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Angular distributions of projectiles following electron capture from C g4, by 2.5-keV Ar8*
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Experimental measurements of the projectile angular distributions for 2.5-kEVidms capturing one to
five electrons from a gas-phasgy,®arget are presented. The number of captured electrons was determined by
demanding a coincidence between the scattered projectile and a charge-state-analyzeg) iretemit ©n. The
results are compared to calculations based on a dynamical classical overbarrier model. Good agreement is
obtained only if the influence on the projectile trajectory by the large polarizability of ghea@yet is taken
into account, thereby making the collective dielectric response of the cluster target observable in a scattering
experiment[S1050-294{®8)08108-9

PACS numbds): 34.70+e

[. INTRODUCTION mulation of the model remain under investigation. For very
slow projectiles, ionization of the target occurs slowly with a
The interaction of a highly charged ion with g4&luster ~ minimum of transfer of electronic energy, leaving thg,C
lies intermediate between the interaction of the ion with avibrationally and electronically cold, with a high probability
many-electron atom and that with a solid surface. The lasef surviving the ionization intact. Walckt al. [9] showed
two cases have been heavily studied over more than a decatféat G * up toi=6 could be produced in this manner for
[1-5], and several characteristics of the capture process agow A" ions on Go, and established that the relevant
well established. The simplest physical description attributegmpact parameters for such a collision lie in the range of 10
the capture to an overbarrier transfer of the target electrons @ 30 a.u. typically. Jinetal. [12] used a more highly
the projectile system. For a many-electron atomic target, theharged projectile, Bf*, to produce G°* , the most highly
transfer of successively more tightly bound electrons occursharged free g * ion reported to date. For charge states
at successively smaller impact parameters. Models based of9, Jinet al. found Gy, * ion to have lifetimes of at least 5
this picture[6—8] have been remarkably successful in deal-usec. Thumm and co-workef24—28§ have developed a dy-
ing with the process. When the target atom is replaced by aamic overbarrier/lifetimes modéDOBM) for the descrip-
surface, a similar overbarrier transfer occurs, reminiscent ofion of the electron transfer process, and applied it to the
field ionization, beginning at a projectile-surface distance foranalysis of several observables. r@ @y and co-workers
which the reduction of the potential barrier allows the depar{8,28| developed a multipole expansion of the iogsPoten-
ture of electrons at the top of the Fermi sea. Since the solitial for application to collisions. Application of this model to
target presents an infinite reservoir of loosely bound elecelectron transfer between multiply charged ions aggladd
trons with binding energies equal to the work function of thebetween G, targets and projectiles suggested that the charge
material, multiple electron transfefa flow of electrons left on the target g, cage by electron removal may not be
dominates. A G, target presents some characteristics of bothuniformly distributed on the cage surfac@nd therefore be
targets. It is similar to the solid in that it presents a very largehought of as localized at the center of the dages was
reservoir of electrons with nearly the same binding energieassumed in the model of Thumi@4], but localizes near the
and thus the cross section for the transfer of many electrorsurface[15]. Energy-gain measurements by Selbetgal.
falls only slowly with the number of electrons captured. It is [13] showed distinct peaks in the energy-gain spectrum that
similar to the ion-atom case in that the collision time is lim- could be attributed to discrete numbers of electrons removed
ited and the “hollow atom” formed in the capture process isfrom the target, and used a combination of energy gain and
not destroyed in the encounter but survives to deexcite facross section to deduce that the charge removed fromdhe C
downstream. It is also similar to the ion-atom case in that anis, at least initially, localized near the point of emission.
intact recoil ion often remains whose charge state can b&hey also concluded that this charge redistributes quickly
used to determine the number of electrons initially removedollowing the initial electron emission on a time scale short
from the target. These characteristics of the ion-cluster coleompared to the overall collision time. A recent quantitative
lision have been exploited by several groups in recent yearanalysis of these results was made by Thueiral. using the
to try to establish connections between our understanding dOBM [28].
ion-atom and ion-surface collisiof9—23]. In this paper we address the question of the trajectory
Over the past five years it has become fairly well estabfollowed by the projectile during this large-impact-parameter
lished that, for impact parameters large compared to the razapture process by measuring the angular distribution of the
dius of G, the overbarrier model gives the correct picturecapture products. Because the polarizability @f S huge,
of the transfer, even though details of the best specific forbeing about two orders of magnitude larger than typical
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FIG. 1. Experimental setup.

