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Impact-parameter-dependent probabilities of K and L characteristic x-ray production in collisions of 45-,
94-, and 138-MeV 2',Ni ions. with solid targets of »Mn, ,OSn, and»Fb were measured. The results are
compared with predictions of the statistical and the molecular-orbital models for inner-shell vacancy
production. A short development of the statistical model in a random-walk approximation is given to display
the physical content of the model in simple terms.

I. INTRODUCTION

Measurements of the cross sections for pro-
duction of characteristic x rays in heavy ion-atom
collisions have been in progress for many years.
Detailed knowledge of the systematics of these
col.lisions as a function of projectile atomic num-
ber Z„ target atomic number Z„and the labora-
tory kinetic energy of the projectile E, derives
from the production of E-shell x rays. Total
E-vacancy cross-section measurements have
been made in several experiments with solid
targets. Kubo et a/. ' reported target and projec-
tile cross sections for, PIi and»Br beams as a
function of Z, at several projectiI. e energi;es and
observed strong variations in the cross section
which are attributed to electronic-shell effects.
Meyerhof et al.' carried out similar experiments
with beams of „Br, „Kr, „I, „Xe, and „Pb at
energies up to 470 MeV. Cross sections at lom
energies mere reported by Jones et al.3 for 5-MeV
,P'e and, gr beams. A common trend for given
Z, is the strong variation of total K-shell. -vacancy
production as a function of Z2. Measurements of
the probability I'E of vacancy production as a
function of impact parameter b have been reported
for relatively light ions and targets. ' ' Recently,
experiments by Johnson ef a/. ' with a,J%i beam
on solid»Mn and ~Pb targets and -Cocke et al, s

with a»Ci beam on a gaseous, Qr target have
started to give information for ranges of higher
Z„Z„and E, where total. cross-section mea-
surements have been performed.

The mechanisms for vacancy production in
atomic coll.isions are complex and can range
bebveen two l.imiting cases. On the one hand is
the production of a K vacancy by direct Coulomb

ionization caused by the Coul. omb field of a
completely stripped projectile. ' On the other is
the vacancy production during the interaction of
the electron clouds 'of the projectile and target
atoms, Pauli excitation, ' or as a result of the
formation of a quasimolecule, the Pano-I ichten
model. "'" Under such conditions, the cross
sections are usually much l.arger than direct
Coulomb-excitation cross sections.

The Pano-Lichten molecular-orbital (MO) model
has been developed by Briggs and Macek" and
by Taulbjerg et aL."to give detailed predictions
of the impact-parameter dependence of ionization
probabilities, and of the scaling of the total cross
sections. This. approach requires specific as-
sumptions about a few orbitals taken to be preva-
lent in a given collision. In coll.isions involving a
large number of molecular-orbital crossings, the
vacancy production can be studied in terms of a
statistical. model, ' first developed from a diffusion-
equation approach by Mittl. eman and Wilets" for
total ionization. This approach has been appl. ied
by Brandt andJones' to K-vacancy production.
A simple development based on random wal. k
between level crossings can also be used to il-
luminate the physical content of the model. The
statistical model. is effective in representing dif-
ferentiaI. and total cross-section data on disparate
collision systems in a concise manner. ~'6

The present experiment mas undertaken to ex-
tend the work of Johnson et aI.' by measuring
the impact-parameter-dependent probability of
inner-shell. -vacancy production by 45-138-MeV
2+i beams on»Mn, ,gn, and „Pb solid targets.
The targets mere chosenbecausethe corresponding
total cross sections represent maxima (Mn, Pb)
and a minimum (Sn) in the Z, dependence of the
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¹imeasurements of Kubo eI; al.' The experimental
results are discussed in terms of the statistical
model and are compared with predictions of the
molecular-orbital model. .

