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Multiple electron transfer in slow Ne +-Ne collisions
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Multielectron transfer probabilities in 90-keV Ne +-Ne collisions have been measured with respect to

the projectile scattering angle 8 in a range between 8=12 and 75 mrad. The projectile final charge state

was determined in coincidence with the target-ion final charge state using a time-of-flight technique. For

8&45 mrad, projectile and target undergo a complete equilibration of their atomic shells (including the

K shell) leading to the excitation of both collision partners and the autoionization of three electrons on

average. A comparison of the measured final charge-state distributions of projectile and target with

those obtained in a former experiment with the system 90-keV Ne -Ne [H. Schmidt-Boeking et al. ,

Phys. Rev. A 37, 4640 (1989)] leads to the conclusion that L and K-shel-l charge transfer can be treated

as independent processes. Interference structure in the K-K vacancy-transfer probabilities has been ob-

served in the final charge-state probabilities of the "heavy-ion"-atom system.

PACS number(s): 34.70.+e

INTRODUCTION

Electron-transfer reactions are among the most impor-
tant processes in nature. Almost every chemical reaction
is based upon electron and energy transfer between the
reaction partners.

Charge-transfer reactions between highly charged ions
and atoms are also important processes in many types of
plasmas [1]. The composition of hot astrophysical plas-
mas can be investigated by observation of x-ray emission
following electron transfer between the ions in the plas-
ma. A detailed knowledge of the mechanisms and cross
sections of those capture reactions would improve the un-

derstanding of astrophysical emission spectra.
In confined fusion plasmas, x-ray and electron emission

are important cooling processes. In order to control the
plasma, a quantitative understanding of reactions leading
to x-ray or electron emission —especially of collisions be-
tween highly charged impurity ions with light
neutrals —is necessary [2]. Furthermore, collisions of
highly charged ions with atoms open a large number of
reaction channels which can give very detailed informa-
tion about the collision process itself. Therefore, charge
exchange between highly charged ions and atoms has
been extensively studied for a wide range of collision sys-
tems and collision energies.

Several reviews on the characteristic features of elec-

tron capture by multiply charged ions have been given in
the past; for example, those by A. Niehaus [3,4], M.
Barat et al. [5], Janev and Winter [6], Salzborn and
Mueller [7], and R. Schuch [8]. Very recently, L. Ander-
son summarized several publications on studies of slow
charge-exchange collisions between multiply charged ions
and atoms [2]. Mechanisms for charge transfer at asymp-
totically high impact velocities were treated in a review
article by Shakeshaft and Spruch [9].

An electron-transfer process is, in general, a many-
particie Coulomb problem. Since an exact analytical
solution for this problem is impossible, several models
have been proposed to describe approximately charge
transfer between two collision partners. In this context, a
distinction between "low" and "high" projectile veloci-
ties is required. At "low" projectile velocities the
transferred electron can follow the slowly changing two-
center potential of projectile and target because the pro-
jectile velocity is lower than the mean velocity of the con-
sidered electron (vp & v, ). At "high" projectile velocities

( vt ) v, ) the electron cannot adapt to the rapidly chang-
ing projectile-target potential.

For "low" projectile velocities the simplest description
for electron transfer is certainly the "classical overbar-
rier" model [10,4]. According to this model, electron
transfer is assumed to take place when the effective
Coulomb barrier between the collision partners is de-
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creased to a level at which electron transfer classically be-
comes possible.

A more sophisticated description is given by the
"quasimolecular promotion model, " introduced by Fano
and Lichten [11]. It is based on the assumption that the
atomic orbitals of projectile and target form quasimolecu-
lar orbitals in the region of small internuclear distances.
A theoretical description is obtained within the
independent-particle model, taking into account the
electron-electron interaction implicitly by calculating an
effective one-electron two-center potential. This can be
done by applying various methods, such as, for example,
the "variable screening" [12] or Hartree-Fock [13]
method. The knowledge of the effective one-electron po-
tential allows the determination of energy eigenvalues
and wave functions for each electronic single-particle or-
bital as a function of the internuclear distance; the ener-
gies are typically presented in the well-known correlation
diagrams. (See, for example, Refs. [12] and [13].) Within
this theory, electron excitation and transfer can be de-
scribed by dynamically induced transition processes be-
tween the quasimolecular orbitals. The amplitudes for
such quasimolecular electronic transitions depend strong-
ly on the spatial overlap and the energy spacing of the
two involved orbitals. In a collision these parameters are
determined by the projectile's trajectory relative to the
target. Thus the electron-transfer probabilities show a
strong dependence on the minimum internuclear dis-
tance. An experimental access to this characteristic pa-
rameter in a collision event can be obtained by a measure-
rnent of the projectile scattering angle 0.

