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The impact-parameter dependence of the inner-shell excitation was measured for 1.4-
MeV/u Ni ions on Zr, Ag, Te, and Au. All the measured vacancy-production prob-
abilities have impact-parameter dependences typical for direct excitation. Scaling the im-

pact parameter with the adiabatic radius, calculated using united-atom binding energies, all
Ni K data can be brought to one common curve. The impact-parameter region contribut-
ing most to the vacancy-production cross section, as well as the plateau value of the
vacancy-production probability attained at the lowest impact parameters could be explained

by extending the semiclassical-approximation method to these collision systems.

I. INTRODUCTION

Various mechanisms may contribute to the
inner-shell excitation in heavy-ion-atom collisions
(for a review see, e.g., Refs. 1 and 2). A useful ap-
proach for separating these mechanisms is to mea-
sure the inner-shell vacancy-production probability
P(b) as a function of the impact parameter b, since
the shape of this function may be quite different for
the different mechanisms.

Two types of inner-shell vacancy-production
mechanisms have been treated theoretically in de-

tail, the direct excitation and the molecular-orbital
promotion.

For very asymmetric collision systems

(Zp«Z~), the inner-shell target electrons have a
certain probability of being ejected due to the
(small) perturbation of the potential caused by the
projectile. This excitation to the continuum called
direct excitation has been treated by several

perturbation-theory approaches. '
In nearly symmetric systems (Zp-Zz ), electron

promotion via molecular orbitals has been found to
be the main inner-shell vacancy-production

mechanism, when the collision velocity v is much
smaller than the electron velocity u in the relevant
orbital. In particular, E-hole production is attribut-
ed to promotion via the 2pa —2p~ rotational cou-
pling. This has been confirmed experimentally for
symmetric and nearly symmetric systems with

Zp+Zp & 70.
For very heavy systems (Zp+Zy ) 130), direct

excitation is found to dominate even in nearly sym-
metric systems. '

In the region which is intermediary, regarding the
asymmetry of the collision (0.3(Zp/Zz &1), the
united-atomic number (60&ZUA ——Zp+Zp&130),
and the collision velocity (0.1 & v/u &0.4), neither
perturbation theory nor the molecular-orbital (Mo)
model are necessarily appropriate. Here the inner-
shell excitation mechanism is still not well known.

The problem of theoretically evaluating the direct
excitation contribution in this region has been ap-
proached from both sides, by extension of the
semiclassical-approximation (SCA) perturbation
theory by Andersen et al. and by the use of the
molecular-orbital model by Briggs. For this inter-
mediate collision region the contribution from elec-
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tron promotion, e.g., via 2po —2p~ rotational cou-

pling, cannot be calculated precisely enough from
scaling laws whose range of validity has been con-
firmed experimentally to the low-Z regime.

The aim of the present work is to investigate the
mechanisms involved in the inner-shell vacancy
production in this intermediate region with varying
asymmetry (Z~ ——28; 28&ZT &79; 0.1&v/u &0.4)
and to test the applicability of the above-mentioned
models in these cases.

The measurements were performed using the
UNILAC at the Gesellschaft fur Schwerionen-

forschung, Darmstadt. A well-collimated beam of
Ni' + ions at 1.4 MeV/u impinged at 45' upon solid
targets of Ni, Zr, Ag, Te, and Au. The targets were
25 to 60 pg/cm thick on 15-pg/cm carbon back-

ing, the Au target was self-supporting and 90
pg/cm thick. The x rays were detected with a
Si(Li} detector positioned at 90' to the beam. A 50-

pg/cm -thick aluminium absorber reduced the in-

tensity of the low-energy x rays (1—3 keV). The
scattered projectiles were detected by a radially
position-sensitive, parallel-plate avalanche detector,
which was positioned during the experiment at two
different distances from the target, to enable detec-
tion of particles scattered to laboratory angles of
0.5' to 36'. The impact parameters were calculated
assuming an exponentially screened Coulomb poten-

tial: ~(I')=(ZIZ2e /r)e ' with

Z, =0.885m, (Z', "+Z,'")-'"
(ao is the Bohr radius). The screening correction is
less than 20% for the smallest scattering angles
measured in the experiment.

