disk shape results from
the fact that the transverse momentum transfer for the hard . . .

fects, and quality of charge state separation. Overall consis-

collisions greatly exceeds the longitudinal momentum transt ith th lized Gragt al Its i lent

fer. Figure 4 shows similar spectra for harder collisions in ency wi € normalized %>ragt al. results 1s excetlent,

which two electrons are captured by the projectile display—e).(cept for the highest recoil final Chafge states as_souated
' ith double electron capture to the projectile, for which the

ing the disk structure but now with an absence of events i . -
ross sections are the most difficult to measure. The agree-

the center, indicating that very small impact parameters aré . ; ) :
9 Y pact P ment of the nCTMC calculations with the experiment is good

ir;:géj|;esdl\}‘gr+.c;|ouble capture producing recoils as highly ion except for g_slight shift in absolute s'cale. qu the doub!e
capture collisions, the nCTMC calculation predicts a peak in
the cross sections at N&, while the experimentally derived
results show peaking at Né. The theoretical overestima-
The relative ionization cross sections are proportional tdion of the double capture cross sections is probably due to
the ratios of the number of ions in each collision channelthe neglect of autoionization of the doubly excited states

where the collision channel is defined as a specific postcolproduced in the capture reaction.

hich was used to place all of our data on an absolute scale.
e resulting cross sections are approximately 0.72 times the
cross sections reported previously for this system by Gray
t al. [29], a result consistent with the findings of B

[. [30]. Total cross sections are shown in Fig. 5, which also
hows the experimental values of Gralyal., multiplied by

.72, and theoretical nCTMC results. The error bars are
based on experimental statistics, experimental background,
certainty in the length of the gas cell due to aperture ef-

B. Total ionization and capture cross sections
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FIG. 5. Absolute cross sections for 1 MeMF°™ on Ne. The
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C. Transverse momentum distributions

1. Comparison of recoil and projectile transverse momentum

transfer

2411

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 of— 1. 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 sectiodsr/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-

resolution of the projectile distributionsThis 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 F~F°* channel. The
resulting distributions are seen to be nearly identical, con-

By comparing the projectile and recoil ion transverse mo<irming again that, within the resolution of the experiment,
mentum vectors, we can deduce the degree to which eletransverse momentum transfers of the two heavy partners
trons remove net transverse momentum from the system. lalance.
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FIG. 6. Density plots of recoiy momentum versus projectile momentum for four representative collision systems.
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FIG. 8. Experimental cross sections differential in scattering
FIG. 7. Cross sections differential in scattering angle for theangle for the recoil momentésolid lines, compared to nCTMC

. T - alculations(dashed lings The uppermost curve for zero, single,
recoil and projectile ions. The uppermost curve for zero, single, ang ( s PP g

) .?nd double capture is plotted on the absolute scale as labeled. For
double capture is plotted on the absolute scale as labeled. For clarlc\f . - .
8r|ty of presentation, each successive curve below these has been

of presentation, each_syccesswe curve below these h as been Sh'ﬂsenlfted downward by an additional two decades. The theoretical
downward by an additional two decades. The experimental resolu- : . . .
. : T . .results have been folded into the experimental recoil resolution
tion function for the projectile ions has been folded into the recoil

. function.
ion spectra.

2. Comparison with nCTMC calculations 3. Recoll energies

. . I . Historically, it has been more common to discuss trans-
Since the recoil and projectile transverse momentum dis- ST . S
verse momentum distributions in terms of the energy distri-

tributions were found to be nearly identical, we chose to,_ . . . .
o L . butions of the recoils, and we include a presentation of our
compare the recoil ion distributions, which have the better

experimental resolution, with the nCTMC theoretical distri—data in these terms in order to facilitate comparisons and

butions. The comparison of the theoretical to the experimen(-x)rmectIons to earlier data. The energy distributions the re-

tal was performed by folding the nCTMC results into the coil ions p_roducgd n S.UCh highly ionizing collisions have
: . ) : . . been a topic of discussion for many years, partly because of
experimental recoil resolution function. The comparison is

made in Fig. 8. Agreement between the shapes of the theg-]e information these distributions provide about the primary

retical and experimental curves is good, although there icoII|3|0n mechanism and partly because of the importance of

somewhat less agreement between nCTMC and experimen € energy spreads in determining the brightness and energy

) . : resolution of secondary ion recoil sourded. Previous ex-
in absolute scales. Reasons for the small discrepancies aré y deg

not at hand, although it might be noted that the nCTMCperiments have measured only the transverse energy of the