II. EXPERIMENTAL PROCEDURE

Beams of,",Ni ions at 45, 94, and 138 MeV
were obtained from the Brookhaven MP-tandem
Van de Graaff accelerator facility with currents
in the range of 1-10 nA/ion charge. The beam
was co1.limated with two 0.25-mm-diam apertures
spaced 20 cm apart, followed by a 0.5-mm-diam
scraper slit at a distance of 6 cm, limiting the
beam dispersion to at most 0.15'. Targets were
prepared by vacuum evaporation of natural
»Mn and ~Pb in films of 20 p,g/cm, and, gn in
films of 100 p,g/cm' with uncertainties in target
thickness «+20%, onto 20-pg/cm' carbo n foils.
They were positioned 8 cm downstream from the
scraper slit and inclined at an angle of 45' to the
beam direction.

After passing through the target material and
the supporting carbon foil, the beam was, stopped
in a small Faraday eup mounted at the center of
an annular particle detector. The eup current
to ground was used for monitoring the accelerator
operation. The annular particle detector con-
sisted of a 0.5-mm-thick collimator with inner
radius 4.0 mm and outer radius 4.8 mm positioned
in front of a sil.icon surface-barrier detector
with a sensitive depth of 100 p.m and an active
area of 200 mm'. The mean scattering angle
subtended by the eollimator was varied by moving
the detector assembly coaxial. ly with the beam
direction on a sliding shaft. At the minimum and
maximum target-to-detector distances of 3.3
and 53 em, particles were detected that had been
scattered through angles (7.5+ 1)' and 0.5+ 0.1)',
respectively. The range of accepted scattering
angles resulted in detection of scattered particles
which had undergone collisions with the target
atoms over a range of impact parameters ap-
proximately +10% of the calculated mean value.
The solid angle of the detector was reduced at
small distances by the finite thickness of the
collimator rings for which corrections were made.
The energy resolution of the surface-barrier
detector deteriorated with radiation damage, but
the results of the experiment were insensitive
to this resolution, as demonstrated in repeated
runs with used and nem particle detectors under
otherwise equal conditions.

A liquid-nitrogen-cooled Si(Li) x-ray detector
wi.th an active area of 80 mm2 and an energy
resolution of 200 eV for the 5.9-keV En line of
Mn registered x rays produced during the passage

of the beam through the target. The 25.4-p, m
beryllium window of the detector mas directl. y
coupled to the vacuum chamber at a distance of
2.5 em from the target at 90' to the incident beam.
A calibrated, '65Fe x-ray source at the target posi-
tion. determined the value of the product of ac-
ceptance solid angle and detection efficiency for
the x-ray detector at the 5.9-keV Mn En x-ray
energy, Corrections were made for changes in
the transmission of the Be entrance window for¹i,Sn, and Pb x rays, and for Al absorbers
placed between the detector and the Sn, and Pb
targets to reduce the counting rate from radiative
electron capture and low-energy I and M x rays.

Signals from the preamplifiers of the x-ray
and particle detectors were split to handle sepa-
ratelv the circuitry for the x-ray and particle
coincidences, and for the high-resolution energy
spectra. The start and stop pulses for a time-to-
pulse-height converter were derived from timing
filter amplifiers follomed by constant-fraction
timing discriminators. Their levels mere set to
accept particles scattered in the target films and
x rays emitted from the projectile and target
atoms. Coincident x rays from projectile and
.target atoms were recorded through ga'tes derived
from the high-resolution x-ray circuitry. A
typical time resolution was 20 nsec for the 7.5-
keV Ni Ko. x ray.

The probability P~ or PI, for producing a E-
or I -shell vacancy was calculated for each de-
tector position from the relationship P =4m'/
h'syQ„&„, 'mhere N~ is the number of coincidences,
Xs the number of scattered particles, y the
static fluorescence yield, "and Q„e„ the solid-
angle efficiency for the x-ray detector. The
x rays from the beam and target mere taken to
be emitted isotropically.

Although it was not the primary aim of the ex-
periment, it was also possible to measure total.
vacancy-production cross sections at each de-
tector position. The agreement of these values
with previous measurements' established the
validity of the calibration for the absolute values
of P~ and I~~. The cross sections o'~ or 0~ mere
calculated from the relationship

4gm,. da Qs ~s
&sy d~ ~ s ~ ~. '

where R, is the number of x rays, (d&x/dQ)z the
appropriate cross section for scattering particles
into the particle detector, and QsEs the solid-
angle efficiency for the particle detector. The
mean values of 0' obtained from this procedure
are listed in Table I.

