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INTRODUCTION The differential cross section measu-
rements of the K-shell vacancy pro
duction in asymmetric collisions of 

copper ions on germanium and silver targets performed in the 
present work are an extension of our previous work 111 on sym
metric Cu-Cu collisions . Our work and other recent results 
for similar and heavier collision systems ' 2.6 ' sho\v serious 
discrepanci~s between the experiment and the rotational coupl
ing model predictions. A similar disagreement has been obser
ved recently even for collisions of relatively low-Z and 
-energy Cl and Ar ions with both gaseous and solid tarqets 17·91. 
A statistical model of inner shell vacancy production 110.11 / 
which treats the electron promotion through many non-isolated 
level crossings reproduces quite well the gross structure of 
the experimental data especially for very asymmetric collision 
systems. The model, however, cannot exactly describe the sha~e 
of the K-shell vacancy production probability as a function 
of the impact parameter . 

Both the rotational coupling model and the model of a dif
fusion through the level crossings explain the electron vacan
cy production in the K-shell of the lighter partner, exclu 
sively. The lso molecular orbital (MO), correlating in the 
limit of separated atoms (SA) to the ls atomic orbital of the 
heavier partner over the whole range of internuclear distances, 
is well separated from all the other orbitals except the 2po 
MO - the l s orbital of the lighter partner in the SA limit. 
Therefore, the K-shell vacancies in the heavier collision part-
ner come from the sharing process between the 2po-lsa MO' s 
in the outgoing part of the ion trajectory. The Demkov-Meyerhof 
model of this process 12·13 was extended by Briggs to give the 
impact parameter dependence of the vacancy sharing ratio . The 
experimental results for the Cu-Ge collision systems are com
pared in our work with the predictions of that model. 

EXPERIMENTAL SET-UP A beam of 63 MeV 63 Cu 4
+ ions from 

AND DATA ANALYSIS the U-300 cyclotron of the JINR 
Laboratory of Nuclear Reactions in 
Dubna was collimated to a spot of a 

diameter less than 1 . 5 mm on the target and toa maximum beam 
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divergence of 0 . 4 ° . Targets made of 80 ~g/cm 2 natural Ge on 
a 20 /tg/cm 2 carbon backing and of self-supporting 80 ~g/cm 2 

natural Ag were placed at 45° to the beam axis. The emitted 
X-rays were measured with an intrinsic Ge detector placed in 
a close geometry at 90° to the beam. The detector efficiency 
multiplied by its solid angle was calibrated with standard 
radioactive sources placed at the position of the target. The 
scattered ions passing through an annular diaphragm were de
tected with a parallel-plate avalanche detector 123: The single 
spectra of X-rays and scattered particles were recorded simul
taneously with the coincidence spectra, and this permitted a 
determination of both the differential and total cross secti
ons. A detailed description of the experimental procedure and 
data analysis is given in our previous work on the symmetric 
Cu-Cu collision system 111• The absolute values of the total 
cross section of the K-shell ionization uK and the vacancy pro
duction probability PK (b) were derived from the measured X
ray yields u X and P X (b) by using the fluorescence yield w K. 

We used the single vacancy values of w K taken from the work 
of Langenberg et al.120~According to calculations of Bhalla 161 

and Larkins ' 17~or differently ionized Ar atoms, the fluores
cence yield wK differs significantly from its value for a ne
utral atom only for an almost completely stripped L-shell. 
The present experiment was performed for Cu ions ~cattered at 
angles ranging from 1. 9° to 19.5° in the lab. system. The trans
formation of scattering angles into impact parameters was 
done using the Rutherford formula. For the measured range of 
scattering angles the uncertainties introduced by neglecting 
the screening are several times smaller than those introduced 
by geometrical factors. The targets used in the experiment 
were thick enough to ensure an equilibrium charge state of the 
projectile 121 . However, multiple collisions in a target of 
finite thickness change the values of the ionization cross sec
tion a K , the probability P K (b) , and the shape of the P K (b) 
distribution. A Monte-Carlo calculation simulating the trajec
tory of a projectile traversing the target indicates a disper
sion and small shift into a higher value of the final angle 
of a scattered projectile with respect to the single collision 
case . As an example, for the collision system Cu-Ge the calcu
lated shift was 0 .1 8° with a dispersion of 0.05° for the scat
tering angle of 1. 9 ° and 0 . 14° with a dispersion of 0 . 07° for 
an angle of 5 . 6° (lab.) . The calculated correction values 
should be treated as a maximum estimate because of the use of 
a non-screened Coulomb potential for the small angle secondary 
collisions . Another effect of multiple scattering in the target 
is an increase of the absolute values of uK and P K (b) . For 
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PK(~ it is of the order of 6x·uK , where Ax is the target 
thickness in atoms per cm 2 (see the work o f Tserruya et al/81). 
The correction is 0 . 036 and 0 .003 for the PK(~ values for 
the Cu-Ge and Cu-Ag collision systems, respectively . It 
amounts to -10% of the measured values in each case. The sum 
of the PK(~ values of the lighter and heavier collision part
ners, corrected for the multiple collision effects, is presen
ted in ~ together with the results for the Cu-Cu system 
obtained in the previous experiment 111 . The vertical error 
bars in the figure represent only statistical uncertainties. 

