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1. Introduction 

Experimental data concerning charge exchange 
processes in collisions of highly charged ions with atoms 

A’/‘+B+Ali, )I’ +B”, (1) 

have shown that the corresponding total cross sections 
are virtually independent of the collision velocity within 
the range where the velocity of the bound electrons is 
larger than the collision velocity. This suggests that one 
might be able to describe the main physics involved in 
terms of a “static” model. Such a model has already 

been proven to be rather good for single electron cap- 
ture [l]. An extension of this so called “classical over- 

barrier” model to multiple electron capture has recently 
been formulated by B&&y et al. [2]. This extended 
model allows one to predict absolute cross sections for 

target loss of (r) electrons. but does neither specify for 
the different ways in which these (r) electrons may be 
captured, nor does it predict final electronic states of 
target and projectile. Nevertheless, comparison with ex- 
perimental absolute total cross sections 8 for the sya- 
terns Ar”‘/Ar (q = 4-8) [2] gave rather satisfactory 
agreement. The models which will be discussed in this 
paper arc also based on the application of the “ovcrbar- 
rier criterion”, but are much more detailed. Since they 
are partly described elsewhere [3.4] only the essential 
features are outlined here. The main emphasis in this 
paper is put on a confrontation of the models with 
experimental data, and on a discussion of further mod- 
ifications. 

2. The model 

The main idea ~ in contrast to the earlier overbarrier 
models - is that capture does not occur “on the way in” 
when the collision partners approach, but rather “on 
the way out”. when they separate. On the way in. a 
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certain number of electrons originally bound to the 
target become “molecular”, because the Coulomb bar- 
rier between target and projectile successivelv ceases to 
be effective for these electrons at critical distances R’,, 

R>.. R:. _. On the way out then, these molecular 
electrons may be captured with certain probabilities b> 
prolectile or target. This capturing is caused by the 
rising Coulomb barrier which separates the space acces- 
sible to the electrons at critical distances R’:. By applv- 
ing the overbarrier criterion for each target electron,.it 
follows that the molecular binding energies L, , L:, , 
E, , arc ordered in the same way as the target ioniza- 

tion energies, I,, I,.. I,. 1 namely R:’ > Ry. ,, etc. 
To calculate a certain critical distance Ry from the 
criterion that the Coulomb barrier height is equal to the 
binding energy E,, it is necessary to specify for the 

number of electrons r,,(t’ > t) that have been captured 
by the projectile at smaller distances Ry,. By neglecting 
the screening of “outer electrons” throughout the colli- 

sion, the distances R: and Ry( r,) can be calculated for 
a charge changing collision specified by the numbers r,, 
i.e. by defining where each electron finally is captured. 
To characterize such a well defined process. we use a 
string (j) in which the position indicates the index (t) 
and a “1” indicates capture by the projectile while a “0” 
indicates recapture by the target. A process with string, 

( ;) = (10100000). (2) 

for instance, would indicate a process where the target 
electrons with ionization potentials I, and I, are cap- 

tured by the proJectile, while the others of the X elec- 
trons considered are recaptured or remain “atomic” 

throughout the collision. 
In order to contribute to the example process (2). the 

turning point of a collision (R,,) has to be smaller than 
R:, the distance at which the third electron becomes 
molecular on the “way in”. For collisions with turning 
points RT,, < R>( t > I,, = 3) the probability for process 

(2) to occur depends on Z. Calling this probability P,’ I’, 
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we can express the cross section in the straight lint 
approximation generally as 

(r( ,I 
‘I.‘, ! = i: ~((R:)‘-(R:.,)‘)P,‘il. (3) 

,=i,, 

where Y is the maximum number of electrons that can 
become molecular. The probabilities P,i ‘I arc product> 
of the appropriate single electron probabilities. These 
single electron probabilities are the crucial quantities ol 

the model. Quantum mechanically one would cstimatc 
these probabilities from a projection of the molecular 

orbital at R’,‘( r,) onto atomic orbitals centered around 
projection and target. Since it was the aim to keep the 
simplicity of the model, in the original version the 
degree of degeneracy of the possible Coulomb-orbital> 
on projectile and target was used to estimate the cap- 
turc probability. Calling )I( 1) and )?I( t) the principal 
quantum numbers of the corresponding orbitals i.e. of 
those orbitals into which the electron would be captured 
after separation the single electron capture probabili- 
ties are simply given by 