Data taken with bare carbon foils showed that
Ni x-ray emission at 45 MeV was negligible. At
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the higher beam energies, 94 and 138 Mev, ap-
preciable beam x-ray production was observed
and the data were corrected for contributions
from the carbon backing.

The effects of multiple scattering in the target
were estimated from the theory of Meyer. " We
conclude that multiple scattering should not af-
fect the results compared to instrumental. un-
certainties at scattering angles greater than a
few degrees corresponding to the small impact
parameters. At smal. l angles corresponding to
the large impact parameters multiple scattering
becomes significant. The value of I' at the largest
impact parameter was taken to be indicative of
contributions from multiple scattering and long-
range processes such as direct Coulomb ioniza-
tion.

Inner-shell-vacancy production in heavy ion-
atom collisions can be influenced by the degree
of ionization and particular el.ectronie configura-
tions of the col.lision partners. It has been shown"
that in general many electrons are removed in a
single close collision, resulting in a distribution
of final charge states and electronic configura-
tions even though the initial states are well de-
fined. The coll.ision system is also inevitably
perturbed by the acceleration process which de-
pends on the use of rather heavily ionized pro-
jectiles. The study of single collisions with the
use of a gas target must then serve to il.luminate
some aspects of the collision process, but the use
of the gas target is not necessarily preferable
or required. Solid targets are used here since
they offer greater fl.exibility in the choice of
col.lision pairs and since for the Ni-Mn ease prior
formation of 2Pw (Ni 2P) vacancies serves to help
decouple that production mechanism from the
2pm-2pc rotational coupling mechanism which
forms the basis of quantitative MO calcul. a-
tions. "'" Formation of the 2pm vacancies is
prydominantl. y at large impact parameters and
will not affect the measured impact-parameter
dependence of E vacancies at small. impact pa-
rameters. Absolute values for the cross sections
are not of crucial. interest since we are primarily
concerned with the shape of the impact-parame-
ter dependence.

The mean charge state of the nickel projectile
in the target varies from about 15 to 20 for the
bombarding energies used in the experiment.
Such a change may enhance the number of 2pm

vacancies for the Ni-Mn system and could result
in a related energy-dependent enhancement of the
cross section. Again, the impact-parameter
dependence will, not be affected appreciably by
the large impact-parameter ionization events.

For the Sn and Pb targets the molecular orbitals
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contributing to E- and L-vacancy formation cor-
respond to atomic orbitals of the target and not
the nickel projectile. Here the use of solid targets
should have little or no influence on the results
aside from the multiple-scattering effects dis-
cussed above. The influence of the use of solid
targets on experiments of this type has also been
discussed by Tserruya et al."who reached simi-
lar conclusions.

HI. DISCUSSION

where

s„(b)= ' E —=w„E(x),2&or b

D„Rp
with

E(x) = [(1-x')"—xarc cosx]6(1-x'),

(2)

(3)

with the notation w„= (280v„/D„)(v fv„), where

D„ is the diffusion constant. The total vacancy
production cross section becomes

o
o„=2m P„(b)bdb =wB, 'S(w„),

0

where the function S (w„) is given. in Ref. 15. The
coefficient D„contains in principle all the quan-
tum-mechanical information about electron pro-
motion between interacting level crossings in
the molecular-orbital picture. In particular,
D„changes with c„, the gap from the level n in
the combined atom to unoccupied states which
can be affected by the degree of ionization.

Heavy ion-atom coll.isions in general are ex-
pected to be characterized by a distribution of
charge and electronic states in a quasimolecular
system with complex and densely spaced level.
crossings. Following the first attempt, ' the data
are discussed in terms of the statistical model
which is especially appropriate for complex col-
lision systems. The effects of various electronic
configurations and the complexity of the collision
are incorporated in one adjustabl. e parameter of
the model, which scales in the atomic numbers
of the collision pair.

