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A statistical approach to transfer ionization is used to calculate multiple-ionization
probabilities for target ions produced in slow multielectron-capture collisions of multiply
charged ions an8 atoms.
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Recent coincidence experiments' ' have demon-
strated that in electron-capture collisions be-
tween slow multiply charged ions and atoms the
target may lose a larger riumber of electrons than
found attached to the projectile when detected
long after the collision. This process, termed
transfer ionization (TI), can proceed via many
diff erent individual reaction channels. Although
the most relevant mechanisms contributing to TI
have been discussed" for the special ease of one-
electron capture with additional ionization of a
single (further) target electron, the attempt of a
rigorous quantum theoretical treatment would be
extremely difficult because of the inherent com-
plexity of the multichannel problem. This is
even more true for TI processes in multielectron-
capture reactions where even the contributing
mechanisms are still unexplored.

In this Letter we present a statistical interpre-
tation of TI processes in atomic collisions at
kiloelectronvolt energies,

A" +B-A(' ")+ +B'+ + (i —k)e +bE,
where a multiply charged ion A" captures k =2
or 3 electrons from an atom B which is left in
charge state i - k. Calculated multiple-ionization
probabilities are found in striking agreement
with measured charge-state fractions of target
ions B' obtained in a systematic experimental
study' with projectiles' =C, N, Ne, Ar, Kr,
and Xe in charge states up to (I =15 (for Xe) and

target atoms B =Ne, Ar, Kr, and Xe. Further-
more, the statistical model used provides a scal-
ing which allows quantitative predictions for any

given collision system (1).
In our experiment the target ions B"were

charge-state analyzed and detected in correla-
tion with charge-transferred projectiles A. ' "'
by using a time-of-flight coincidence technique.
These measurements yield directly the probabili-
ties for pure capture as well as for additional
single or multiple target ionization in electron-
capture collisions. A detailed analysis of the

experimental results for the various collision
systems shows that in exoergic reactions the po-
tential energy available in the collision system
is the dominant parameter which determines the
degree of additional target ionization; the ob-
served charge-state fractions are independent
of the kinetic impact energy in the kiloelectron-
volt energy range studied.

Since the potential energy can be dissipated for
additional target ionization. via very many differ-
ent reaction channels a statistical treatment
seems an adequate approach to the problem. We

simply assume that the energy is statistically
distributed among electrons which initially belong
to the target and may evaporate.

The maximum potential energy bE available
when k electrons are captured by an ionA" from
an atom B is easily obtained from tabulated ion-
ization energies'I& ' and I ' for the respective
particles A" and B":

(I-1 k-.l
I (j) gI (i) (2)

The mathematical procedure is based on a sta-
tistical distribution of infinitely small units of

energy, the sum of which is ~E, among N outer-
shell electrons of the target ion B"which al-
ready has lost 0 electrons to the projectile. An

averaged ionization potential (I~) is introduced
for the electrons "boiling off" the ions B". One
can then calculate the probability P„(N,bE ) that
n electrons gain enough energy to overcome (I~)
and escape from B"'. The mathematical deriva-
tion of this probability leads to

with l defined by n+ f &bEJ(Ie) ~n+ 5+1. This
equation has also been derived by Bussek and
Meli' in their theory for ionization processes in
violent ion-atom lar ge-angle scattering.

1983 The American Physical Society 107



VOLUME 51, NUMBER 2 PHYSICAL REVIEW LETTERS 11 Jvn' 1983

we set

1 n-1
(I,) = — Z I,'"' '.B B (5)

The resulting step function for (Is) is approxi-
mated by a smooth curve to obtain a physically
more meaningful shape and to facilitate subse-
quent computations (see, for example, caption of
Fig. 1). Probabilities P„(8-k, &E„) for n-fold
ionization in Reaction (1) can now be calculated
and compared to the corresponding experimental
charge-state fractions I"; with i =n + k.

Figure 1 shows measured and calculated charge-
state fractions of Xe" target ions produced in
two-electron-capture collisions Xe" +Xe-Xe~' ~'

+ Xe" +(i —2)e with q =3,4, . . . , 15. Noting the

The number of electrons N among which the en-
ergy &F is distributed can be assumed to be the
number of electrons in the outermost shell of the
ion &". Since we used rare-gas targets with 8
=We, Ar, Kr, and Xe we chose N=8 —k.

