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Projectile Z dependence of CuK-shell vacancy production in 10-MeV/amu ion-solid collisions

R. L. Watson, J. M. Blackadar, and V. Horvat
Cyclotron Institute and Department of Chemistry, Texas A&M University, College Station, Texas 77843

~Received 28 December 1998!

The dependence of Cu~target atom! K-shell vacancy production cross sections on projectile atomic number
was investigated in collision systems for which the ratio of projectile-to-target atomic numbers (Z1 /Z2) ranged
from 0.34 to 2.86. A combination of energy and wavelength dispersive x-ray spectrometry was used to measure
Cu K x-ray production cross sections and to determine the appropriate fluorescence yields for converting them
to K-vacancy production cross sections. The high-resolution spectra also revealed the presence of sizable
contributions from predominately single-ionization mechanisms not directly associated with ion-atom interac-
tions. The role of electron capture to the projectile was examined by observing the dependence of the cross
sections on target thickness. The CuK-vacancy production cross sections determined for equilibrated projec-
tiles display a plateau centered in the region of symmetric collisions (Z1 /Z2;1) and they become essentially
constant beyondZ1554. The cross sections forZ1.24 fall far below aZ1

2 scaling law and are greatly
overestimated by the perturbed stationary-state theory with energy loss, Coulomb deflection, and relativistic
corrections.@S1050-2947~99!01110-5#

PACS number~s!: 34.50.Fa
fo
n
s
ic
on
io
a
r

al

n
o
d
e

in

s
ge
w
fo

ro
th

ifu
R

s
e

ed
r-

lli-
ns

f

the
ve-
on

for
ble
on-
I. INTRODUCTION

The accurate theoretical prediction of cross sections
electron excitation, ionization, and exchange has bee
longstanding goal in the field of ion-atom collisions. Intere
in this subject continues to inspire progress in the theoret
description of ionization mechanisms, as well as applicati
that require accurate databases of ionization cross sect
Extensive experimental and theoretical activity over the p
three decades has led to a detailed understanding of ta
atom inner-shell vacancy production in light ion (Z1<2)
collisions @1#. In the case of heavy-ion collisions, addition
mechanisms, such as electron capture and~at low velocities!
molecular-orbital promotion, must be taken into accou
This, coupled with complexities pertaining to the presence
electrons on the projectile, causes both the theoretical
scription and the experimental investigation of inner-sh
vacancy production in heavy-ion collisions to be challeng
problems.

Most of the available experimental data for light ion
spanning a large range of relative velocities and tar
atomic numbers, are accurately described in a consistent
by a perturbed stationary-state theory with corrections
energy loss, Coulomb deflection, and relativistic effects@re-
ferred to as the~ECPSSR! theory# @2#. The development of
an analytical method for including inner-shell vacancy p
duction by electron capture to the projectile has extended
applicability of the ECPSSR theory to heavy ions@3#. Al-
though reliable data for heavy ions is much less plent
than for light ions, it is evident that the modified ECPSS
does a credible job of predicting target atomK-vacancy pro-
duction cross sections over a remarkably large range
Z1 /Z2 ~whereZ2 is the target atomic number! and v1 /v2K
~where v1 is the velocity of the projectile andv2K is the
average velocity of the targetK electron! @4–12#. The re-
gions where reasonable agreement between theory and
periment have been demonstrated, as well as the location
the present measurements, are shown in Fig. 1. Other m
PRA 601050-2947/99/60~4!/2959~11!/$15.00
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surements with heavy-ion projectiles have been perform
primarily in the low-velocity region where a molecula
orbital description is expected to apply@13#.