,.:‘,=,,(,)‘/(,,(1)‘+,,(t,‘). (4) 

where the quantum numbers arc assumed to be continu- 
ous. In Coulomb approximation these numbers are ob- 
tained from the atomic binding energies. which within 
the model are given by 

EP, “I= I, t y/R’, - 
I + t; 

__ 

R:‘( 1;) 

for capture bv the projectile. and by the target. respec- 
tively. In addition to the cross sections u~L, I, also the 
kinetic energy gain can be calculated from the binding 

energies, eq. (5). Denoting the actual binding energy of 
the (j)th electron in a process (i) by c)“. where 

FjII = EP,“’ for capture by projectile 

ET,“’ for capture by target. 
(6) 

the energy gain is simply 

3. Discussion 

(7) 

The model predicts absolute cross sections for cap- 
ture processes. When the predictions are to be com- 
pared to experimental data, one has to consider possible 
decay processes of the initially formed atoms, and fur- 
ther, one has to sum over all theoretical Cross sections 
which arc not distinguished in the experiment. Tawara 
et al. [S] have studied collisions of I”’ with He at lo- 

collision energies for q = 10 ~41. They determined ab- 
solute cross sections for the formation of I”’ ” ‘. Since 
double capture is followed by autoionization for higher 
(1. the measured cross section Ok, ‘, , contains all three 

theoretical cross sections o,;““. 0~1”” and u:“‘, In fig. I 
these cross sections are shown together with their sum, 

which should be compared to the experimental points 
taken from the work of Tawara et al. [S]. The agreement 
is rather good. This is also true for the average principal 

quantum number predicted by the model. 
The advantage of the simplicity of the model is that 

predictions can be made also for complicated systems. 
Although we do not expect the predictions to be always 
as accurate as in the case of I” ‘/He, we believe that the 
relative importance of the vast number of different 
charge changing processes is probably rather rcalisti- 
tally estimated. In fig. 2 WC show in which wav for the 

svstem Ar” /Ar the “geometrical cross section” u,,,.,),,, 
1 

= TR; IS divided up into the partial cross sections o:“. 
For the capture of (r) electrons there arc (y) partial 
cross sections 4, “) as indicated by the strings ( 1) in fig. 

2. For each individual process the binding energy of 

CHARGE q 



each electron is predicted. This allows one to predict 

whether the process leads to decay by electron emission. 

Since the binding energy of the electrons generally 

decreases when y increases, there arise limits on the 

c/-scale beyond which a certain process is followed by 
autoionization. A few such limits for the caxc of pro- 
jcctile autoionization are indicated in fig. 2. Target 
autoionization is expected for y 2 5 following the cap- 
ture of two or three “inner” electrons by the projectile. 
Generally. the prediction is that projectile autoioniza- 
tion by far predominates. 

For collisions of Ar” with Ar Astner et al. [6] have 
obtained cross sections for the formation of projectiles 
of charge (X ) and target ions of charge (s ). using a 
coincidence technique. These cross sections 4; i, arc 
composed of several partial cross sections 4: “. In table 

1 we show the relation between the u:‘) and the u;, L 
with the experimental values. From the rather good 

agreement of all the numbers we conclude that even in 

complicated systems the main mechanism of charge 
exchange is well described by the model. 

From measurements of the gain of kinetic cncrgy Q 
in charge changing collisions [7,X]. as well as from 
measurements of autoionization electrons [Y] and of 

photons [IO] it is well known, that states lying within an 
energy window of a certain width are populated in a 
capture process, while the model described so far prc- 
diets a sharp binding energy. This sharp value probably 
has to be interpreted as an average value. By comparing 
the widths of the windows found experimentally. WC’ 
noticed that they tend to be larger at larger collision 
velocity. This indicates a dvnamic origin. Some dvnamic 

Table 1 

Comparison of experimental cross sections (last column [6]) with model cross sections (last but one column) for the phenomenologi- 

cal processes y--f X, s in Ar- ‘+ +Ar 4 Ark+ +Ar”‘. In the first column the string (1) characterizing the different processes 

distinguished in the model is given. The second column gives the absolute model cross section. and in the third column it is Indicated 

whether or not autoionization is predicted for target or proJectile. In the fourth column the phenomenological process to which a 

process of defined string (1) contributes is indicated. 