A detailed treatment of the time-dependent dif-
fusion problem of excitation to the continuum for
total ionization was given by Mittleman and
filets. " It was developed for inner-shel. l ioniza-
tions and applied to E shells by Brandt and Jones. '
It is used here for the first time to interpret I-
shell data. In the diffusion model the probability
for vacancy production per electron in the n shell
is given by

P„(b)=1-—Q, exp[-(v+ —,')v's„(b)],2
" (-1)"

P+ gV=p

and by vacnacies in the core of the projectiles
as they are prepared, prior to the collision, by
the conditions of the experiment and may be af-
fected during the time of strong interaction, . The
interaction radius has been chosen as the Thomas-
Fermi radius of the united atom and has not been
used as an adjustable parameter to be extracted
from the data. In this form we expect the statis-
tical model to give a fit to the general trend of the
data, but it is not expected to fit all small varia-
tions.

The development of the statistical model by
Mittleman and Wilets, " as used, here treats
vacancy production as the diffusion in energy space
of a vacancy from an unoccupied level through
a number of interacting level crossings of tran-
sient molecular orbitals to some inner shell
of the united atom. This approach requires
an extreme assumption. about the density of mo-
lecular orbitals which is, in fact, not necessary.
Alternatively, a vacancy ean be viewed as being
produced in the inner shell by a random-walk
process. It can be shown rather simply from this
random-walk assumption that results for the
impact-parameter dependence and total cross
section are obtained which are essentially iden-
tical to Eels. (1)-(4). A short derivation of this
result is given in the Appendix. Since a random-
walk process quickly approaches a statistical.
limit even for a small number of steps, the re-
sults of the theory are not sensitive to the de-
tailed form of the density of level crossings. The
random-walk approach is perhaps physically a
more reasonable framework for discussion of
inner-shell-vacancy formation than a diffusion
picture. That the level density is not a crucial
factor is in agreement with a conjecture by
Wilets who found that the value for the diffusion
parameter is independent of level density to first
order.

The main results of the experiment are shown
in Figs. 1-6. The uncertainties due to counting
statistics are indicated. Total cross sections
are given in Table I. The E-shell data for I'
and a are divided by 2, the number of electrons
in the shell, and reported in the form of the
summed probabilities Px(L)+Px(H), and summed
cross sections or(L, )+&„(H), per X-shell electron.
The notation (L) and (H), respectively, refers to
the light and heavy members of the collision pairs.
Ionization probabilities and cross sections for the
individual collision partners in nearly symmetric
collisions can be culled by use of the Meyerhof
charge-sharing formalism. " The variation with
impact parameter for the Mn, Sn, and Pb targets
seem to be very similar in Figs. 1-3. Apparently
the differences in reaction mechanisms which
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cause the Z, -dependent structure in the total
cross-section data of Kubo ef; al. ' are mainly re-
flected in the magnitudes of I'~, but not in the
variation of PE with impact parameter. There
is some weak evidence for additional structure
in the 45-MeV data which deserves further study.

Ne present in Figs. 5 and 6 the L-shell data
in a similar manner by dividing the measured
Pz, (H) and ur, (H) by 8, the number of electrons
in the I. shell. The magnitudes found for o'~(H)

and the dependence of Pz, (H) on impact parameter
and bombarding energy ar'e similar to those. ob-
served for the E-shell-vacancy production.

Figures 1-6 compare the impact-parameter-
dependent data with the statistical-model pre-
dictions via Eqs. (1)-(3). In order to be definite,
P p is set equal to the Thomas -Fer mi radius of
the combined atom, R, =0.885 aQ, f&' with Z,«
= (Z, '+Z, ')' and a, =0.0529 nm. The diffusion
coefficients DE and DI. were chosen to achieve
a best fit to the experimental 'data and are listed
in Table I together with the experimental and
calculated Eq. (4) total cross sections. Inspec-
tion of the figures shows that the particular
choice of Rp does not affect sensitively the curves
calculated according to Eq. (1) in the range of b,
where the ionization probabil. ities are large. In
fact, if the P values at the largest impact pa-
rameters in Figs. 2-6 are taken to be indicative
of the contributions from multiple-scattering
and long-range processes such as direct Coulomb
ionization, and are subtracted (open circles), the
experimental ionization probabilities for the
smaller impact parameters drop towards zero
as'the b values approach R„consistent with the
simple form of Eq. (3).