E x rays of Ni as well as K x rays of Zr and I. x
rays of Te and Au were recorded in coincidence
with the scattered particles on a PDP computer, in
event mode, using standard coincidence techniques.
The ratio of the true- to random-coincidence events
was typically 10:1.

The absolute value of the vacancy-production
probability per shell i at a scattering angle 0 is
determined by

P;((9)=n '„(8)/n, (8)(e'„e'„40„)

where n„(8) is the number of true coincidences,
n, (9) the number of detected scattered particles, m'„

the Auorescence yield of shell i, and e'„,AQ„are the
corresponding efficiency and solid angle of the

III. DATA ANALYSIS AND DISCUSSION

A. Data

Figure 1 presents in a semilogarithmic plot the
vacancy-production probability I'(b) for the NiE
and ZrK shells in the collision Ni~Zr. The gen-

TABLE I. Fluorescence yields used in the present
analysis for bombardment with Ni ions of energy E.

E (MeV}

45
94

138
54
90
54
90

90

83
83

Mn
Mn
Mn
Ni
Ni
Ge
Ge
Rb
Rb
Zr
Ag, Te
Au

0.52
O.S8
0.60
0.53
0.58
0.53
0.58
0.53
0.58
0.57
0.57
0.57

0.39
0.44
0.45
0.53
0.58
0.63
0.68
0.72
0.76
0.78

target

0.50 (I. shell)

detector.
It is seen from Eq. (1) that in addition to the sta-

tistical uncertainty in n'„(8) and n, (8), only the un-

certainties in fluorescence yield and in the efficiency
and solid angle of the Si(Li} detector will contribute
to the uncertainty in P;(0).

The efficiency e'„was calculated using the mea-
sured thickness of the absorber as well as the Be-
window, Au-contact, and Si-deadlayer thicknesses
given by the manufacturer; the attenuation coeffi-
cients from Storm and Israel' were used. AQ„was
determined geometrically. The overall uncertainty
in e„AQ„ is estimated to be about 20%.

Neutral-atom fluorescence yields are known to
underestimate the realistic values in heavy-ion col-
lisions, due to the multiple outer-shell ionization ac-
companying the inner-shell vacancy production. In
the data reduction performed here, a procedure
described, for instance, by Greenberg et al. " has
been used to estimate all K-shell Auorescence yields.
These values are listed in Table I and are assumed
to be correct within a relative accuracy of +20%.
More problematic is the fluorescence yield for the
gold I. shell, however, recent measurements and cal-
culations by Schonfeldt et al. ' for Pb Ni at the
same collision velocity indicate that an average
fluorescence yield of about 0.5 could be assumed
within the above-stated accuracy.
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FIG. 1. Vacancy-production probabilities for NiK
and ZrE in the Ni~Zr collision, as a function of im-

pact parameter.

eral shape of the I'(b) curves, i.e., an increase in the
probability with decreasing impact parameter, until

a plateau value I ls lcachcd, ls typical fol Rll N1K
curves in the asymmetric systems, as well as for
Zrf and AuI. . There is no indication of an adia-
batic peak which is the typical feature of rotational
coupling, although the projectile velocity U is such
that for all atomic shells mentioned above the adia-

baticity parameter g =U /o is below 0.2.
Only the symmetric Ni~Ni system displays a

shape typical for rotational coupling. Some struc-
ture is also found in the TCI. data, which was the
least-bound orbital investigated. These results have

already been reported. ' Schuch et al. also pub-
lished I'(b) data for Ni~Ni at a slightly higher en-

ergy (1.55 MCV/u). There is good agreement be-

tween the two sets of data. Schuch et ah. also
present I'(b) values for Ni E in Ni~GC and
Ni~Rb. There one can see the decrease in the
prominence of the adiabatic peak with increasing
asymmetry preceding its complete disappearance in

the more asymmetric systems investigated here.
The I'(b) curves in the systems we report here

have the typical shape of a direct-excitation
process —a flat plateau and a steep falloff at a cer-
tain impact parameter. Such a direct-excitation
process has also been postulated in more symmetric
collision systems, where it seems to be responsible
for the filling up of the valley between the adiabatic
and kinematic peaks which are typical for rotation-
al coupling (see, e.g., Ref. 15).