Except for the high-velocity data of Anholtet al. @6# and
the results of the present investigation, all of the other co
sion systems represented in Fig. 1 involve projectile io
having Z1<18. Moreover, the region in the vicinity o
v1 /v2K51 is unexplored beyondZ1 /Z250.9. The present
investigation was undertaken to examine the behavior of
K-vacancy production cross section in the intermediate
locity regime asZ1 /Z2 passes through unity and extends

FIG. 1. Collision parameters of measured cross sections
K-shell vacancy production by heavy ions in which reasona
agreement with the predictions of the ECPSSR theory was dem
strated; filled circles,@4#; filled squares,@5#; filled diamonds,@6#;
filled triangles,@7#; shaded hexagons,@9#; open triangles,@8#; open
squares,@10#; and open diamonds,@12#. The coordinates of the
present measurements are shown by the large open circles.
2959 ©1999 The American Physical Society
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to very asymmetric collision systems where the projec
atomic number is much greater than that of the target.
primary goal of this paper is to establish theZ1 /Z2 boundary
beyond which the ECPSSR theory begins to break do
The measurements were performed using 10-MeV/a
beams of Ne, Ar, Cr, Kr, Xe, and Bi incident on Cu targe
TargetK-vacancy production cross sections were determi
from the yields of CuK x rays observed with a Si~Li ! spec-
trometer. Copper was chosen as the target material bec
its K x rays fall in a favorable energy region, where there
minimum overlap with radiation from the projectiles and b
cause it is available in a wide range of thicknesses.

Several rather formidable problems complicate the dir
comparison of experiment with theory. One of them is as
ciated with the fact that the ionic charges of the incide
projectiles are generally much lower than their average e
librium charges inside the target. This means that the m
important electron-capture channels are initially closed.
the projectile enters the target, many of its electrons
stripped away and an equilibrium distribution of vacan
states quickly develops. During this equilibration proce
targetK-vacancy production by electron capture to the p
jectile can dramatically change. Therefore, the experim
tally determined cross section is really a complicated aver
over target thickness@14#;

s~ t !5
1

t E0

t

(
i

f i~x!s idx, ~1!

where f i and s i are the population fraction andK-vacancy
production cross section, respectively, of each contribu
projectile configurationi, and t is the target thickness. Two
approaches have been explored in the present study. In
first, the cross sections were determined for a range of ta
thicknesses and extrapolated to zero thickness to obtain
direct-ionization cross sections. The second approach
volved determining the cross sections for equilibrated pro
tiles and comparing them with the appropriate theoret
values calculated according to Eq.~1!.

Another problem is associated with the fact thatK-shell
ionizing collisions of heavy ions simultaneously cause
ejection of many electrons from theL and higher shells of
target atoms. This multiple ionization must be taken in
account in calculating the fluorescence yield used to con
theK x-ray production cross sections to ionization cross s
tions. To facilitate this task, high-resolution spectral me
surements with a crystal spectrometer were performed in
der to accurately establish the numbers ofL- and M-shell
vacancies produced in the Cu targets by each of the diffe
ion beams.

II. EXPERIMENTAL METHODS

A. Beams and targets

Beams of 10-MeV/amu Ne, Ar, Cr, Kr, Xe, and Bi wer
extracted from the Texas A&M K500 superconducting c
clotron and focused at the target position with the aid o
ZnS/CdS phosphor and a closed-circuit televison camera
this energy, beam particles from the cyclotron are delive
on target in pulses of approximately 2-ns duration a
100-ns separation. In the case of the x-ray yield meas
e
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ments, two 1-mm diameter collimators were inserted u
stream from the target at distances of 1.5 and 6.0 cm
precisely define the beam spot. The incident charges of
ions, their estimated average equilibrium charges, and
most probable equilibrium electron configurations in Cu a
listed in Table I. The latter two quantities were calculat
using theETACHA program of Rozet, Ste´phan, and Vernhet
@15#.