Process (,) o(I) Auto- 

r=I 2345 [A’ 1 ionization 
Phenomenological processes 

q-x. .\ q+k..r 

10000 

01000 

00100 

00010 

00001 

11000 

10100 

10010 

10001 

01100 

01010 

01001 

00110 

00101 

00011 

11100 

11010 

11001 

10110 

10101 

10011 

01110 

01101 

0 1 0 1 1 

00111 

11110 

11101 

11011 

10111 

01111 

17.6 

6.9 

2.4 

0.8 

0.6 

10.9 

3.6 

1.3 

0.9 

3.6 

1.3 

1.0 

1.3 

1 .o 

1 .o 

3.6 

1.3 

1.0 

1.3 

1 .o 

1 .o 

1.3 

1 .o 

I .o 

1.0 

0.8 
0.6 

0.6 

8.7 

8.3 

P’OJ 

5 + 4.1 

5-4.1 5 + 4.1 2x 26 

5 + 4.1 

5-4.1 

5 + 4.1 

5 + 4.2 5 + 4.2 10.9 7.x 

5-3.2 

5 + 3,2 

5 + 3.7 

5-3.2 5 --) 3.2 11.7 

5 --t 3.2 

S-3.2 

5 + 3.3 

5 + 3,3 

5 --t 3,3 

9.2 

target 
target 
target 

proj. 

P’OJ 
proj. 

target 

5-3.3 9.2 x.4 

5-3.3 

5 --) 3.3 

5-3.3 

5 --t 2.3 

5-2.3 5 --) 2.3 

5 --t 2.3 

5-2.3 

5 --t 2,3 

5 --) 2.3 

5 4 2.4 5 + 2.4 

5-1.4 

5-1.4 

541.4 5-1.4 

5-1.4 

541.4 

5.6 4.6 

1 .o 

3.0 

0.9 
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NEW PROCESSES 

0 
0 1 2 3 4 5 6 7 a 

PROJECTILE CHARGE q 

Fig. 2. Calculated composition of the geometrical cross section 

~geom = r( R;)* by the individual cross sections 0:” indicated 

by the corresponding strings. for the systems ArY ‘/Ar. Predlc- 

ted limits for autoionization are also indicated. 

bchaviour can be incorporated into the “static model” 
described so far. by taking into account that the over- 
barrier criterion is uncertain due to the time variation of 
the barrier height. We introduced a “minimum uncer- 
tainty” of the barrier height which is given b> 

with Y, ><, the radial velocity and VA the derivative of the 

barricr’height with respect to the distance between the 
collision partners. In this wav the binding energies 1;: Ii 
defined in eq. (6) are replaced by a Gaussian distribu- 
tion of binding energies. and. correspondingly. the cn- 
crgy gain Q by a distribution of energy gains. The 
widths of the distributions corresponding to different 
indices (t) arc assumed to add up quadratically. 

In figs. 3 and 4 the Gaussian distributions on the 
Q-scale calculated for the proccsscs , = (10). (Ol), (11) 
in collisions of Ar” ’ and Ne’ ’ with D,, are compared 
with experimental projectile energy gain spectra for 
single capture. For the very small scattering angles 
arising in these processes. and for the collision energy 
which corresponds to a relative energy that is large 
compared to the relevant Q-values, the proJectile energ! 
gain-value differs from the corresponding Q-value by 
an insignificant amount. The experimental spectra con- 

Ar6’/Dz 

(545 ev q ) 

--m-EXP GIESE ET AL’81 
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ll/IlN ,, ,, (01 1 

= DOUBLE CAPT (1 1 ) - 

r, 
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11=16: 1,=35ev 

I, 

ENERGY GAIN [eVj 

tain contributions from pure single capture, and from 
double capture followed by autoionization [Xl. Width 

and position of the theoretical spectra agree qualita- 
tively with the experimental ones. The two examples 
indicate in which way the theoretical “Q-window” 
should be interpreted: the area under the (iausaians 
corresponds to the maximum possible cross section, 
which is rcalizcd only if states are available in the 
relevant energy range. Following this interpretation the 
predicted cross sections are lower for Ne’ /D, than for 
Ar” ‘/D,. as indicated. In fig. 5 autoionization electron 
spectra following double capture are shown [ll]. These 
spectra arc mainly due to population of (3/n’/‘)-states 
which decay to the (2p<)-continuum. The electron en- 
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ergy “window” corresponding to this decay and to the 
calculated population window is indicated. The intcn- 
sity scales for the two experimental spectra are com- 
parable, and normalized to the absolute differential 
cross section scale by comparison with the theoretical 