The averaged ionization potential has to be
determined for each ion B"' separately. With
increasing ~ an increasing number of elec-
trons can be released from B". When 4E facili-
tates the ejection of n electrons but not of n +1,
i.e. , for

n- ].
) I (+) gE ( pl (+)
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fact that there is not a single fit parameter in
the model the overall agreement with the experi-
ment is certainly remarkable.

A most important consequence of the statistical
model is the prediction of a sealing behavior of
TI: the target-ion charge-state fractions E; for
any given collision system A" +B should fall on
common curves when plotted as a function of
bE /(Ie) as long as the number 0 of captured
electrons is fixed.

Figure 2 contains all our measurements for
two-electron-capture reactions. It can be seen
that the data indeed scale as expected and more-
over, the striking quantitative agreement with
the theoretical predictions, which is also found
for the three-electron-capture reactions, strong-
ly supports the statistical concept on which the
model for transfer ionization is based.

The model also predicts the mean charge
states (i ) =Q&iF; of target ions B" produced in
Reactions (1). For any projectile-target combina-
tion the values of (i ) should fall on common

100
g 1 I I I I I I 1 I I I I 1 I I 1 I 1 I I I 1 I I I I I I I I I O

O

I=4 i=5

80

O

60
IJI
C0

40

U

20

C
O
LJ
Cf

U

I I I I
I ~ ~ I

I I I

I ~ I
I I I
I / ~

«7

0
I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I 0

0 200 400 600

AE. (ev)

FIG. 1. Charge-state fractions of Xe'+ target ions
produced in two-electron-capture collisions of Xe'+
ions with Xe atoms. The experimental points for a
given target-ion charge state i are connected by dashed
lines: i=2 (triangles), i=3 (asterisks), i =4 {diamonds),
i=5 (crosses), i=6 (squares), i=7 (circles); the solid
lines are calculated from Eq. (3). The step function
obtained from Eqs. (4) and (5) is approximated by (ls)
=13.3 eV+(2.4 eV) [&E /(1 eV)]
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FIG. 2. Charge-state fractions of target ions B'+ pro-
duces in Reactions (1) with k =2 as a function of the re-
duced energy &5' i (fs) . The figure contains all ex-
perimental results for the different collision systems
investigated. Symbols for the targets are the following:
Ne (asterisks), Ar (triangles), Kr (diamonds), and Xe
(squares). The solid lines represent the results of the
statistical model.
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FlG. 8. Mean charge states (i) = XI i S'I of target ions

B'+ produced in Reactions (1) with k =2 and k = 3 as a
function of ~ /(Ee). Symbols for the targets are the
following: Ne (asterisks), Ar (triangles), Kr (dia:—

monds), and Xe (squares). The solid lines represent
the results of the statistical model.

we did not apply the model to TI processes in one-
electron-capture collisions since it is well known
that in these reactions predominantly excited pro-
jectile states which relax by radiative decay are
populated. Additional assumptions would be neces-
sary to account for the resulting reduction of the
energy available for additional target ionization.
In the case of multielectron capture, however,
the k electrons found attached to the projectile
may not have much excitation energy because
otherwise autoionization in the projectile would
have occurred already during the passage from
the target to the detector system resulting in a
noncoincident event. (The flight times are of
order 1 ps which is long compared to autoioniza-
tion life times. ) This justifies the use of the
maximum potential energy hE defined by Eil. (2)
for our calculations instead of a slightly smaller
quantity which is unknown for the investigated
processes.

We thank Dr. S. Datz for drawing our attention
to the statistical methods developed by Russek
and co-workers for ionization in violent ion-atom
collisions with large-angle scattering. We ac-
knowledge fruitful discussions with Professor A.
Niehaus. Computer time was provided by the
Hochschulrechenzentrum der Justus-Liebig- Uni-
versitat Giessen.

cur ves characterized only by the number of cap--
tured electrons when plotted as a function of bE„/
(Ie) again. The results are shown in Fig. 3
where all our experimental data for 0=2 and &=3
are included.

We point out that we have not assumed a specif-
ic TI mechanism in which initially k electrons
are transferred from the target to the projectile
and subsequently the available recombination en-
ergy bE is transferred back from the projec-
tile to the target which then relaxes long after
the collision. It is rather the vast number of
interaction channels by which electrons, initially
bound to the target, may be released that leads
to the picture of statistical energy dissipation.

In the model described we introduced only such
physical quantities which are directly accessible
like the available recombination energy 4E and
the average ionization potential (Is). Therefore
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