Values for D~' in nearly symmetric collisions
are expected to have the form D» = [(Z, +Z, )/
A] (k/m), where A. and u are parameters weakly
dependent on Z, and Z, . In the validity range of
the statistical model the exponent e is expected
to have values near 2.' For this a value, the
D» values in Table I indicate that 4 = 13 for, BNi

+»Mn and 4=14 for, gi+,Pn. For the most
asymmetric collision, ,Pi+~Pb, D» is smaller,
corresponding to A. = 26. The values of B~ for
Mn and Pb targets are in reasonable agreement
with our earlier work at a single bombarding
energy of 45 Mev.

It should be emphasized that the number and
values of DE just cited are found by comparing
our experimental data with the values of P(b)
predicted in Eqs. (1)-(3). Early work' on limited
ranges of light atoms and in nearly symmetric
colH. sions Z, =Z2 was described by DI given
by

D» = [-,', (Z, +Z.,)j'5/m .
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It can be equally well represented by

Dr = [-,', (Z, +Z, )]' k/m,

consistent with the present work. The value of
the diffusion parameter should be adjusted to fit
the data and then compared to these systematics
which are an average through many different ex-
perimental results and are not a prediction of the
theory.

We also analyzed the Pr data for 45-MeV, PIi
ions on»Mn and, gn targets in terms of the MO
model. '3'4 Vacancies in the 2pm orbital brought
into the co11ision are transferred to the 2P0' or-
bital by rotational coupling and so produce E-shell
vacancies in the light member of the interacting
pair. Vacancies in the E shell. of the heavy atom
can be produced by radial. coupling between the
2po' and 2Pm orbitals. The dashed curves in Fig.
4 were calculated using the universal table and
seal. ing laws of Taulbjerg et al.' and normalized
to fit the measured total cross section. The
disagreement with the Pz data is consistent with
the observations of Tserruya et al,."for»C1»Cl
and»C1-»Ti solid-target collisions, but in
contrast to the gas-target collision of »Cl-, +r,
where Cocke et al.a found agreement with these
predictions. For comparison the statistical-
model. curves from Figs. 1 and 2 are included as
sol.id curves.

The theoretical fits to the P~ data shown in
Figs. 5 and 6 were obtained by adjusting the
value of DJ. without changing the choice of the
Thomas-Fermi radius for the intera, ction range
RD. The general shape of P& as a function of
impact parameter is well. reproduced. The pre-
dicted energy dependence of PI, is somewhat
weaker than that displayed by the experiments.
This could represent a stronger dependence of
PI. on the charge state of the incident ion than was
observed for PE. The use of the statist1ca1 IQode1
permits a unified description of the production
of different types of vacancies in ion-atom inter-
actions and il.lustrates the unique power of the
theory in collating different types of experimental. .

data.

diffusion coefficients, the statistical model. pre-
dicts accurately the values of the measured E-
and I -shell cross sections. Over the range of
impact parameters studied, the 2Pw-2Pv MO ro-
tational-coupl. ing model does not reproduce the
shape of the P~ data for Ni-Mn and Ni-Sn col-
lisions where this model shoul. d be applicabl. e.
Although Cocke et al.' found agreement with this
model for Cl-Ar collisions, similar disagreement
was observed by Tserruya et al."for Cl-Cl and
Cl-Ti col.lisions.

Our results, then, extend the study of inner-
shell. -vacancy production in ion-atom col.l.isions
to intermediate Z, and Z~ values. The comparison
between experiment and theory can be influenced
by various factors, such as the distribution of
charge and excitation states of projectiles
moving in dense targets and multielectron ef-
fects in single collisions. Detail. ed molecular-
orbital-model calculations may be too difficult
to cope with this complexity. The statistical
model gives a general framework for analysis
and collation of such data for all shells and
systems in a very general way. The scaling
with atomic number of the coupling scheme in
the MO model may overestimate the impact pa-
rameter at which P~ has a maximum in our
Z„Z, domain. On the other hand, channe1s
opened by the crossing of higher transient mo-
lecul. ar orbitals, as subsummed by the statistical.
model, may have gained importance to such an
extent that they, in fact, govern the vacancy-
formation probabilities. As measurements are
extended to larger Z, and Z„one may expect
that the statistical model provides an increasingly
effective basis for the prediction of inner-shell-
vacancy production probabilities.
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IV. SUMMARY AND CONCLUSIONS