Gaussians. This normalization is somewhat arbitrary, 
however, the low cross section observed for C’ ‘/H, is 
well explained by the fact that states are only available 
in the wings of the population window. The position. 
the width, and the velocity dependence of the width of 
the predicted population windows have been compared 
for several systems with measured autoionization spec- 
tra [ll]. In all cases good qualitative agreement is 

observed. 
The introduction of an energy dependent population 

window implies that the model in the extended form 
predicts the energy dependence of absolute partial crohs 
sections. This is also true for endothermic processes. 
since the model does not distinguish between cndothcr- 
mic and exothermic processes. For some endothermic 

processes causing HeII-line emission in Z” ‘/He colli- 
sions (Z = C, N. 0. Ne, Ar; q = 4, 5) a quantitative 
comparison with experimental data was performed [ 121, 

and reasonable agreement in both magnitude and im- 
pact velocity dependence was found. 

The model, so far. does not account for an influence 

0 01 0.2 33 0.4 05 06 

” [au1 

Fig. 6. Variation of the average angular momentum of the 
O’+(ls’4L) states formed in 0hi/H2-collisions. (00) experi- 

ments [lo]; (steep curve) model [4]; (other curve) modified 

model [13]. 

of the orbital angular momentum of a state on itx 

population in a capture process. For the case of single 
capture recently a first attempt has been made to intro- 
duce such an influence by assuming that the electronic 

angular momentum, caused by the relative motion of 
the heavy particles, is conserved and appears as orbital 
angular momentum in the state populated by capture 
[4]. In this way only states with angular momenta 
L CC VR’,( L) can be populated, with V the relative colli- 
sion velocity and R’,(L) the critical overbarrier distance 
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whose dependence on I_ is also accounted for. While 

thib approach is certainly much too simple to dcacribc 
the observed [lo] strong and seemingly irregular variu- 
tions of the subshell cross sections u,,,. it might be 

appropriate to describe the average value of the angular 
momentum (I.) within a shell. For several svatems 

Aq ’ /H. H 2 a comparison of the velocity dependence of 
the calculated (1<) with experimental data of Dijkkamp 

et al. [lo] has been made [4]. As an example WC show in 
fig. 6 the result for the population of ( )I = 4).states by 

single capture in 0” ‘/H collisions. Also shown is the 
result of a somewhat improved description [13] which 
allows for a certain width AI. of the angular momcn- 
turn carried into the electronic state via the heavy 
particle motion. In all cases studied. the smooth in- 
crease of ( r,) with collision velocity is well described by 

the model. 
As already mentioned, many of the observed sub- 

shell cross sections [IO] show strong and seemingly 
unsystematic variations with impact velocity which can- 

not be described by the present model. However. thcrc 
are also examples where the o,~, vary rather smoothly. 

probably indicating that some couplings usually present 
among the different I,-states are absent. In these cases 
the observed variation of u,,,, is rather well described by 
the simple model. An example is shown in fig. 7 for the 
He ’ (3p)-state populated by capture in collisions of 
He-’ with Li. 

4. Conclusions 

From the confrontation of the predictions of the 
classical model with the available experimental data. we 
conclude that the model is realistic in the scnae that it 
formulates classically the main mechanism of multiple 
electron exchange in slow collisions of highly charged 
ions with atoms. Since a more rigorous theory ia not 
avaible for these many-electron processes. the model is 
valuable because it affords a rather straight forward 
physical interpretation of experimental data. and allows 
one to make rather realistic quantitative predictions. 
even for systems of high complexity. In some casex the 
predictions need appropriate interpretation in order to 

be realistic. Improvements of the model as described 
here arc necessary and seem possible. Expecially, the 
crucial quantity of the model. the single electron cap- 
ture probability, should be modified to incorporate the 
angular momentum restrictions which arise due to the 
at least partial ~ conservation of the electronic angular 
momentum carried by the captured electron due to the 
heavy particle motion. 
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