The targets consisted of Cu evaporated onto 520-mg/cm2

mylar backings and self-supporting Cu foils. Most of the
were obtained from Goodfellow Inc.@16#, but a few of the
thicker foils were obtained from Chromium Corp.@17#. The
thicknesses of the self-supporting foils were directly det
mined from measurements of their weights and areas,
they ranged from 0.97 to 4.67 mg/cm2. X-ray fluorescence
was employed to determine the Cu thicknesses of the ev
rated foils. Each of the targets was individually mount
behind the same beam-monitor target~'20 mg/cm2 Se
evaporated onto thin Mylar! in an x-ray fluorescence system
and irradiated by a low-power Mo x-ray tube. The Cu and
K x rays were observed by an Amptek Si-PIN photodio
detector@18# and their spectra were accumulated in a mu
channel analyzer. A calibration curve of the intensity ratio
the Cu-to-SeKa peaks~corrected for absorption! versus Cu
thickness was then constructed using the self-supporting
targets and used to determine the thicknesses of the ev
rated targets from their measured intensity ratios. The e
mated precision of the target thicknesses, as determine
the above procedure, was68% for thicknesses ranging from
6.7 to 200mg/cm2 and 65% for thicknesses ranging from
300 to 448mg/cm2. Uncertainties in the thicknesses of th
self-supporting foil targets were less than63%.

B. Energy-dispersive spectral measurements

A Si~Li ! x-ray detector having an active area of 30 mm2

and a resolution of 218 eV full width at half maximum
~FWHM! at 8.04 keV~Cu Ka) under the conditions of the
experiment was positioned at 90° to the ion beam a
viewed the target through a 0.025-mm thick Be window. T
targets were mounted in an eight-position target whe
which was driven remotely by a precision stepping mo
and oriented at a 45° angle relative to both the beam axis
the Si~Li ! detector axis. Projectile ions passing through t
target were directly counted by a particle detector consis
of a 6.25-cm230.32-cm block of BC-408 plastic scintillato
mounted on a Hamamatsu R1927 photomultiplier tube. T

TABLE I. Incident and estimated average equilibrium charg
and most probable equilibrium electron configurations of the
beams.

Ion
Incident
charge

Av. equilibrium
charge Configuration

Ne 4 9.6 bare
Ar 8 15.9 1s2

Cr 10 20.4 1s22p1

Kr 17 28.8 1s22s12p3

Xe 26 42.4 1s22s22p53p13d2

Bi 35 65.3 1s22s22p63s13p23d4



w
nc
ls
nc
cl

a
th
lt
hi

.8

th

e

er
on
ro
ea
te
at
e

ar
-
Th

-
e
th
ig

2
p

et
w
.

t
ov
ta

-
are

d
ly,
ea-
gets

.

ss-

s

the

PRA 60 2961PROJECTILEZ DEPENDENCE OF CuK-SHELL . . .
particle detector was located along the beam axis do
stream from the target at a distance of 4.3 cm. A coincide
requirement was imposed on the x-ray and particle signa
order to eliminate any uncertainties concerning the efficie
of the particle detector. The counting rates in the parti
detector ranged from 2000 s21 ~Bi ions! up to around 50 000
s21 ~Ne ions!, while the counting rates in the Si~Li ! detector
were always less than 1000 s21. As a check of the reliability
of this method, several of the measurements were repe
using a chevron microchannel plate detector in place of
plastic scintillator/photomultiplier tube assembly. The resu
obtained with the two detector systems all agreed to wit
63%.

The product of the Si~Li ! detector efficiencye and solid
angle fractionV was measured using the 11.9, 13.9, 17
20.8, 26.4, and 59.5-keV x-ray andg-ray lines of a calibrated
241Am source. These calibration points were then fit to
standard efficiency model function for a Si~Li ! detector;

e5e2a1~12e2a2!, ~2!

where

a15(
i

m i t i

and

a25mSitSi .

In the above expression fora1 , the sum extends over th
product of the total mass absorption coefficientm and thick-
nesst for the Be window, the Au layer, and the Si dead lay
The a2 term involves the product of the Si photoabsorpti
coefficient and depletion region thickness. In the fitting p
cedure, the unknown thicknesses of the Au layer, Si d
layer, and depletion region were treated as fitting parame
Efficiency values needed in the data analysis were calcul
with the model function and are believed to have an unc
tainty of no more than63% over the region of the CuK x
rays.