Even though experimental data for 8 differential elec-
tron transfer probabilities can yield very sensitive tests of
the molecular-orbital (MO) promotion models, very few 8
differential multiple electron-transfer measurements have
been done in the low-velocity regime. The first coin-
cidence scattering experiment, studying Ar+-Ar col-
lisions in an energy range between 12 and 50 keV, was re-
ported by Afrosimov et a!. [14]. Very similar measure-
ments at the same collision system at incident energies
between 3 and 400 keV have been performed by Kessel
and Everhardt [15]. They studied the outgoing charge
states of projectile and target as a function of the inelasti-
city f, the scattering process (Q value), and the projectile
(8) and target (4) scattering angles in a 8 range between
8' and 40'. There it was found that the outgoing projec-
tile and target charge states are independent and uncorre-
lated except in a region where the inelastic energy (Q)
shows a double-peak structure. Fano and Lichten [11]
explained the observed structure as resulting from an L-
shell vacancy that was produced by a quasimolecular pro-
motion mechanism. Consequently, Kessel, McCaughey,
and Everhardt [16] interpreted a very similar double-peak
structure of the Q value in the Ne+-Ne system as result-
ing from a K vacancy arising also from a quasimolecular
promotion.

Applying a very similar technique, Fastrup, Hermann,
and Kessel [17] studied the quasimolecular K- and L
vacancy production of several collision systems with
respect to the impact parameter and the collision veloci-
ty. The impact-velocity dependence of K- and L-shell va-

cancy production allowed one to identify different quasi-
molecular promotion rnechanisrns for both processes.

Based on the assumption that the K-shell vacancy is

produced via a rotational-coupling mechanism between
the 2po. and 2pm molecular orbitals, Briggs and Macek
[18] applied the electron-promotion model of Fano and

Lichten [11] to the calculation of the impact-parameter-
dependent probability and total cross section of the K-
shell-vacancy production in ion-atom collisions. The re-
sults of this method showed good agreement with experi-
mental data of Cacak, Kessel, and Rudd [19]for the total
cross section of E-vacancy production in the Ne+-Ne
system for impact energies between 50 and 350 keV.

According to Meyerhof [20], the K-vacancy transfer
into the higher-Z partner of a near-symmetric ion-atom
collision can be explained by the 1scr-2pa radial-coupling
mechanism. Meyerhof derived a universal form for the
probability of this transfer process by applying the
charge-transfer theory of Demkov.

Some experiments have been performed with He tar-
gets investigating single and double electron transfer at
very low velocities. In a three-electron system (He+-He),
Aberth et al. [21], for example, have measured
differential cross sections for charge exchange at a col-
lision energy of 300 eV.

Based on the single-electron-transfer data,
multielectron-transfer investigations can help to deter-
mine whether the transfer of electrons can be described in
an independent-electron model using binomial statistics.
Multielectron-transfer cross sections have been measured
for high (non-MO) energies by Kraessig et al. [22] for the
system F ++Ne at a collision energy of 0.53 MeV/u.
Particularly in the energy regime of a few keV/u, the
only investigation of differential cross sections of mul-

tielectron transfer between highly charged projectile ions
and target atoms, resolving the final charge states of the
collision partners and the projectile scattering angle, has
been performed by Schmidt-Bocking et a/. for the system
90-keV Ne + on Ne [23]. That experiment showed that,
in collisions where the projectile scattering angle is larger
than about 12 mrad, the Ne L shells form a complete
quasimolecule, and outgoing collision partners end up
with the same mean charge states. It furthermore was
observed that in this "low" impact-velocity regime
(vz/v, 0.03), direct ionization of target and projectile is

negligible. It was concluded that all electrons lost to the
continuum in a scattering process originate from autoion-
izing processes during or after the collision. Since only
final charge states were measured, the Ne +-Ne experi-
ment did not determine the final orbitals into which the
electrons were transferred.

If a 1s vacancy is carried into the system, a much more
detailed statement is possible for charge transfer between
the inner quasimolecular orbitals. In the case of an in-
corning Ne + ion, a characteristic oscillating structure in
the scattering-angle dependence of the charge-transfer
probability is expected when the projectile 1s vacancy is
transferred to the 1s orbital of the target. This well-
known [21,24,25] oscillation structure in the K- to IC-shell

charge-transfer probability can be understood as follows.
A vacancy in the 1so. orbital originating from the pro-
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jectile K shell can be transferred via radial coupling to
the 2po. orbital, where the transition amplitude peaks at
an internuclear distance of about two times the atomic
K-shell radius [26]. As can be seen in Fig. 1, during the
collision the radial coupling region is passed on the in-
coming and on the outgoing part of the trajectory. Since
these two transition amplitudes cannot be distinguished
experimentally by measuring the total K-vacancy transfer
probability, this probability is obtained by a coherent ad-
dition of the incoming and outgoing amplitudes. De-
pending upon the phase difference of the two transition
amplitudes, interference will be constructive or destruc-
tive. The phase difference depends upon the minimum
internuclear distance, which is determined by the impact
parameter and collision energy. This means that for fixed
energy, at some impact parameters the K vacancy is very
likely transferred, while at others the two transition am-
plitudes interfere destructively, yielding a minimum total
transfer probability. Since for fixed projectile energy the
projectile scattering angle is a function of the impact pa-
rameter, the K-vacancy transfer probability should show
an oscillating structure with respect to the projectile
scattering angle. Alternatively, an oscillation structure
can be expected for a fixed impact parameter as function
of the projectile velocity. This interference effect is well
established and has first been observed in the K-vacancy
transfer probability as a function of the impact velocity in
very light collision systems (Ziemba et ol. [26], Lock-
wood, Helbig, and Everhardt [27], and Everhardt [28]).
An interference structure in the impact-parameter-
dependent K-vacancy transfer probability at fixed projec-
tile energies was found with projectiles that carry a K va-
cancy in the collision (for example, at He+ on He [21]).
The first experiments using heavy ions were performed
with S' + [24] and S' + [25,29] colliding with Ar. Later
other systems like F + on Ne [30) were investigated. Sin-

gle and double K-vacancy transfer as function of the im-
pact parameter was again studied at the system S' + +Ar
by Schulz [31].