. . . . recoils, but as we discuss further below and can be seen from
calculations do not include electron-electron interactions ex-

plicitly. The worst disagreement seems to occur for the hard'—:'gs' 8 and 4, this energy generally is the dominant contri-

est collisions, those involving double capture, for whi¢h bP“OT‘- We present in Fig. 9 our transverse momentum dis-
vacancy transfer might be playing an important role. A C|as_tr|but|pns conver.ted t.o recoil energy plots. .We note that the
sical description of this process is probably not adequatet_eChr“qUe of C(?“lmé}tln_g th'e gas jet apd using oqu one-half
The agreement between experiment and theory for soft copf the l_\/laxwelhan distribution results in an _effe(_:tlve energy
lisions seen here is much better than that seen by LencindgSolution below thermal, down to 5 meV in this case. The
et al. [16], who found experimental distributions that were measured energies of the recoil ions range from 5 meV to 1
substantially broader in transverse momentum transfer thaV, where the lower number is due to the experimental reso-
the nCTMC results for a very similar collision system. The lution. The data are compared with the nCTMC calculations,
resolution of the present experiment is somewhat better thaiolded into the experimental resolution functions. Rather
that possible with the cooled gas cell used by Lenciefs good overall agreement is seen, as would be expected from
al., and this may enable a better comparison between exhe results of Fig. 8. This conclusion is similar to that
periment and theory for smafl, . reached by Ullrichet al. [10].
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FIG. 9. Averagetransversgrecoil ion energies for all collision channelgpen circley compared with the nCTMC predictiorisolid
lines). The latter are folded into the experimental resolution.

D. Recoil longitudinal momentum distributions trons. Such an energy loss by the projectile implies that the
The centroids of the longitudinal momentum distributionsProjectile would lose 8.75 a.u. 6f, and thus either the recoil
from this work have been reported previously in R@1].  ion or the continuum electrons or both must travel forward

For Comp|etenessy we include here the M]distributionS, with this momentum after the collision. Our data fO?-*FtO

and offer an additional model interpretation of earlier dataF°" show clearly that this momentum is nearly entirely car-
that has not been previously presented. A set ofztmo-  ried by the continuum electrons, not by the recoil ion. This
mentum spectra for the ionization, single capture, and doubleesult is qualitatively in agreement with the recent results of
capture collision channels is shown in Fig. 10. The widths oMoshammeret al. for Ni?*" on He[33] and of Doner et

the peaks are dominated in nearly all cases by the experimead. [12] for p on He and shows that direct ionization events
tal resolution in thep, direction of 10 a.u. The vertical lines generally impart little londitudinal momentum to the recoil.
indicate whergp,=0 and the beam direction runs from left to Indeed, in both of the He target cases, the He recoils were
right. Backward scattering can clearly be seen in this figurdound to recoil slightly backward rather than forward. On the
for collisions in which electrons are captured by the projecscale of theQ/v of the present experiments, the recoil is left
tile. The centroids irp, deduced from these data are shownpearly at rest in an ionization dominated collision.

in Fig. 11 and are seen to never exceed 8 a.u., much smaller The only substantive disagreement between nCTMC cal-
than the tranS\_/ers_e momentum transfer for all collision Ch?m(':ulations and the data lies in the recoil charge state depen-
nels. The application of energy and momentum conservatiogance of thep, centroid for a fixed number of electrons

Iﬁrea:;;‘l’ﬁ{{g%%h;?”'s'on for small scattering angles leads ©ransferred. The data show that the higher the recoil charge
state, the less backward the recoil is thrown, while the
p,= —Qlv —Nuv/2—Pye, (6) NCTMC calculation shows the opposite trend. No complete
explanation of this disagreement is at hand, but we offer
whereQ is the increase of electronic binding energy in thesome observations on this point. First, the nCTMC calcula-
collision (positive for exoergic collisionsn is the number of  tions do not include the rearrangement effects due to Auger
electrons transferred from the target to the projectilés the  decays of either projectile or target ion. Especially for the
electron mass, an@,. is the net longitudinal momentum close collisions it is to be expected thigt to K vacancy
carried by all final continuum electrons, measured in the tartransfer{ 34] will play an important role, leaving vacancies
get rest frame. Although the collisions studied here are faoften in the target. The Auger rearrangements following such
from two body in nature, the above expression nevertheless process will increase the charge of the measured recoil
remains useful in discussing certain aspects of our data. Irelative to that predicted by the nCTMC calculation pre-
particular, the effect of theuv/2 term is seen clearly when sented in Fig. 11 and will thus tend to wash out the increas-
one compares thp, centroids for cases in which no capture ingly backward kicks predicted by the calculation. Quantita-
occurs with those for which one to three electrons are captive evaluation of the size of this effect is difficult. Second,
tured. The nCTMC calculations also shown in Fig. 11 are inwe note that the increase with recoil charge statg,ofol-
agreement with the data on this point. lows closely the increase i@/v that would result if the
Schuchet al. [25] and Schae et al. [26] have previ- electrons captured were the “last onef’e., most tightly
ously shown that the projectile in similar collisiof8®* on  bound on the Ne ion For example, the increase @/v for
Ne at 10 MeV/) can be expected to lose up to 1.5 keV in asingle electron capture in going from Ne to Ne?* would
collision that creates a Né recoil and captures no elec- be the difference between the ionization potential of- Ne