Fig.l. Experimental re
sults and theoretical 
predictions for the im
pact parameter depen
dence of the K-shell 
vacancy production in 
Cu+Cu (a) , CuiCe (b) 
and lli+Ag (c) collisi
ons. The broken lines 
refer to the rotational 
coupling and the solid 
lines to the statisti
cal model predictions. 
The vertical errors 
represent statistical 
uncertainties only. 
The values of the mo
del parameters are 
shown in the Table. 
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RESULTS AND DISCUSSION 

1. 2pa Vacanc y 
Production 

The experimental values of PK (b) 
were compared with the theoretical 
predictions of the 2p 7l'-2pc rota
tional coupling model. The theore-
tical curve was calculated for a 

homonuclear collision using a computer code of Jager ' 21 ' and 
scaled using the scaling prescription of Taulbjerg et al . /22 ' . 
The theoretical values should be multiplied by a factor v , 
the number of vacancies in the 2p"x orbital, created prior 
to the collision o r at the initial stage of the same collision . 
It was obtained from the value of the experimental total cross 
section. The normalization factors I ' are similar for the 
Cu-Cu and Cu- Ge collisions, but considerably smaller for the 
Cu-Ag collision (see the Table) . The broken lines in ~ 
represent theoretical predictions for PK (~ . As is seen in 
the figure , the theory explains qualitatively the valley in 
the PK (~ distribution , but it fails to predict the magnitude 
of the effect both f or symmetric and asymmetric collisions . 
The experiment also suggests, that the increrse of the PK (~ 
values for large impact parameters starts at smaller values 
than the adiabatic peak at b~2rK(UA) in t he rotational coupling 
theory . 

In another approach the experimental results were compared 
with the ionization probabilities calculated from the statis
tical model of the electron diffusion. The relevant parameters 
of the model , an interaction radius R0 , and a diffusion con
stant OK were fitted in such a way that both the experimen
tal total cross section 0 K and the value of PK (b) fo rb =200 fm 
were reproduced . The obtained values of R 0 and OK are compa
red with the expected ones given in the Table. The statistical 
model predictions are presented by solid lines in ~· From 
the comparison with the experimental points for Cu-Cu and 
Cu-Ge collisions one can see that the diffusion model with the 
reasonable values of the two parameters predicts quite well the 
magnitude of the P (~ distribution and the total cross sec
tion simultaneous~. However , the model cqnnot describe the 
increase of the P K (b) curve for both the small and large va
lues of the impact parameter for these collisions . In the case 
of Cu-Ag collisions the experimentally obtained values of the 
parameters R0 and 0~ differ from those expected from the se
miempirical formula 41 , but the experimental points follow 
the statistical model curve very well . 

In a quest for physical processes other than multiple scat
tering which could affect the experimental values of a K and 
PK(~. we calculated recoil effects and electron capture to 
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collision system 

total cross section, 

a K , 10 3 barns 

number of 2p" 
1 

vacancies, 11 

Thomas-Fermi screening 
-9 length, R 0 , 10 em 

fitted radius of strong 

interaction, R
0

, 10 - 9 cm 

expected values of the 
diffusion constant, OK , 

em 2/sec ** 

fitted values of the 

diffusion constant , 0 K , 

em 2/sec 

* Ref. /1/ . 