Typical x-ray spectra obtained in the present study
shown in Fig. 2. The CuKa andKb x-ray peaks are promi
nently displayed near the center of each spectrum.
dashed lines show the diagram line energies of theKa1,2 and
Kb1,3 transitions in singly ionized Cu atoms. Multiple ion
ization of theL andM shells causes these peaks to broad
and shift to higher energies with increasing severity as
projectile atomic number increases. A shoulder on the h
energy side of theKa peak is caused by theKa hypersatel-
lites, which originate from 2p to 1s transitions in Cu atoms
having doubleK vacancies. The other peaks visible in Fig.
are caused by x rays from the projectile or by pulse pileu

C. Wavelength-dispersive spectral measurements

A 12.7-cm Johansson-type curved crystal spectrom
was mounted on a specially designed vacuum chamber
its focal circle oriented perpendicular to the beam axis
viewed the target, which was tilted at a 45° angle relative
both the beam axis and the spectrometer axis, from ab
The spectrometer was equipped with a LiF diffraction crys
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and a flow proportional counter~10% methane and 90% ar
gon at 1 atm!. Further details of the spectrometer system
given in Ref.@19#.

Scans of the CuK x-ray region were performed in secon
order for all of the self-supporting foil targets. Unfortunate
the beam intensities required for the high-resolution m
surements were too high to use on the evaporated tar
with mylar backings. The resolution obtained for the CuKa1
line was 12 eV~FWHM!. Typical spectra are shown in Fig
3. The first two peaks in each spectrum contain theKa2 and

FIG. 2. X-ray spectra excited by 10-MeV/amu projectiles pa
ing through a 965-mg/cm2-thick Cu foil, measured with a Si~Li !
spectrometer. The dashed lines indicate the positions of the CuKa
and Kb ~single vacancy! diagram lines. The peaks labeledP are
caused by pulse pileup.

FIG. 3. CuKa x-ray spectra excited by 10-MeV/amu projectile
passing through a 2.57-mg/cm2-thick Cu foil, measured in second
order with a curved crystal spectrometer. The fitted portions of
spectra contain theKa1,2 doublet and theKaLn satellites. The
broad peaks to the right of the satellites contain the unresolvedKa
hypersatellites.
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2962 PRA 60R. L. WATSON, J. M. BLACKADAR, AND V. HORVAT
Ka1 lines originating from initial states having oneK va-
cancy and zeroL vacancies, while the other peaks in th
fitted portion of each spectrum contain theKa satellite lines
originating from initial states having oneK vacancy and one
to sevenL vacancies. The broad peak above theKa satellite
region ~which appears as a shoulder on theKa peak in Fig.
2! contains theKa hypersatellites. It is readily seen from th
changes in theKa satellite intensity distribution that the de
gree of multiple ionization increases considerably in go
from Ne projectiles to Bi projectiles. Another noteworth
feature of the spectra shown in Fig. 3 is the rapid increas
the intensity of theKa1,2 peaks relative to theKa satellite
peaks as the projectile atomic number increases. This be
ior suggests that other mechanisms besides those asso
with excitation, ionization, and capture by the projectile co
tribute to the production of states with singleK and zeroL
vacancies.

Energy calibration was accomplished by recording spe
of ion-excitedK x rays in targets containing Ca and Mn, an
L x rays in a target containing Sb. In addition to the multip
vacancy satellite peaks, the~single-vacancy! diagram lines
also were clearly visible in these spectra, presumably du
the same single-vacancy production mechanism~s! referred
to above. The energy calibration utilized theKa1,2 andKb1,3
peaks of both Ca and Mn, as well as theLa, Lb1 , and
Lb2,15 peaks of Sb. The CuKa2 , Ka1 , and Kb1,3 peaks
provided three more~internal! calibration points for each Cu
spectrum at energies of 8027.85, 8047.83, and 8905.42
respectively@20#.