It is not a priori obvious that the described interference
effect can also be observed in the present system of 90-
keV Ne ++Ne because the K-vacancy transition ampli-
tude on the incoming part of the trajectory could be very
different from that on the outgoing part because of the
different K-shell screening due to the transferred L-shell
electrons. Furthermore, a vacancy in the projectile L
shell can also be transferred via rotational coupling into
the target K shell [25] (see Fig. 1). This transition, which
couples the 2pa and 2pm. quasimolecular orbitals, is due
to a transfer of angular momentum from the nuclear
motion to the active electron. Kambara et al. [32] could
show at the Ne ++Ne system that the rotational cou-
pling between 2po. and 2@m. can only populate the 2pm.

suborbital (its angular momentum vector is perpendicular
to the scattering plane). At asymptotically large internu-
clear distances, the vacancy in the 2po. orbital leads to a
K-shell vacancy in the target atom. If the strength of this
coupling mechanism is comparable to the radial coupling
between the two K shells, the K-K interference structure
could be smeared out.

Based on the data of the 90-keV Ne ++Ne experiment
[23], the intention of the present investigation was to
study the K-vacancy transfer and its possible interfer-
ences with the L-shell charge transfer in the Ne Ne sys-
tem. This was done by measuring the final charge-state
distribution of projectile and target ions with respect to
the projectile scattering angle in a range between 0=12
and 75 mrad for incoming Ne + projectiles colliding with
Ne atoms at a collision energy of 90 keV
(Uz/(U, )x,h,s=0.03). According to an estimation by us-

ing a screened Moliere-type potential [33] for the col-
lision partners, the investigated range of projectile
scattering angles corresponds roughly to an impact pa-
rameter range between 0.9 and 0.25 a.u.

—2p EXPERIMENTAL ARRANGEMENT
AND DATA REDUCTION
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FIG. 1. Schematic correlation diagram of the three inner-
most quasimolecular orbitals. Electronic energy is plotted vs in-
ternuclear distance between projectile and target. R~ indicates
the distance of closest approach. The dashed circles labeled a
show the regions of maximum radial coupling amplitudes be-
tween the 1so. and 2po quasimolecular orbitals. The region b
indicates the maximum of the rotational coupling amplitude be-
tween the 2po and 2pm. orbitals. The shaded area symbolizes
the phase difference between incoming and outgoing amplitude
for K-K vacancy transfer.

The apparatus used in the experiment provided the
coincident, charge-sensitive detection of the outgoing
projectile and target as well as the projectile scattering
angle 8. Figure 2 shows the experimental setup. With
three collimators in the beam line in front of the ap-
paratus it was possible to form a beam spot of about 0.02
mm . The ion beam collided with the Ne atoms at about
1 mm below the nozzle from which the gas effused. The
target area was differentially pumped, keeping the region
outside below 2X 10 mbar, while the target pressure
could be varied between 1X10 and 5X10 mbar.
Single-collision conditions were ensured by performing
several short test measurements at different target pres-
sures.

A parallel-plate electrode structure, located in the tar-
get area, produced a weak horizontal electrostatic field of
about 150—200 V/cm perpendicular to the beam axis in
order to extract target ions. After passing a grid and a
drift tube, these target-recoil ions were detected by a
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FIG. 2. Sketch of the experimental setup. 1, incoming ion
beam; 2, recoil-ion extraction plates; 3, recoil-ion acceleration
plates; 4, channeltron for recoil-ion detection; 5, nozzle for
target-gas jet; 6, compensating electrostatic deflector; 7, electro-
static deflector for projectile-charge-state separation; 8,
position-sensitive channel-plate detector for projectile detection.
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FIG. 3. Sketch of the projectile detector. a, grid; b, potential
rings; c, microchannel plates; d insulating rings; e, wedge and
strip anode.

channeltron detector. The charge-state analysis of the
recoil ions was obtained by measuring their flight times in
the extraction and drift region. The ratio (I:2) between
lengths of extraction field and drift region ensured that
different starting points of the target ions had a minimum
influence on their flight time. The start signal for this
time-of-flight (TOF) measurement was obtained from the
detector for the scattered projectile ion.

After colliding with the target atoms in the extraction
field, the projectile ions traversed a second horizontal
electrostatic field of the same strength in the reverse
direction compared to the extraction field. This correct-
ed the influence of the extraction field on the charge-
exchanged scattered projectiles.

The scattered projectile ions were charge analyzed by
separation in a third electrostatic field produced by two
horizontal parallel plates, which dispersed the different
charge states in the vertical direction. At a distance of
about 30 cm from the analyzer plates the charge state
separated, and scattered projectiles were detected by a
two-dimensional position-sensitive channel plate detec-
tor. The projectile position was determined by using a
"wedge and strip anode" (Ref. [23]). In order to obtain a
high ratio between signal and noise, which improves the
position resolution, the detector operated with two chan-
nel plates in series. Figure 3 shows schematically the
design of the particle detector.