T a b 1 e 

Cu-cu* Cu-Ge 

53 . 3±10.7 36. 9 ±7 . 4 

0 . 35 0 . 29 

1.08 1. 06 

1. 15 1.06 

27 . 0 29.9 

21.3 22 . 4 

**According to the semiempirical formula 

1 2 1i 
0K=[ - (Zl+Z2)] ·-

12 me 

from Ref . 1 4 1
, 

Cu-Ag 

4 . 9 ±1.0 

0 . 07 

0 . 99 

0 .40 

46.5 

8 . 6 
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the K-shell of the projectile from the target atoms. The cor
rection for the recoil effects / 18,19 / was about 0 . 3 barns for 
the Cu on Ge and 0 . 04 barns for the Cu on Ag collision systems . 
The upper limit corrections for electron capture effects ac
cording to Ref. 1241give about 7 barns and 50 barns for these 
systems, respectively . The contribution from both processes 
is evidently negligible. We are not able to evaluate correctly 
the contribution to the K-shell vacancy production from the 
direct Coulomb excitation to continuum or unoccupied bound 
states. The direct Coulomb excitation of the lso or 2po sta
tes to the continuum should be small because of the high bin
ding energy of these states. The direct excitation of the 2p" 
orbital, if it occurs at large distances during the collision, 
increases the number of 2p 11 x vacancies, " , a parameter to 
be obtained from the experimental a K value. It order to check 
if the L-vacancies are created in the measured range of impact 
parameters not only at large distance, we investigated the 
ratio of K~/ K0 X-rays. This ratio depends on the relative 
abundance of the L-and M-shells.No impact parameter depenrlen
ce of the ratio has been observed in the experiment (see fig.2) , 
and this suggests that most of the L-vacancies are created 
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at lnrge distances. The 
result is merely a suq
gestion, because of the 
large statistical uncer
tainties and a weak de-
pendence of the radiative 
transition widths on the 
number of L- and M-vacan
cies 1 16,111 . 

Fig.2. The impact para
meter depPndence of the 
K8/K

0 
X-rays in the col

lisions : a) Cu+Cu, Cu KX
-rays; b) Cu+Ge, Ge KX-
-rays; c) Cu+Ag, Cu KX-
-rays. The error bars re-
present only statistical 
uncertainties. 
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The success of the statistical model in describing the mag
nitude of the K-shell vacancy production shows that the r o ta-
tional coupling of the isolated orbitals 2p71-2pu is not the 
only mechanism responsible for the effect. The coupling to 
other orbitals clearly has to be taken into account . On the 
other hand, the characteristic for the 2p71-2po rotational 
coupl ing PK(~ distribution shape suggests that it still 
plays an important role here. 

2. Vacancy Sharing In the outgoing part of the colli-
sion trajectory the 2po vacancies 
are shared between the 2po- and l so

MO's by the radial coupling. According to the Demkov-Meye rhof 
model of this process 112 ,13/the vacancy sharing ratio is 

r : 

with 

2x 

= exp( -2x)::: 

2" ( JI;; - Jl;> 
J2m ev r 

H 
o K 

L 
OK 

where I is the neutral atom binding energy of the K- shell, 
v 1 is the velocity of the projectile, and meis the rest mass 
of the electron. The letters H and L refer to the heavier and 
lighter collision partners, respectively. In an extension of 
this model Briggs / 14/ gives an im~~ct ~arameter dependence of 
the vacancy sharing ratio r (b) = P ~b) /~b) for two possible ca
ses . In the "one passage" process it is supposed that the 2po 
vacancies are created at small distances in the same collision 
and shared in the outgoing part of the ion trajectory. The 
"two passage" process takes place if the K-shell vacancies 
brought into the coll ision are shared in the ingoing and out
going parts of the ion trajectory. The model calculations of 
Briggs for the O-Ne collision system / 14/give essenti~lly the 
same result as the more accurate one-electron two-state MO 
calculations 11 5~ but the latter show a bit more complex beha
viour of the vacancy sharing ratio versus the impact parameter. 

In the present work we investigated the vacancy sharing 
ratio for the Cu on Ge and Cu on Ag collision systems . The va
lues obtained from the total cross section measurements , 
0.263±0.0002 and (2.6±0. 6)xl0-4 , respectively, are in good ag
reement with the values of 0 . 241 and 1.64xlo-4obtained accord
ing to Meyerhof's formula. (The indicated errors are only sta-
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tistical uncertainties) . The vacancy sharing ratio versus the 
impact parameter b for the Cu-Ge collision system from our 
measurements is shown in fig.3 together with a "one passage" 
calculation following Briggs . The overall agreement with the 
predictions of Briggs is fairly good. Despite the large uncer
tainties there seems to be, however, an indication for some struc
ture in the experimental curve. A similar but more pronounced 
behaviour has been found recently by Bethge et al. 1261 . 
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Fig.3. The vacancy sharing ratio for the Cu on Ge 
collision sys tem versus the impact parameter 
The solid line represents a "one passage" calcula
tion following Briggs 114~ The error bars represent 
only statistical uncertainties . 

CONCLUSION The results obtained in the present 
work, together with those from our 
previous paper 111 , do not show any 

fundamental difference in the P (~ behaviour between symmet
ric and asymmetric collision sy~ems. The success of the sta
tistical model and the failure of the 2p"-2pu rotational 
coupling model in prediction of the magnitude of the vacancy 
production probability PK(~ shows the necessity of including 
coupling to higher molecular orbitals in the description of 
the effect. On the other hand, the shape of the PK(b) distri
bution suggests that the 2p"~ coupling is still an impor
tant mechanism of the K-shell vacancy production. 
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The vacancy sharing between the collision partners is 
well described by the Briggs-Meyerhof-Demkov model even for 
such asymmetric systems as Cu on Ag. However, for the Cu on 
Ge collision system a slight difference is observed between 
the experimental values of the impact parameter dependence of 
this ratio and the "one passage" calculation according to 
Briggs, which predicts the ratio to be nearly constant in the 
measured range of impact parameters . 
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