"x +x
iJ' j i

X X

i
&X

(2)

~here n'„and n J are the singles spectra yields of the
corrcspondlng shells. Thcrcfolc, the integral shar-

ing ratio can be determined primarily to the accura-

cy to which the fluorescence yield ratio is known.
Fol thc 150-2po coupling ln Nl on ZI wc obtain

experimentally m =8.4&10, in good agreement
with the calculated value of 7.5g 10 according to
Meyerhof. ' For the 2po.-3do. coupling we obtain
for Ni K —Tel. a vacancy sharing of m =2.2& 10
and for AuL —NiK a vacancy sharing of m =0.42.
This very large last value agrees qualitatively with

E{kev) Z = 56 Ni+Ni Z=68 Ni+Zr Z=75 Ni+Ac{ Z=80 Ni+Te Z =107 Nl+ Au
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sible transfer of vacancies by long-range radial cou-
pling between close-lying orbitals, often called va-
cancy sharing.

In Fig. 2, schematic correlation diagrams of the
five collision systems investigated are shown. Ac-
cording to these diagrams, radial couplings at rela-
tively large internuclear distances are important for
thc following pairs of orbitals: 1so.-2po coupling
for Ni on Zr and 2po.-3do. coupling for Ni on Te
and Ni on Au.

The integral vacancy-sharing ratios can be ob-
tained from the singles x-ray spectra, if we assume
that the vacancy-sharing contribution is the dom-
inant one for the total vacancy-production cross
section of the more strongly bound level. This is

justified by the fact that the radial coupling is ac-
tive up to very large impact parameters compared
with the direct excitation. The regions for sharing
and direct excitation are spatially separated; vacan-

cy sharing occurs only on the outgoing part of the
collision at large internuclear distances.

The sharing ratio m;J. of the more strongly bound
shell i to the less strongly bound shell j is then given

B. Vacancy sharing

Before the data are analyzed with respect to this
direct-excitation process, we have to consider a pos-

FIG. 2. Schematic correlation diagrams for the inves-

tigated collision systems.
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the predictions of Fritsch and %ille' for swapped
systems (systems in which the I. Shell of the heavier
collision partner is more strongly bound than the E
shell of the lighter collision partner).

%'e can compare these integral values with the
vacancy-production probability ratios obtained at
the relatively small impact parameters investigated.
Figure 3 displays the impact-parameter dependence
of the ratio P(b)z, z/P(b)N;~ Th.e broken line in-

dicates the integral ratio obtained from the total
cross sections. The ratios for the larger impact
parameters are relatively constant and agree with
the integral ratio. Since the one-way-passage vacan-

cy sharing is known to be largely impact-parameter
independent in the relevant impact-parameter re-

gion we may, to a reasonable accuracy, take the in-

tegral ratio as the constant value for vacancy shar-

ing in the whole b region of interest here. The in-

crease in the vacancy-production probability ratio at
the smaller impact parameters seen in Fig. 3 is
hence attributed to direct excitation in the lower
level, here the 1so level.

A similar picture is obtained if one plots the
vacancy-production ratios for the other two pairs of
sharing orbitals. At the largest impact parameters,
the differential ratios are in accordance with the in-

tegral ones, and at lower impact parameters the ra-
tio increases. The impact parameters at which this
increase takes place are different in the different
systems and reflect the respective increase in P(b)
for the lower MO at small internuclear distances
due to the onset of the direct-excitation mechanism.

C. Direct excitation

The shapes of the P(b) curves do not display the
features typical for 2po. -2pm or 3do.-3dm rotational
coupling (cf. Sec. IlIA) which should manifest
themselves mainly in the appearance of the so-
called "adiabatic peak. " ' This obvious reduction
of the rotational-coupling contribution is probably
due to the diminishing number of vacancies n in

X

the 2@m or 3dm orbitals which have to be formed on
the incoming part of the collision; n decreases

with increasing binding energy of the target 2p or
3d orbital, respectively. On the other hand, the de-

crease of the rotational coupling probability in
heavier systems because of relativistic effects, i.e.,
mainly because of the increase in the splitting of the

2p&&2 and 2@3~2 levels in the united-atomic system,
has been shown to be small. '

However, regardless of the disappearance of the
rotational coupling, the vacancy-production proba-
bilities remain very high. For example, a vacancy-
production probability of about 8% is obtained for
the NiE shell in Ni~Zr at small impact parame-
ters (cf. Fig. 1). It will be shown below that this
high excitation probability can indeed be explained
within the framework of direct excitation.