A vertical strip mask in front of the detector limited
the smallest measurable projectile scattering angle to
8=12 mrad; this allowed counting higher particle rates
in the interesting scattering angle range between 12 and
75 mrad. This mask could be moved away in order to
find the position of 8=0 for each final projectile charge
state using attenuated beam intensity.

The electronic setup used in the experiment is
equivalent to that described in Ref. [23]. For each data
event four parameters (one TOF coordinate, three projec-
tile position coordinates) were collected by a multiparam-
eter computer system and written as list-mode data on
magnetic tape for off-line analysis.

The position information from the projectile detector

recorded as x-y coordinates was transformed to R-y
coordinates for every final projectile charge state. R de-
scribes the distance from the position where 8=0, and y
is the azimuthal projectile scattering angle. The scatter-
ing angle was obtained from the R coordinate and the
distance between the collision region and the particle
detector. Figure 4 shows the two-dimensional projection
of a time-of-flight spectrum versus the projectile scatter-
ing angle (arbitrary units) for the projectile charge state
Q=7+. The true-coincidence events for the difFerent
recoil-ion charge states q can clearly be separated as
different "bands" in this plot. It can be seen that the
flight time of the recoil ions decreases with increasing 8.
This is due to the increasing momentum transfer from
the projectile to the recoil ion with rising 8, yielding a
higher initial velocity of the recoil ions in the extraction
field. This effect was compensated for in the data reduc-
tion by shifting the TOF coordinate with respect to the 8
coordinate so that the true coincidence events form
"bands" parallel to the 8 axis. Figure 5 shows a two-
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FIG. 4. Two-dimensional projection spectrum of target-
recoil-ion time of flight vs projectile R coordinate on the micro-
channel plate detector for the final projectile charge state
Q =7+. (R =L tan8, where L describes the distance between
gas target and projectile detector. )
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an„N„„,(q, Q, B)=N p P(q, g, B)
sin 864
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P(q, Q, B) describes the probability that in a collision
event a projectile ion with charge state Q is scattered in
the angle 8, while a target ion with charge state q is pro-
duced. N describes the number of incoming ions, p is
the target density (in atoms per cm ), do /d 8 is the singly
differential scattering cross section, b4 and 58 are the
geometric azimuthal and polar angles, and LQ,& is the
effective solid angle of the projectile detector. EQ,& is
given by EQ,&=sinBb, Bb,@,z, so that Eq. (2a) can be writ-
ten as

FIG. 5. Same as Fig. 4, except the TOF coordinate is shifted
to smaller values of the R coordinate to correct for the R-
dependent momentum transfer from the projectiles to the target
ions (see text).

dimensional (2D) 8-TOF spectrum which is modified in
the described way. After this modification it was possible
to perform projections out of the 2D spectrum onto the 8
axis for each recoil-ion charge state. The time-of-Bight
spectrum in Fig. 6 (integrated over all 8 and projectile
charge states) shows the true coincidences sitting on a
random background. Thus the background correction
for a 2D 8-TOF spectrum was done by determining the
random coincidences within a window outside the peak
region, and subtracting these proportionally from the en-
tire 8-TOF spectrum. The identification of the different
TOF peaks (the assignment of each TOF peak with a
recoil-ion charge state) was done by using the relation

1
ta D+

q

da ~@a
N,„„,(q, g, B)=N p P(q, g, B)68 (2b)

As will be shown below, A4,z is not equivalent with 44
but is a function of q and 8.

The quantities Nz, p, b 8, and der Id 8 can be combined
to C(8):

Nzp b,B=C(8) . (3)

g P(q, g, B)= 1,
qQ

(4)

where q includes values between 3+ and 8+ and Q be-
tween 5+ and 8+. Thus, from Eqs. (2b), (3), and (4) one
has

DifFerential capture probabilities could be measured for
projectile charge states between Q=5+ and Q=8+,
while the final target ions had charge states between

q =3+ and q =8+. There were also an extremely small
number of projectiles with charge states Q=9+ and

Q ~ 4+ observed; these were neglected in the data
analysis. Thus to a very good approximation

where tz is the recoil-ion fiight time, q its charge state,
and D a constant (see Ref. [23]).

The number of true coincidences N«„,(q, Q, B) for each
final target charge state q, projectile charge state Q, and
projectile scattering angle 8 is given by

h@,sC(8)g N„„,(q, Q, B)=
q, g

(5)

(6)

V)

o
LJ

Tirfle Of flight (orb. units )

FIG. 6. Typical time-of-flight spectrum integrated over all
projectile scattering angles 8 and projectile final charge states Q.

The geometrical solid angle 60
„

in which a recoil ion
can be detected in coincidence with a scattered projectile
ion is given by 60 „=h8sin8hq. Here 8 and y de-
scribe the polar and azimuthal recoil-ion scattering an-
gles, where 8=m. /2, y=0 defines the direction into the
channeltron (see Fig. 2).