III. ANALYSIS AND RESULTS

A. Ka satellite spectra

The primary purpose of the high-resolution measureme
was to determine the average target-atomL- and M-shell
vacancy configurations produced inK x-ray producing colli-
sions of the various projectiles so that accurate fluoresce
yields could be computed for use in converting the measu
x-ray yields to vacancy-production cross sections. To acc
plish this objective, the portions of the high-resolution sp
tra containing theKa satellites were analyzed by means o
least-squares-fitting procedure in which theKa1,2 peaks and
each satellite peak were represented by Gaussians, as
lustrated in Fig. 3. The centroid energies of the satel
peaks directly reflect both the number ofL andM vacancies,
and since the number ofL vacancies is already known, th
number ofM vacancies can be inferred by comparing t
measured energies to theoretical transition energies aver
over the various possible configurations for specifiedL- and
M-shell populations. The experimental averageKa satellite
energies~measured relative to theKa1 diagram line energy!
obtained with the different projectiles are compared in Fig
The number ofM vacancies associated with the lower-ord
satellite peaks~i.e.,n51 to 4! apparently increases rapidly a
low Z1 , but levels off beyondZ1'24. The average number
of M vacancies deduced by comparing the measured sat
energies with the results of Dirac-Fock calculations p
formed with the Desclaux program@21# are given in Table II.

The Ka satellite intensities were obtained from the lea
squares fits and corrected for proportional counter efficie
g
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and absorption in the target. Variation of the crystal refle
tivity was assumed to be negligible over the range of ene
involved. Based on numerous previous studies ofK x-ray
spectra excited by ion impact, the relative intensities of
Ka satellites are expected to approximate binomial distri
tions. Therefore, the observation that the intensities of
KL0 peaks are greatly enhanced over those predicted b
binomial fit to the satellite peaks in the spectra obtained w
Cr, Kr, Xe, and Bi projectiles~see Fig. 3! is strong evidence
that other mechanisms besides those associated with d
interactions between the projectile nucleus and target e
trons contribute to the production ofK x rays from singly
ionized target atoms. As has been pointed out in several
vious investigations@22–24#, photoionization of target atom
by projectile x rays and by ion-excited targetKb x rays that
are shifted above theK binding energy due to multiple ion
ization is a plausible mechanism forKL0 enhancement. An-
other possible source ofKL0 x rays is electron-impact ion
ization caused by secondary electrons produced in the
atom collisions.

It was necessary to correct the x-ray yields measured w
the Si~Li ! detector system for contributions from these oth
mechanisms in order to obtain reliable cross sections for
cancy production by direct ion-atom interactions. Therefo
the thickness dependence of this effect was investigated
compared with predictions of the calculatedKL0 enhance-
ments expected from photoionization. The ion-induced c

FIG. 4. Average energies of theKa satellite peaks relative to
the energy of theKa1 diagram line~8047.83 eV! as a function of
the projectile atomic number. The dashed lines indicate the ener
given by the Dirac-Fock program of Desclaux@21# for Cu atoms
having zeroM-shell vacancies.
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TABLE II. The average numbers ofM vacancies deduced from the averageKa satellite energies.~The
uncertainties in these numbers are estimated to be61 electron.!

Projectile atomic number KL1 KL2 KL3 KL4 KL5 KL6 KL7

10 1.0 1.8 1.1 0
18 2.6 4.4 4.8 5.9 6.8
24 3.1 5.6 7.0 8.5 8.1 7.8
36 2.5 6.1 7.9 9.7 10.3 10.7 12.4
54 2.1 5.1 7.6 10.1 11.3 12.6 15.0
83 1.0 4.5 6.9 9.8 11.9 14.2 17.3
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tribution to theKL0 peak of each high-resolution spectru
was estimated by first fitting a binomial distribution to th
satellite intensities to obtain the best value of the aver
L-vacancy probabilitypL . The binomial intensityI bin(n) of
a KLn peak is given by

I bin~n!5P~n!I Ka , ~3!

whereI Ka is the totalKa x-ray intensity corrected forKL0

enhancement~i.e., I Ka5I tot2IE), and

P~n!5S 8
nD pL

n~12pL!82n. ~4!

The binomial intensity forn50 @ I bin(0)# was taken to be the
KL0 peak intensity associated with the ion-induced contri
tion. It is given by the following expression:

I bin~0!5
P~0!

12P~0!
@ I tot2I obs~0!#, ~5!

in which I obs(0) is the observed intensity of theKL0 peak.
Finally, the relative enhancement of theKL0 peak, defined as

RE5
I obs~0!2I bin~0!