atomic polarizabilities, it was expected that effects on thg2DPSD. The ions were accelerated through a total potential
angular distributions due to the polarization interaction be-drop of only 2 kV before detection, which is quite insuffi-
tween projectile and target could be seen. This effect is simieient to ensure equal efficiencies for detection of all recoil
lar to the image-charge acceleration seen when highlgharge states. Thus only relative angular distributions were
charged ions approach soliffs,29], except that the effectis measured for each final g charge state(Absolute cross
not truncated by neutralization in collisions withd@s itis  sections for 80-keV A¥* on Gy, can be obtained from Refs.

in the solid collision case. [9, 24, 28.) The use of the 90° reflector decreased the back-
ground counts in the recoil detector, which otherwise would
Il EXPERIMENT have a direct view of the £ oven. The projectile ions con-

tinued downstream a distance of 0.75 m onto the face of a

It is well established that the number of electrons capturedecond 2DPSD equipped with a retarding grid. The voltage
from a many-electron target cannot be deduced from the finalf this grid was set to reject the main-8beam but admit
charge state of the projectile, since the capture occurs intgharge states+ and lower. The recoil extraction field was
multiply excited states of the projectile that relax by Augerpyised, using as trigger the detection of the charge-changed
electron emission before the projectile is analyzed. E”“a”‘grojectile. The flight time between detection of the projectile
et al.[11] found that the capture of any number of electronsyng of the recoil Go ion was used to determine the charge
by Ar'’" from Cg, usually resulted in the retention by the state of the recoil. The data were taken in event mode, which
projectile of only one of these. In general, the more loosely;jjowed off-line selection of the recoil charge state from the
bound the target electrons are, the highentirgo which the time-of-flight spectrum and exclusion of considerable back-
projectile captures them and the more likely they are to bgyround by selection of the recoil position on the recoil de-
lost in the subsequent Auger relaxation. For the present @tector. The angular resolution function, determined by the
periment, this means that measurement of the projectil§;idth of the direct beam on the projectile detector, was mea-

charge is unimportant, but that measurement of the reggil C syred to be 2.3 mrad, full width at half maximuiWHM).
charge is essential, since the charge state of the recoil gives

the number of electrons captured.

We have done this using the apparatus shown in Fig. 1.
An Ar®* beam was extracted from the KSU EBIS, deceler-
ated to a total energy of 2.5 keV, collimated to a small an- The DOBM was used to calculate angular distributions
gular divergence, and directed through a beam gf @o-  for the experiment described in the previous section. In this
duced by thermal effusion from ag£(99.5% pure G) section, we outline the DCOM for soft ion-cluster collisions.
oven. Recoil G, ions and charged fragments were acceler+or a more detailed description of this model, we refer to
ated out of the interaction region by a pulsed electric field ofearlier publicationg24—28. During the ion-cluster interac-
239 V/cm. This field was applied over a 5-mm gap for 1tion, energy levels, level occupations, transition rates, and
usec. Following this extraction the recoil ions were furthertotal charges of target and projectile vary as a functioR,of
accelerated by a dc voltage over a distance of 9 cm througthe distance between the centers of mass of target and pro-
a total potential difference of 2 kV. They were then reflectediectile. In order to be transferred, the active electron is re-
by a 90° electrostatic mirror, and detected by a two-quired to overcome the potential barriég between target
dimensional position-sensitive channel plate detectoand projectile that is formed by the total electronic potential

Ill. THEORY
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FIG. 2. Density plots of events on the projectile detector for e (m rad)