For the investigated range of projectile scattering an-
gles, the transverse momenta of the autoionized electrons
are negligible relative to the transverse recoil ion and pro-
jectile momenta. Thus the collision is perfectly described
by two-body kinematics, so that the relative polar and az-
imuthal angles between a scattered projectile ion and a
recoil ion is always given by 8—8=m/2 and 4—y=m. .
So the recoil-ion scattering angle 8 and azimuthal angle
y are given by 8=m/2 —8 and y=@—m.

The 8 range for the detection of recoil ions was limited
by the geometry of the projectile detector yielding
8;„=m./2 —12 mrad to 8,„=m./2 —80 mrad. Within
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FIG. 7. Illustration of the dependence of the maximum az-

imuthal angle g,„onthe initial velocity of the recoil ion. The
recoil ions a and b are produced within the extraction plates (1)
at the position of the ion beam (2). Both are scattered in the
same azimuthal angle y and have the same charge state q. Ion a
has an initial velocity too high in order to be deflected through
the grid (3). The velocity of recoil ion b is small enough so that
the excitation 6eld can deflect it into the channeltron electron
multiplier (4).

this range of scattering angles, the range of azimuthal an-
gles b,tp=A4 for which a recoil ion could be detected
coincidently with a scattered projectile ion is exclusively
determined by the recoil-ion spectrometer. This can be
understood by the following analysis: Because of the ex-
traction field Ez in the recoil spectrometer, the max-
imum azimuthal angle q,„depends on the initial veloci-

ty of the recoil ion. This is illustrated in Fig. 7. (In the
case of Ez =0, y,„would be identical with the
geometric maximum azimuthal angle gs„.)

In collision processes with large projectile scattering
angles a relatively large amount of transverse momentum
is transferred from the projectile to the recoil ion. For
these recoil ions the velocity gain in the extraction field
can be neglected relative to their initial velocity. Their
path in the spectrometer is described to a very good ap-
proximation by a straight line in the direction of their ini-
tial velocity. Thus for these fast ions y, „

is almost
equivalent to tp„.Fast recoil ions can only pass the
spectrometer exit and be detected in the channeltron
when they are scattered in azimuthal angles q which are
smaller than y„.Recoil ions to which the projectile
transferred only a small amount of transverse momentum
start with relatively small velocities. Their motion in the

spectrometer is strongly influenced by the extraction field
so that even ions that are scattered in azimuthal angles
larger than q „canbe deflected through the spectrome-
ter exit.

The initial recoil-ion velocity depends only on the pro-
jectile scattering angle 0. The velocity gain in the extrac-
tion field is a function of the recoil-ion charge state q.
Thus the maximum azimuthal angle for which a recoil
ion can be detected depends on the recoil-ion charge state

q and the scattering angle of the coincidently measured
projectile ion 0. The correct mathematical relation for
tp,

„

is given implicitly by the following formula:

[r,„—(S, +S ) tan 8]'i
ur tan8 sin( qr,„)

2ESi
[K tan8 cos(q&,„)] +

vp
E tan8—cos( q&,„)

' —1/2
2q8E „Si

+S2 [u tan8cos(p, „}]+
m

(7)

where K =u m lE,„qe,r,h is the radius of the channel-
tron cone, v is the initial projectile velocity, S, is the
length of the recoil-ion acceleration path, S2 is the length
of the recoil-ion drift path, E,

„

is the recoil-ion extraction
field, m is the recoil-ion mass, q is the recoil-ion charge
state, and e is the unit charge. From this relation y, „

was calculated numerically as a function of the recoil-ion
charge state q and the projectile scattering angle 0. Fig-
ure 8 shows tp „andcalculated values of y,„(q,8) as a
function of 0 for the recoil-ion charge states between

q =3+ and 7+.
Taking into account that h4 =hy =2q,„,the follow-

ing expression for P(q, Q, 8) can be derived from Eqs. (5}
and (6):

N, (q, Q, 8)ly,„(q,8)
P(q, Q, 8)=

g [N, (q, Q, 8)lp, „(q,8) ]
eQ

1.0—

O

E
N

X

E 0.10
0

I I I I I I I I I I I I I

10 20 30 1+0 50 60 70

Projectile Scattering Angle 8 {tIIrad)

FIG. 8. y,„asfunction of the projectile scattering angle 0
for the recoil-ion charge states between q=3+ and 7+. The
line parallel to the abscissa indicates the maximum geometric
azimuthal angle yg„=O.13 rad.

RESULTS AND DISCUSSION

Figures 9(a)—9(e) show the final charge-state distribu-
tions of projectile and target ions at the projectile scatter-
ing angles 0=16, 30, 46, 60, and 75 mrad. The squares
represent the target ions, while the triangles describe the
final projectile ions. As Fig. 9(a) shows, for 8=16 mrad,
the maxima of the projectile- and recoil-ion distributions
differ by three charge units. The mean final projectile
charge state at that angle is Q =7+ while the recoil ions
have on average the charge state q =4+. With increas-
ing scattering angle, the distributions become more and
more similar. It can be seen that for 0=46, 60, and 75
mrad, the recoil and projectile ions leave the collision on
the average with the same charge of about 5+ and 6+,
respectively. This is a strong indication that for scatter-
ing angles larger than 0=46 mrad a complete quasi-
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molecular system including the two E shells is formed
during the collision. On the average, three —four autoion-
ization electrons are lost after each collision, indicating
that the partners leave the collision in highly excited
states.