We have reported inner-shell-vacancy produc-
tion probabilities P~ and PI, , and total cross
sections +& and o'~, derived from x-ray produc-
tion measurements for Z, =28 ions on solid tar-
gets with Z, =25, 50, and 82. The impact-pa-
rameter dependence of the P~ and PJ. data can be
represented well by the statistical model through
the choice of two parameters in the diffusion co-
efficient for all collision pairs. Given these

We display the physical content of the statistical
approach by treating inner-shell ionization as a
random-walk process22 of electron promotion
between interacting level crossings of transient
molecul. ar orbitals. A comparison of the results
of this simple approach with the results of the
Mittleman and filets approach based on a dif-
fusion equation show that essentially identical re™
suits are obtained. This demonstrates that the
predictions of the statistical model do not depend
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FIG. 7. Predictions of the statistical model in the random walk (-—— --) and diffusion (---) approximation agree in es-
sence, (a) Displays the product I'„&&5/Ro of the probability for ionization of an inner-shell level n and the reduced im-
paot parameter as a function of 5/R0. The solid curve is calculated from Egs. (A3) and (A4) with W„=1, Eq. (A5), and
the dashed curve from Eqs. (1) and (2) with sv„=3 W„. (b) Displays the reduced inner-shell vacancy-production cross
section o„/mB0 for a level n as a function of W„. The solid curve is calculated from Eg. (A8), and the dashed curve from
Eg. (4) with so„= ~~ W„. By Eg. (A5), the abscissa values are equal to the reduced projectile velocities v/v„ for 2Rov„/3„—1

sensitively on the spacing of the transient mo-
lecular levels, nor on the detailed boundary con-
ditions of the diffusion equation.

The probability dI'„ that an electron starting
from an energy level E„at t =0 will reach the
threshold to unoccupied states Eth, during the
time between S and t+dt is given by

path with impact parameter b and constant ve-
locity v. Integration of EQ (1) ov. er the collision
time t~, given by

t~) =(2fto/v)(1-x2) 28(1-x) .

(Al)

where e„=Ea, —E„and the electron-promotion
parameter 5 is related as 5= —,'ye', to y, the
mean number of level crossings per unit time
between levels of average spacing &. For n =1, 2
we write also &~, &&, etc. Following %ilets,"
one may set 5=Cg', where B is the radial ve-
locity during collision. The parameter C is
treated as a constant when the internuclear dis-
tance 8 is less than an effective interaction range
Bo over which the atomic electron clouds interact
strongly; and when R &Ro, C = 0- %e defer an
extension of the treatment of excitations through
rotational level coupling or "Coriolis mixing" via
dependences of 5 on the time-dependent angular
velocity of the internuclear radius vector.

Without loss in generahty, we can simplify
matters by replar ing the promotion parameter
6(t) by its value 5(v, R,) averaged over the col-
lision time t„& and assume a straight projectile

0 y, g

(A4)

with the abbreviation

g „=(2R,v„/D„)(v /v„),

in terms of the orbital velocity v„, and

D„=e'„v'/45.

(A5)

(A6)

Since the mean promotion parameter in energy
space, 5, is proportional tov', D„ is taken to
be a constant and, because of its dimensions
(f'T '), is referred to as diffusion constant.

yields, in terms of the error function complement
erfc, the ionization probability

P„=erf c(1/8„), (AS)
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The total cross section becomes vrhere

(A7)

2 2Z, (l/W„)
I 01 ( j~ )1PLt (A8)

t"dy (y~' )=»~ J~ erfc
~ ~us I

~~, y IW„).
We integrate and obtain to leading terms (with
error (10/q),

Fignre 7(a) is a comparison of Eq. (AS) with
EQ. (1) and Fig. 7(b) is a comparison of Eg. (A8)
with Eg. (4). The two approaches lead to es-
sentially the same-impact-parameter and velocity
dependencies. The coefficients D„and D„ in the
two approximations differ merely by a model-
dependent numerical factor of the order of 1.
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