2.5-keV A" on Gs,. The angular scale is indicated by a double-
ended arrow. Each distribution was taken in coincidence with a FIG. 3. Angular scattering distributions presentediagd 6 for
detected G * ion, wherei is indicated in the figure. 2.5-keV AP* on Cy,. Filled circles: experimental data obtained by
integrating the data of Fig. 2 over azimuthal angle; the charge state
q O of the remaining &, recoil, i+, is denoted on each figure. Solid
V(dp,d:,R,2)=— ﬁ ~ +Vin(dp.R,2), (1) line: theory, including image potentials. Dashed line: theory without
image potentials.

whereq, andq; are the charges of projectile and target act-
ing on the electron in transition. The electron coordinate We describe the projectile within an independent electron
along the “internuclear axis” is denoted i The image approach based on hydrogenic shellsvith energy levels,
potential V;,, includes the active electron’s interaction with occupation numbers, and degeneracies denote@dbbi),
its own image charge and with the image of the effectivea, (R), andA,=2n?. We do not resolve angular momentum
projectile chargey,, in the target. For the purpose of repre- sublevels. During the collision, projectile energy levels shift
senting classical image potentials as simple analytical exdue to image-charge effects, Stark shifts induced by a
pressions, we modeledsgas a conducting sphere of radius charged target, and the dynamical change in screening in-
a=a'"=8.52 2.u.9,10,24, where =618 a.u. is the static duced by varying level populations. Target energy levels
polarizability of the clustef30]. €. (R) are shifted downward in the electric field of the posi-
As the projectile approaches the target, the first resonanjye projectile. After the capture of target electrons, positive
transfer of an electron becomes possible at the distBice  charge accumulates on the target, which results in an addi-
when Vg energetically moves below the highest occupiedtional downward shift of the target and projectile spectra.
target level. Similarly, aR continues to decrease, a second, The time evolution of the occupatioms(t) andb(t) of
third, etc. electron may be captured at critical distarREs  projectile shellsn and target levelsn are obtained by inte-
>Rj>--- on the incoming trajectory. grating classical rate equations of the form
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FIG. 5. Simulated final target charge states and projectile
deflection anglegb) in 2.5-keV Af* on Gy, collisions. Results
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sion) of induced polarization interactiorisee texk
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FIG. 4. Similar to Fig. 3, but presented ds/d(}.

two last terms of Eq(2) we include fast Auger transitions for
which the two active electrons start in the same shell, and
which partly relax a multiply excited projectile while com-
peting resonant electron transfer occurs. We model these fast
transitions according to Ref[5] and include statistical
=T I'glant+ Fya—2 Fin, (2 ) . L .
RN RLEn n2>n nn n2<n e (2 weights in the Auger transition ratd, , to take into ac-

count the number of electrons in the initial and final active
shells. For a more detailed discussion of the projectile Auger
dt =I'ri=Trn, (3) relaxation rates we refer to R¢R7]. Slow Auger relaxation

channels are not included as they can be neglaiteidg the
subject to the known initial occupations of projectile andcollision. These transitions have a very small influence on
target,aﬂ and b%. Analytical expressions for the resonant- the projectile deflection since the emission of these slow
capture rate§ sy and resonant-loss rat®s, are derived in  electrons occurs after the projectile has left the vicinity of the
Ref.[24] as classical transfer currents. All rates and occupaCso and results in small and isotropic momentum transfers to
tion numbers implicitly depend oR(t), and the above rate the recoiling projectile.
equations are solved simultaneously with Newton’s equation We use the results of a self-consistent Dirac—Fock—Slater
for the projectile motion. The classical motion of the projec-(DFS) calculation[26] in order to model the ground-state
tile, and hence the deflection angle, is determined by thelectronic structure of & and its positive ions "' with i
competition between the repulsive dynamic Coulomb forces7. This electronic structure calculation is based on a
between target and projectile and the attractive projectilenolecular-orbital linear combination of atomic orbitQlgO-
self-image force. The electronic dynamics as given in thdeCAO) expansion scheme, which uses thg 2p,,, and
rate equationg2) and (3) influence the projectile motion 2ps;, atomic orbitals of C and bond distances of 2.772 and
through the time-dependent net charges of projectile and ta2.561 a.u. between the C atoms. It yields the DFS single-
get in the dynamic Coulomb and self-image forces. In theparticle energies of &*' for charge states=0,...,7 and the

dt
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sequence of ionization potentialk_; ;=7.24, 10.63, charge states. In particular, the model without the image