Figure 10(a) shows again the charge-state distributions
for outgoing projectile and recoil ions at 0=16 mrad for
the system measured here and additionally those mea-
sured in the Ne +-Ne experiment [23]. The two recoil-
ion distributions are almost identical, while the shapes of
the outgoing projectile-ion distributions look very similar
but are shifted by about 2—,

' charge states relative to each
other. This can be explained as follows: As a result of
the Ne +-Ne measurements, it is known that, due to the
relatively small total collision energy of 90 keV, direct
ionization does not contribute to the charge exchange of
the collision partners. Furthermore, at 8=16 mrad the
two E shells do not form quasimolecular states. Thus the
E vacancy is expected to remain with the projectile dur-
ing the collision.

The E vacancy counts for one additional initial projec-
tile charge unit in the present measurement compared to
the Ne +-Ne experiment. Taking into account that the
E-shell vacancy has a probability of nearly one for decay
by autoionization after the collision, one can state that in

the Ne ++Ne collision system the projectile loses on
average one more electron after the collision by decay of
the E vacancy than in the Ne ++Ne system. Assuming
that the L-shell charge transfer does not depend on the
initial occupation of the two E shells, one could expect
that the L-shell electrons are shared between projectile
and target during the collision as it was observed in the
Ne + measurement. Since the Ne + projectile enters the
collision with one more L vacancy than the Ne + projec-
tile, one should expect that on average half of the L va-
cancy should remain with the final projectile. Thus one
could conclude that the final charge-state distribution of
the projectiles in the Ne + experiment should be on aver-
age 2—,

' units higher than in the Ne + experiment. Figure
10(b) confirms this conclusion. Here the projectile final
charge-state distribution from the Ne + experiment is
shifted to higher charge states by three units. One sees
that the final projectile charge distribution of the Ne +-
Ne experiment is in very good agreement with the shifted
distribution from the Ne +-Ne experiment. Based on
this comparison, one can state that in distant collisions,
where no E-E transfer can occur, the projectiles 1s va-

cancy is acting as a spectator without affecting the outer-
shell charge exchange. This result supports the assump-
tion that in collision systems similar to the one investigat-
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FIG. 10. (a) Final charge-state distributions of projectile and
recoil ions at the projectile scattering angle 8= 16 mrad.
Squares represent the target ions and triangles the projectile
ions. The open symbols are results from this experiment, the
solid symbols show the results from the Ne'+-Ne experiment
(see Ref. [14]). (b) Same as (a) except the final projectile distri-
bution of the Ne +-Ne experiment [23] is shifted 22 units

higher in charge.
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TABLE I. List of intermediate channels that lead to the measured charge-state combination

(q, Q) =(5+,7+ ). The collision partner that carries the K vacancy after the collision is marked with a

(K), while an asterisk indicates an excited outer-shell state that is supposed to decay via autoionization.
The subscripts at the symbols for the autoionized electrons indicate from which collision partner (P or
T) and out of which shell (K or outer) they are emitted.

Process

Nep++ NeT ~Net+(K )+NeT + ~Nep++ NeT++2e, „T+e&p

Nep++NeT~Nep'+(K)+NeT +~Net++Ner++e, „T+e,„p+egp
Nep++NeT~Nep +(K)+NeT+ ~Net++NeT++2e, „p+ej;p

Nep++NeT~Nep++NeT '+(K)~Nep++NeT++2e, „T+e~T
Nep++NeT ~Nep ++NeT'+(K) ~Nep++NeT++epg T+ep„p+ezT
Nep++NeT ~Net '++NeT+(K) ~Nep++NeT++2epg T+ezT
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FIG. 11. P(q, Q, B) vs the projectile scattering angle B for those final charge-state combinations (q, Q) where oscillation structures
can be observed. (a} (5+,7+!,(b) (4+,6+},(c) (5+,6+), (d) (6+,5+), (e) (7+,5+).
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ed here L- and E-shell charge transfer may occur in-

dependently. Further analysis below yields more evi-
dence for this statement.

Figures 11(a)—11(e) show the scattering-angle-
dependent probabilities P(q, Q, 8) of those final
projectile- and target-ion charge-state combinations
where oscillation structures were observed. The
P(q, Q, 8) of all other measured charge-state combina-
tions are shown in the Appendix. They show, within the
experimental uncertainty, no oscillations.

The following qualitative analysis argues that the ob-
served oscillations in the spectra of Figs. 11(a)—11(e) can
be explained well by the expected EK interference effect.
Furthermore, it will become clear why the oscillation
structures appear selectively only in the spectra of some
final charge-state combinations of projectile and target.