I tot
, ~6!

was calculated and used to examine the dependence o
enhancement effect on projectile atomic number and ta
thickness.

Figure 5 shows a comparison of the observedKa satellite
relative intensities with those obtained from the fitted bin
mial distributions. The close correspondence between
two intensity distributions for each of the projectiles len
credence to the method. The dependence of the ave
L-vacancy probability on the projectile atomic number
shown in Fig. 6. Also shown in this figure are the estima
pL values for the original vacancy distributions created at
time of collision. They were calculated by taking into a
count the fractions ofL vacancies filled by radiative an
Auger transitions from theM shell prior toK-vacancy decay
using a procedure that is outlined in Sec. III B. As may
seen from this figure, thepL values that characterize th
initial vacancy distributions are on average about 10% hig
than those that characterize the observed x-ray satellite
tributions.

In considering the possible sources of the observedKL0

enhancements, it is readily apparent from the spectra sh
in Fig. 2 that photoionization is a prime candidate. The la
energy shift displayed by eachKb peak means that in al
e
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r
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cases substantial intensities of x rays are produced with
ergies just above the CuK absorption edge, where th
K-shell photoionization cross section has its maximum val
Furthermore, x rays emitted by some of the projectiles~spe-
cifically Kr K x rays and BiL x rays! have significant cross
sections for photoionizing CuK electrons. The role of photo
ionization was investigated by performing calculations of t
expectedKL0 relative enhancement based on the obser
intensities of CuKb x rays emitted above the absorptio
edge and~in the pertinent cases! the observed intensities o
projectile x rays. The details of the calculations are given
the Appendix. The results are shown in Figs. 7 and 8. In F
7, the measured and calculatedKL0 relative enhancement

FIG. 5. Comparison of the measuredKa satellite intensities
~black bars! with those calculated assuming a binomial distributi
~shaded bars! having the averageL-vacancy probability given in the
upper right-hand corner of each frame. The measured intens
have been corrected for detector efficiency and absorption.
measuredKL0 intensities~not shown! were excluded from the fit-
ting procedure used to determine thepL values because they con
tained contributions from secondary excitation processes.
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for a target thickness of 2.57 mg/cm2 are plotted as a func
tion of the projectile atomic number. The apparent dip in
data atZ1554 is caused by the additional contributions
RE from projectile x rays at the two neighboring pointsZ1
536 ~Kr! and 83~Bi!. Within experimental errors, the rela
tive enhancements observed for Ne, Ar, and Cr project
are fully accounted for byKb photoionization. However, the
relative enhancements observed for the Kr, Xe, and Bi p
jectiles are considerably larger than those predicted
photoionization alone. Since the reliability of the calcu
tions is expected to be of the order of610%, it must be
concluded that another mechanism produces substantia
ditional contributions to theKL0 x-ray intensity. As men-
tioned above, the most likely candidate isK-shell ionization
by secondary electrons. It is well known, for example, th
binary-encounter electrons are produced with energies p

FIG. 6. The averageL-vacancy probabilities obtained from b
nomial fits to theKa x-ray satellite intensity distributions~filled
circles! and the calculated averageL-vacancy probabilities for the
initial L-vacancy distributions formed at the time of collision~open
circles!.

FIG. 7. Comparison of the experimental~filled circles! and cal-
culated ~open circles! relative enhancements for
2.57-mg/cm2-thick Cu foil. The calculated contributions to the rel
tive enhancements forZ1536 and 83 from fluorescence by proje
tile ~Kr K and Bi L! x rays are shown by the open triangles.
e

s

-
r

-

d-

t
k-

ing around 4mE/M at zero degrees, wherem is the mass of
the electron, andM and E are the mass and energy of th
projectile, respectively. For 10-MeV/amu projectiles, t
peak energy is 22 keV which is 2.5 times larger than the
K-binding energy. Moreover, cross sections for ionization
electron impact are comparable to those for photoionizat
Although it is difficult to calculate the expected contributio
from secondary electrons with much certainty, prelimina
estimates are of the right order of magnitude and reprod
the observed dependence on projectile atomic number
target thickness. More accurate calculations will require
incorporation of a model for electron transport in solids a
a better of way of accounting for electron energy loss a
target surface effects.