The shape of such a curve is again displayed in

Fig. 4, for Nii( in the system Ni on Te on a linear-
linear scale. The displayed P, (b) values () are ob-
tained from the measured I'(b) data, after subtrac-
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FIG. 3. Vacancy-production probability ratio of ZrK
to NiK in the Ni~Zr collision as a function of impact
parameter. Broken line and the value above the arrow
designate the total vacancy-production cross-section ra-
tio.

FIG. 4. Reduced vacancy-production probability
I',(b), obtained after the subtraction of the vacancy-
sharing contribution, for Ni K in the collision Ni~ Te, as
me11 as the corresponding differential cross section, as a
function of impact parameter.
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tion of the vacancy-sharing contribution, as ex-
plained in Sec. IIIA. A second set of data points
(ki in Fig. 4 displays the differential cross section

(3)

which indicates the relative contribution to the total
vacancy-production cross section from a certain im-
pact parameter b. Both curves are similar in shape
to SCA calculations (cf. Refs. 5, 14, and 20). Of
course, SCA calculations cannot generate the exact
I'(b) curve for these heavy projectiles, even if the
assumpt1on that the vacancy production is due to
direct excitation is cor ect, because the SCA is 8
perturbation-theory method, which assumes the
projectile to be a relatively small perturbation on
the target. However, one feature of the direct exci-
tation should be in these systems also. The impact
p8ramctcr at which d 0 /db Icaches its maximum
value should be approximately equal to the adiabat-
Ic radius given by

where U is the collision velocity and AE is the
difference in energies between the final and initial
state of the excited electron. The correctness of the
above statement outside the range of validity of the
SCA is shown mathematically in Refs. 14 and 21.
Physically, thc adiabatic radius is just thc lnvcrsc of
thc IQ1n1IQ81 IQoIDcntuIQ transfer qo to thc clcctron

compatible with an energy transfer AE.
For collisions with very light projectiles it is

known that the dominant direct excitation takes
place to states near the continuum boundary, The

where C should be 8 constant of the order of unity.
This assuInption is tested in Fig. 5 where the

quantity boE& /AU is plotted vs bo. The figure also
includes the values for the ZrK and AUI. shells for
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FIG. 6. Vacancy-production probability for the NiE
shell normalized to its plateau value at low impact
parameters vs the impact parameter scaled with the
united-atom adiabatic radius r,"d"——1/qo, for the collision
systems Ni~Zr, Ag, Au.

same seems to be valid also for 1so excitation in

very heavy projectile collisions. ' Therefore, the
value hE in Eq. (4) can be replaced by the binding

energy E~ of the level from which the excitation
takes place.

In our measured P(b) curves for Ni K in the four
asymmetric systems, we find that the impact
parameter bo at which bI'(b) has its maximum is
not constant. It decreases from Ni~Zr through
Ni~Ag to Ni~TC and then drastically increases
for Ni~AU.

Considering the fact that the adiabaticity param-
eter q is of the order of 0.1 for the Ni K shell, one
can assume that the binding energy of these elec-
trons can follow the MO energy curves. It can be
seen from Fig. 2 that indeed the behavior of the
binding energy of the MO to which the Ni K orbital
correlates (2po for the first three systems and 3do.
for Ni~AU), is in qualitative agreement with the
above-mentioned changes in bo.