First, one has to consider autoionization processes
occurring in target and projectile just after the collision
but before their detection in the channeltron and chan-
nelplate detector. To every measured set (q, Q) one can
attach all possible intermediate states" which are
defined as the charge-state combinations of projectile and
recoil ion just after the collision before autoionization
occurs. An analysis of all measured states shows that
there are always several intermediate states" which lead
via different autoionization modes to the same set of final
charge states (q, Q ). As an example, Table I lists all pos-
sible processes that lead, via different intermediate states,
to the same set of final charge states (q, Q)=(5+,7+).
In Table I the collision partner which carries the K va-
cancy after the collision is marked with a (E), while an

asterisk indicates an excited outer-shell state which is ex-
pected to decay via autoionization. Furthermore, it is as-
sumed that the K vacancy always decays via autoioniza-
tion. The subscript on the symbols for the autoionization
electrons lost after the collision indicates from which col-
lision partner (P or Q and by which shell vacancy (E or
outer) they are emitted. The table shows that in three of
the six possible processes that lead to the final charge-
state combination (q, Q)=(5+,7+) the E vacancy is
transferred to the target, while in the remaining three
cases it stays in the projectile. Thus every set of final
charge states (q, Q ) arises from a superposition of a
group of "intermediate states" in which the E vacancy is
transferred to the target, with another group where it
remains in the projectile. Assuming that L- and E-shell
charge exchange are independent processes, one can
write the probability for every intermediate state as a
product of the probabilities for the L-shell charge ex-
change P,„and for the E-vacancy transfer Pxx. (The
symbol I',

„

is used here to indicate that electrons from
the target L shell are transferred not only into the projec-
tiles L shell, but also in outer states of the projectile.
Also, target electrons can be excited in outer states dur-
ing the collision. ) For the example of the final charge
states (q, Q)=(5+,7+), Table II shows a list of the
probabilities for all "intermediate states. " (It is em-
phasized that the I'zz term is expected to cause the 8-
dependent oscillation structure. )

The statement of Table II can be generalized to the fol-
lowing expression:

P(q, Q, 8)=Pox(8) QP,„(8)

(9)

Intermediate state

Ne +(E)+NeT* +

Nez +(E)+Net +

Ne& +(E)+Ne'+

Probability

(q, Q) =(5+,7+ )

P,„(Nep++NeT*'+) (1—P~g )

P,„(Ne~ ++NeT'+) (1—P«)
P,„(Nep"++NeT+) (1—P~~)

Ne,'++Ne'„"+(E)
Nez ++NeT +(E)
Nep* ++NeT+(E) P,„(Nep*++NeT+ ) Pg g

Ne~ (E)+NeT
Nep~3+(E)+ Ne*6+

Nep +(E)+Ne T+

(q, Q) =(7+,5+ )

P,„(Nep +NeT +
) (1—P«)

P,„(Nep'++NeT'+) (1—P~„)
P,„(Nep*'++NeT+) (1—P~~)

Ne+++ Ne T +(E)
N -+N:,"(E)
Nep~ *'++Ne6+(E) P,„(Ne& ++NeT+) P«

TABLE II. The left column lists all possible intermediate
processes that lead to the final charge-state combination

(q, Q) =(5+,7+ ) or (7+,5+). In the right column the proba-
bility for each intermediate state is written as a product of the
outer-shell charge-exchange probability P,„andthe probability
of either E-vacancy transfer (Pzz ) or the remainder of the E va-

cancy in the projectile (1—P«). The nomenclature is

equivalent to the one used in Table I.

A comparison of Eq. (9) with Table II shows that
[QP,„(8))pdescribes the sum of the outer-shell charge-
transfer probabilities over all possible intermediate states
which are related with the remainder of the E vacancy in
the projectile, while [QP,„(8)]rdescribes the corre-
sponding sum that is related with the K-vacancy transfer
into the target. It is obvious that in the case of
[XP-(8)]r=[XP..(8))~ P(q Q 8}=[XP..(8))~ir
=QP,„(8).In this case the Px„term cancels out and no
oscillation structure can be observed.

One concludes that P(q, Q, 8) can show the EE in-
terference structure if either [QP,„(8})r ))[QP,„(8)]p
or [+P,„(8)]~&&[QP,„(8)]T.For every final charge-
state combination, the size of each particular P,„(8}can
roughly be estimated on the basis of the results of the
Ne ++Ne experiment. There it was shown that for pro-
jectile scattering angles 0 larger than about 12 mrad the
distance of closest approach is small enough that target
and projectile undergo a complete equilibration of their L
and outer shells. Thus each partner ends with the same
mean charge state of q=Q=4+. Therefore, in the
present measurement, it is justified to argue that for the
scattering angle range between 8=12 and 75 mrad, the
multiple outer-shell charge exchange probability can be
calculated from binomial statistics. This decreases
strongly (see Ref. [23]) with increasing asymmetry of the
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intermediate outer-shell charge states of projectile and
target. Thus for the present experiment the relative
strength of [QP,„(8)]Tand [QP,„(8)]zcan be estimat-
ed by determining the differences between the particular
outer-shell charge states of projectile and target. For the
example of final charge states (q, Q) =(5+,7+ ). Table I
shows that for processes a, b, and c the E vacancy
remains in the target. The intermediate outer-shell
charge-state differences between projectile and target for
a, b, and c are 2, 0, and 2, respectively, which add up to
the sum S~=4. The corresponding outer-shell charge-
state differences for the three processes d, e, and f (where
the E vacancy is transferred into the target) are 6, 4, and
2, respectively, yielding a sum of ST=12. According to
the argument above, a decrease of ST or Sz indicates an
increased probability of K-vacancy transfer into the tar-
get or of remaining in the projectile, respectively. It is
helpful to define the parameter y as the ratio of the small-
er to the larger of the pair ST, S~. For the example above
we obtain S~/ST= —,', =

—,'. The smaller y is for a set of
final charge states (q, Q ), the more dominant is either the
"Pz~ group" or the "(1 Pxx ) gr—oup" of the intermedi-
ate states and the more likely P(q, Q, 8) will show in-
terference effects.