2414 FROHNE, CHENG, ALI, RAPHAELIAN, COCKE, AND OLSON 53

P+ F*
20000 ol i 1 1 1
- Nel+
Ay
/\ + 8+
o T T T T T Fg —F
0 20 40 60 80 100
5000 ! L 1 ) I 100 - ] 1 ) 1 ]
2+ Ne**
Ne /\ ] ,/J)‘!JW\\\-“ |
o T T T T f ot T L T T 1
Q 20 40 80 80 100 o 20 40 80 80 100
1] 2000 1 byt 1 i 1000 ! ] 1 1 !
ol
g Ne3+ Ne}+
) + T+
o T T Y T |’ o f T Y T T F9 - F
] 20 40 60 80 100 [+] 20 40 8o 80 100 -
1000 ] 1 1 1 I 1000 - 1 1 1 1 ] © - 1 1 I ) 1
+
Ne** Ne™ Ne
7)) 20~ o
L3, X At o]
Yy T T T T T~ & 0O T T T T T Y T T T T T
0 20 40 60 80 100 O V] ) 20 40 80 80 100 0 20 40 60 80 100
400 I ] : 1 1 ] 100 1 i 1 1 ] 100 ) 1 1 I ]
5 !
Ne™ ; Nes+ Ne™*
200 . - 200+ of
o H e
v T T N T T v T 1 1 1 v L1 1 T T [
0 20 40 80 ao 100 1] 20 40 60 80 100 0 20 40 80 80 100
200 1 ] ! i 1 100 i 1 I ] 1
Channels Net* _ Net* -
0
@ .
o T T T T O ° T T T < ; T
0 20 40 80 80 100 o] 20 40 80 80 100
1 ] ] ! i ! 1 ! ] :
200 100
Ne7+ Ne7+ HN\L\\A
o "IJMTINIK 0= T T T T T
[+] 20 40 60 80 100 Q 20 40 80 80 100
100 L ! ) 1 )
8+
Channels Ne
[ W%M 1
0 20 40 60 A 100

Channels

FIG. 10. Recoilp, (longitiduna) distributions for zero-, one-, and two-electron capture. The vertical lines at channel 50 indicate the
positions ofp,=0 and the calibration is 0.5 a.u. per channel.

(1.5 a.u) and that of neutral neof®.79 a.u), divided by the  ported by the absence of any recé) for the FP*—F°"

beam Velocity of 6.35 a.u. Th|S Calculation presumes tha.t th@ase7 and that the b|nd|ng energy Of the final Capture state
statés) into which the electron is captured does not changegoes not vary with recoil charge state. The tren@é§ from

In Fig. 11 we have plotted this trend @}/v versus recoil this model is seen to follow the data rather closely, suggest-
charge state for each capture channel, arbitrarily setting thigg that the reason for the decreasingly backward-thrown re-
term equal to zero for the pure capture recoil charge state fagoils for higher recoil charge state is due to the requirement
each final projectile charge state. Roughly, this amounts tthat the projectile must dig increasingly deeper on the target
assuming that the electrons lost to the continuum do noin order to obtain the captured electrons. This interpretation
affect the recoil momentum directly at all, a conjecture sup-does not explain the discrepancy with the nCTMC results,
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FIG. 11. Mean values gb, 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 acc(sed the text

however, since this effect is included in the dynamics of theenergies of order 200 eV, or about 4 a.u. of momentum per

NnCTMC calculation. electron. That the mean vector momentum of several elec-
trons ejected with such a momentum should not exceed our
IV. CONCLUSIONS AND SUMMARY experimental resolution is perhaps not surprising, but also

not a priori certain. The transverse momentum distributions

For the collision system F° on Ne, we have measured, are generally in good agreement with the nCTMC predic-
for each final channel identified by projectile and recoiltions, except for the very highest recoil charge states. The
charge state, the full momentum vector of the recoil ion andongitudinal recoil momentum is found to be small, below 2
the transverse momentum vector of the recoil. The recoih . for the direct ionization  — F°* channel, for all recoil
momentum distributions evolve from quasispheridging  charge states. When coupled with the knowledge that the
within the experimental resolutigrfor soft collisions char-  projectile loses considerable energy in the collision, this re-
acterized by small recoil charge to disk-shaped for hard colsyt implies that the continuum electrons carry away most of
lisions prOdUCing hlgh recoil Charge states. The recoil tranSthe |Ongitudina| momentum lost by the project“e in the col-
verse momentum transfers are found to substantially exceagion. For the capture channels, the backward shift due to
the longitudinal momentum tranfers in general. The transthenyy/2 term in Eq.(3) is clearly seen for low charge state
verse momentum imparted to the projectile is found to beecoils, and good agreement with the nCTMC calculation is
nearly balanced, within an experimental resolution of a fewseen. The higher charged recoils are thrown more forward
a.u., by an opposite transverse momentum given to the recalan is predicted by the nCTMC calculation. Some specula-
ion. Thus the net mean momentum carried away by up to Sixjon is offered that this may be due to the necessity of re-
continuum electrons is seen to be much smaller than thahoying increasingly tightly bound electrons from the target
imparted to the heavy-ion cores in such collisions. The abin order to attain a highly charged recoil in coincidence with

sence of any essential role played by transverse momentugapture. However, the discrepancy with the nCTMC calcula-
imparted to the continuum electrons is in disagreement withign remains.

the results of Gonzaleet al. [35]. It is in contrast to the

established result for the much lighter system pof He,
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