Since the values of bo are of the order of a few
times 10 a.u. , where the changes in the MO bind-

ing energies relative to the united atom are not large
any more, we can compare the experimental bo
values with adiabatic radii calculated with united-
atoIQ binding cncrgIcs. Following Rcf. 22 wc do
that by writing

UAbo=«ad =—c
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which the adiabaticity parameter is even smaller
than for NiK. It is seen that the data are indeed

consistent with a constant value within the experi-
mental uncertainty, yielding C =1.23+0.05. This
value is intermediate between C =1.78 calculated
for very asymmetric and light systems

(Z& +Z2 & 50) (Ref. 14) and C =0.8+0. 1 for 2p I&zo-

ionization in Pb on Pb at 3 —6 MeV/u.
Previous P(b) measurements performed in gase-

ous S~Kr and S~Xe systems under single col-
lision conditions yield values of C-1.4. This
seems again to fit in the systematics indicated
above; however, it should be stressed that no
theoretical calculations of C in these medium-heavy

systems are available.
In order to test the similarity of the whole P(b)

curve for Ni K in the different systems, we have

plotted in Fig. 6 the vacancy-production probability
in each collision system in units of its respective
plateau value at small b, P*, as a function of the im-

pact parameter in units of the respective calculated
united-atom adiabatic radius. We see that the data

points for the three collision systems Ni~Zr,
Ni~Ag, and Ni~Au form one common curve.

The Ni~ Te data (not displayed) contain, as men-

tioned before, a sharing contribution from the

above-lying TeL shell. If, however, we consider the
reduced P„(b) values obtained after the subtraction
of the sharing contribution (see Fig. 4), they would

also fall on the same universal curve.
Considering now the vacancy-production proba-

bilities at the plateau P*=P(b-0) we try to com-

pare the experimental values obtained here and else-

where, ' with two theoretical approaches, extended

to these collision systems: (i) The SCA scaling for
heavier projectiles as applied by Andersen et al.
for quite asymmetric systems (Zp/ZT (0.25) and

(ii) the procedure outlined by Briggs for symmetric
systems and extended by Meyerhof for the case of
the ionization of the 3do. MO.

In both calculations P(b) depends sensitively on

the binding energy of the electron. A 10% change
in Ez can change P(b-0) easily by more than a
factor of 2. Because of the high ionization of the
projectile in a solid, the screening from outer elec-
trons is reduced and the electron binding energy

may increase by about 2 keV relative to neutral-

atom values. ' Also, in these not fully adiabatic
collisions, it is difficult to define the correct frame
of reference for the participating electrons and
therefore the correct velocity of the perturbing po-
tential. In addition, two factors mentioned before
introduce inaccuracies in the experimental values,

namely, the fluorescence yield for these highly ion-

ized atoms and the subtraction of the vacancy-
sharing contribution.

Taking into account all above uncertainties, an

agreement between the absolute values of P*„p, and
P*„~, within better than a factor of 2 cannot be ex-

pected. Therefore, the relative dependence of P* on
Eq" and v should be a more sensitive test of an in-

terpretation of the experimental results in terms of
direct ionization.

In extending the SCA method for these heavy

projectiles, at b =0, we use the united-atom binding

energies, united-atomic radii, and as the velocity the
collision velocity at R = oo.

We concentrate on the excitation of the 2po. MO,
since most of the data pertain to it. The excitation
probability according to SCA is given by

2Zp
2pe g 2p III/ni

Eg
(6)
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FIG. 7. Plot of the normalized plateau value at small
impact parameters of the 2pcr vacancy-production pro-
bability in different collision systems with Ni projectiles
vs x =1.39E~ "rz~"/E~, b (see explanation in text). The
Ni-Mn data are from Ref. 23 and the Ni-Ni, Ni-Ge,
and Ni-Rb data from Ref. 8.

The function gixi is given in the Tables of
Hansteen et al. and is plotted as a full line in Fig.
7. In order to compare the experimental data to
this curve, we plot P ptE& /2Zp as a function of
x =1.39(E& r&& /E~») (Ez is in keV, r2& in fm,
and E~,& in MeV/u). In Fig. 7 we display both our
and other relevant data from literature for the 2po.
excitation in different collision systems with Ni
ions. In those cases where the P(b) curve still

displayed some shape typical for rotational cou-
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phng, P',„p, has been taken as the P(b) value in the
"valley" between the adiabatic and kinematic peaks.
For all experimental data, the fluorescence yields
given in Table I were used and the reduced outer
electron screening (AE„) due to high ionization was
taken into account with AE„2 keV.