A comparison of the two final charge-state combina-
tions (q, Q)=(5+,7+) and (q, Q)=(7+,5+) confirms
that our measurements can be understood with the above
analysis procedure. Both states have the same, relatively
small y= —,', so that a KE-oscillation structure of about
the same strength is expected to be seen in the data.
Table II shows that the same group of intermediate states
that is associated with Pire in the (q, Q ) =(5+,7+ ) case
belongs to (1 Pxx ) in the—(7+,5+ ) case. Since the fac-
tors PKK and (1 PKK) produ—ce an inverse oscillation
structure, we expect that P(5,7, 8) and P(7, 5, 8) must
display this relationship. Figure 12 shows the P(8) spec-
tra for these two charge-state combinations. The expect-
ed behavior is observed. The very same analysis can also
be done for the charge-state combinations
(q, Q)=(5+,6+) and (6+,5+). As can be seen in Fig.
13, the P(8) spectra of these two charge-state combina-
tions also show an inverse oscillation structure.

Table III lists the y values of all observed final charge-

0..3 I ' j i ) I ) s J s )

0.1—

10 20 30 4 0 SO 60 70

8 (mrad)

FIG. 13. Same as Fig. 12 but for the two final charge-state
combinations (q, Q)=(5+,6+) (solid squares) and (6+,5+)
(open squares).

state combinations. The y values of those combinations
where the P(q, Q, 8) show oscillation structures are sum-
marized in group A. Group B contains the y values of
those (q, Q) sets where oscillations were not observed.
The average y value of group A is y, =0.27, while in

group B the average y value is y, =0.56. Although the
average y value in group B is more than two times larger
than the one in group A, three final charge-state com-
binations [(q, Q)=(4+, 8+), (4+,7+), and (3+,7+)] in

group B have y values that are small enough that one
would expect some oscillation in P(8) It is no. t clear
why oscillations in the spectra of these combinations
were not observed. It seems that a low y value is neces-
sary for the appearance of oscillation structures but not
sufficient. Nevertheless, the y values of the remaining 11
final charge-state combinations show a clear tendency
which confirms the qualitative analysis described above.

TABLE III. List of y values of all final charge-state com-
binations. Those final charge-state combinations where
P(q, Q, 8) show oscillation structures are summarized in group
A, while group 8 contains the (q, Q) combinations where oscil-
lations in the associated probabilities cannot be observed. y,
describes the average y value of each group.

(q, Q)

CD

0 3 v l i
(

r Group
5+,7+
4+,6+
5+,6+
6+,5+
7+,5+

A, ya=0. 27
0.33
0
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0.33
0.33
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FK'. 1&. P(q, Q, H) vs projectile scattering angle for the two
final charge-state combinations (q, Q) =(5+,7+ ) (closed
squares) and (7+,5+) (open triangles).

Group
3+,8+
4+,8+
5+,8+
3+~7+
4+,7+
6+,6+
7+,6+
5+,5+

B, ya=0. 56
0.43
0.33
0.4
0.3
0.2
1.0
0.67
1.0
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Finally, we would like to mention that Kurpick et al.
[34] have calculated the KK charge-transfer probability
for the present system by using a coupled channel
method. Their calculations can reproduce fairly well the
measured positions of maxima and minima in the spectra
of those final charge-state combinations in which—
according to the analysis above —the E vacancy was
transferred. Thus the following final statements can be
made.

The observed oscillation structures in some P(q, Q, H)

can be explained by the KE-vacancy-transfer mechanism
together with the assumption that K- and L-shell charge
transfer are independent processes. In this model, the ap-
pearance of interference structures occurs for those final
charge-state combinations that arise from intermediate
states whose outer-shell populations are nearly equal, for
the E-vacancy transfer channels, and are unequal for the
nontransfer channels (or vice versa). Alternatively, the
selective appearance of the EK-interference structure
may be taken as a strong indication of independent K-
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FIG. 14. P(q, Q, H) vs 8 of all measured final charge-state combinations, where oscillation structures cannot be observed. (a)
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and I -shell charge transfer.
We summarize the results of the presented investiga-

tion in the following points: (i) For projectile scattering
angles larger than about 0=46 mrad a 90-keV Ne + pro-
jectile and a Ne target atom undergo a complete equili-
bration of their atomic shells. (ii) K- and I.-shell charge
transfer occur independently of each other. (iii) The rota-
tional coupling amplitude between the 2po. and 2pm
quasimolecular orbitals is negligibly small. (iv) The KIt-
interference effect is clearly observable for certain 6nal
charge-state pairs, indicating that the different L- and
outer-shell occupations on the incoming and outgoing
parts of the trajectory do not influence seriously the
strength of the 1so-2po. radial coupling.
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APPENDIX

The P(q, Q, O) versus 8 spectra of those final charge-
state combinations (q, Q ) where oscillation structures
cannot be observed are shown in Figs. 14(a)—14(h).
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