14.01, 17.44, 20.78, 24.24, and 27.54 eV, in good agreemewharge, or equivalently without taking into account the large

with other calculated and experimental ddt26] and refer-  polarizibility of the Gy, would completely disagree with the

ences therein data fori=1+ and 5+, while the agreement is good when
We note that an interesting alternative effort to modelthe image charge is taken into account. The model predicts

scattering distributions for capture fromyghas been made that thedo/d() distribution fori=1+ is nearly a delta func-

by Sakurai[31] by using approximated Landau-Zener tran-tion at zero degrees, in agreement with experiment, while

sition rates and classical potential scattering theory. ignoring the image charge predicts a larger scattering angle,
quite excluded by experiment. The DCOM predicts that the
IV. RESULTS AND DISCUSSION production of any given charge state occurs over a harrow

i . ~_slice in impact parameter, and thus generates very localized
Figure 2 shows the position spectra from the projectilepeaks indg/d. This is not seen in the measured data pre-
detector, ?f‘te_d on the TAC spectrum to isolate capture idented in this paper. However, the impact parameter intervals
which Ggo " (i=1-5) ions were created. Randoms andgre aiso related to capture cross sections that were recently

background have been subtracted from these spectra. Th&nd to agree with experiment within the expected accura-
capture of increasing numbers of electrons results in succegies of measurement and simulati®2®2,24,28.

sively larger scattering angles, with clear “donut” shapes
appearing for the highest charge states. In Figs. 3 and 4 we
show angular distributions obtained from integrating the den-

sity spectra of Fig. 2 over the azimuthal angle. In Fig. 3 the The very close agreement between the DOBM and the
data are plotted aso/d() versusd, whered is the projectile  angular distributions presented here confirm the picture of
scattering angle. The resolution function, approximately darge-impact-parameter capture fromgo@s an overbarrier
Gaussian indo/dQ) with a FWHM of 2.3 mrad, is only process very similar to the corresponding processes in both
slightly narrower in FWHM than is a plot afo/d(} for the  jon-atom and ion-surface collisions. Through the use of de-
1+ recoils. While the resolution function dominates for the flection functions based on this model, it should be possible
1+ spectrum, it does not hide the true angular distributionto experimentally control the impact parameter for such col-
for higher charge states. Figure 4 shows the same data pldisions. This provides the experimentalist with a new param-
ted asdo/d#, which gives a better picture of the angular eter for the study of the extraction of electrons from solidlike
weighting of the cross section but which hides somewhat theargets as a function of the distance of closest approach to the
influence of the angular resolution function for the lowest(curved surface. It also allows the investigation of questions
two recoil charge states. such as how close the projectile can pass without disintegrat-
Deflection functions with and without the full image ing the G, cage, which is closely related to the question of
charge potential between projectile and thg &e shown in  how much total energy is transferred to thg, @ternal de-
Fig. 5. Corresponding angular distributions are plotted as fulhrees of freedom as a function of impact parameter. Further-
and dashed continuous lines in Figs. 3 and 4. In calculatingnore, the pronounced influence of the target polarizability on
the model angular distributions we have used, as a soura@e projectile deflection points to future refined investiga-
function for each charge statean angular distribution uni- tions of the dielectric response of many-electron targets by
formly spread between the angles at which a chargei of (measuring scattering distributions in recoil coincidence ex-
+1/2) units and i(— 1/2) units has left the target by the end periments.
of the collision(when the projectile is 100 a.u. downstréam
Each source function was then folded with the experimental ACKNOWLEDGMENT
resolution function. The theoretical results have been nor-
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