The rather amazing agreement in the absolute
values bctwccn IIlost experimental p01nts Rnd thc
calculated curve is certainly somewhat fortuitous
considering the uncertainties; the agreement in the
shape of the dependence on x is, however, more
convincing, leading to the conclusion that the mea-

sured P',„z, data can be explained by this "over-
stretched" SCA formalism, i.e., as direct excitation
to the continuum.

This conclus1on had already bccn proposed previ-

ously. A plot of P*,„p, vs E~ yields a (E~ )

dependence which is in accordance with the sys-
tematic behavior of direct excitation.

Performing estimates according to the direct-
ionization model of Briggs and Meyerhof, ' taking
for U the velocity of each perturbing potential in the
center-of-mass system and using the SCA calcula-
tions of Ref. 27, one can again reproduce within a
factor of 2 the absolute values of P',„~, and their re-
lative dependence on E~ and the collision velocity.

Finally, it should be mentioned that the diffusion
model used by Brandt and Jones cannot explain
the systematics found here experimentally for the
excitation of inner shells in the different systems.
The interaction radius Ro—one of the parameters
1n thc diffUslon IIlodcl—should RppI'ox11Ilatcly co1n-
cide with bo. Qn the other hand, according to the
model, Ro 1s 8 monotonously dccrcas1ng function of
ZT for fixed Z~ which contradicts even qualitative-

ly the Ni~AU data.

IV. SUMMARY

In contrast to the symmetric Ni-Ni collision sys-
tem, the impact-parameter dependences for Ni K ex-
citation in the asymmetric systems Ni-Zr, Ni-Ag,
Ni-Te, and Ni-Au do not display any feature of ro-
tational coupling. The appearance of this coupling
in the impact-parameter dependence depends on the
availability of 2@m (in AU3dm, 5) vacancies pro-
duced in the incoming part of the collision (see Fig.
2). %hen going from the symmetric Ni-Ni system
to heavier targets, the target 2p binding-energy in-

creases, and therefore the number of available 2@m

vacancies decreases. This explains at least partly

why in the more symmetric Ni-Ge and Ni-Rb sys-
tems some indication of rotational coupling is still
discernible, while in the increasingly asymmetric

systems it disappears.
Hence, for the investigated asymmetric systems a

direct excitation of the relevant MG at small inter-
nuclear distances is expected to be the dominant ex-
citation mechanism and the resulting P(b) curves
have indeed shapes typical of dlrcct cxc1tation.
However, in contrast to low-Z systems, the excita-
tion probabilities are high —from a few percent to
about. 10'%. Thcrcforc, in hcavy systcIIls, cvcn
when rotational coupling is still expected to be
operative, the contributions to P(b) due to the two
mechanisms should be comparable. Indeed, the
direct excitation was already assumed to fill up the
valley between the adiabatic and kinematic peaks in
P(b) curves of symmetric or nearly symmetric col-
lis1on systcIIls.

The maximal contribution to the vacancy-
production cross section 2mbP(b)db comes from
impact parameters bo ——Cr,z with C =1.23+0.05,
in accordance with the Bang-Hansteen scaling
rulc. ' P'

d 1s thc adiabatic radius calcUlatcd using
united-atom binding energies; these adiabatic radii
are much smaller than the relevant shell radii in the
systems investigated. A)1 measured P(b) curves
have similar shapes and can be reduced to one com-
mon curve by sealing the vacancy-production
probability with its plateau value at low impact

parameters P* and the impact parameter with r,~ .
The dependence of the plateau probabilities P*on

target Z and collision velocity for all Ni~zr mea-
surements performed in this work and found in the
literature could be described by an extension of the
SCA method for calculating direct excitation, again
using united-atom binding energies and shell radii.

In conclusion, the highest probable vacancy-
production mechansim in these collisions is direct
excitation from the molecular orbitals at small in-
ternuclear distances.

On the outgoing part of the collision the vacan-
cies may be shared at large internuclear distances
between adjacent inner orbitals. The data are con-
sistent with an impact-parameter independent shar-
ing probability m Since this process is active up to
much larger impact parameters than the direct ioni-
zation of the tighter bound shell it ends up, in those
cases in which it is effective, having the dominant
contribution to the total vacancy-production cross
section.
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