The target-thickness dependence of theKL0 relative en-
hancement is shown in Fig. 8 for Kr, Xe, and Bi projectile
In the cases of Kr and Bi, the predicted photoionization re
tive enhancement does not go to zero at zero target thick
because of contributions from projectile x rays produced
the target backing. It was found that the measured rela
enhancements were well represented by the empirical fit
function

RE5a1b~12e2ct!, ~7!

wherea, b, and c are fitting parameters andt is the target
thickness. The results of fits with this function shown by t
solid lines in Fig. 8 were used to correct the measuredKa
x-ray yields in the cross section determinations for Kr, X

FIG. 8. Target-thickness dependence of the relative enha
ment for Kr, Xe, and Bi projectiles.~Filled circles are experimenta
and open circles are calculated.! The curves show the results o
least-squares fits to the experimental points~see text!.
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and Bi projectiles. The relative enhancements used to cor
the x-ray yields for Ne, Ar, and Cr were the ones calcula
for photoionization.

B. K-vacancy production cross sections

A least-squares peak-fitting analysis was performed
each of the spectra obtained with the Si~Li ! detector system
to accurately determine the intensities and energies of
various x-ray components. In fitting the CuK x-ray peaks,
the Cu Ka, Ka hypersatellites, andKb were each repre
sented by a separate Gaussian. The CuKa intensities were
then corrected forKL0 enhancement;

I Ka5I tot~12RE!. ~8!

Division of the correctedKa intensities by the number o
detected ions and correction for absorption in the target
Si~Li ! detection probability yieldedNKa , the total number of
Ka x rays produced by ion-atom interactions per partic
The total number ofK vacancies produced per particle
given by

NK5
NKa

v̄Ka
, ~9!

wherev̄Ka is the averageKa fluorescence yield.
The average fluorescence yields required in Eq.~9! were

calculated by an iterative procedure in which the first s
involved estimation of thepL value characterizing the initia
L-vacancy distribution. Then, assuming theL electrons were
distributed statistically among theL subshells and the
M-shell population fractions were the same as those for thL
shell, the population fractions of all configurations formed
allowed radiative and Auger transitions from theL and M
shell to theK shell and from theM shell to theL shell were
computed, yielding a second-generation population distri
tion. Theoretical ~single-vacancy! transition rates@25,26#
corrected for the number of vacancies by the scaling pro
dure of Larkins@27# were employed in this step. The evolu
tion of the population distribution was followed by repeati
the above procedure until the total numbers ofKa andKb x
rays arising from eachL-vacancy configuration and the av
erage numbers ofM vacancies for each x-ray satellite ha
been determined. These numbers were then used to calc
the averageKa and Kb fluorescence yields, and thepL
value of the finalKa x-ray distribution. Finally, the calcu
lated x-ray distributionpL value was compared with th
measured one and if it did not agree, a new initialL-vacancy
distribution was generated and the whole process was
peated.

It was found that the assumption of an initial statistic
population of theM shell resulted in predictedKb to Ka
intensity ratios that did not agree with those observed exp
mentally, as is shown in Fig. 9. The experimental ratios
heavy-ion collisions are much higher than the single vaca
~photoionization! value, which indicates that the averag
3p-electron populations must be larger than the aver
2p-electron populations. On the other hand, if a sma
number ofM vacancies in the initial vacancy distribution
assumed, the calculated average number ofM electrons in
the final state for each satellite is too large to explain
ct
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energy shifts of the satellite peaks. This strongly sugge
that the initial vacancy distribution is not statistically pop
lated and that in particular, the 3p orbitals contain more
electrons than expected. A possible rationale for this mi
be that the 3p orbitals are continuously being filled from th
conduction band. The final calculations were carried out
der the assumption that the 3p orbitals are preferentially
populated because this assumption yielded ratios of the
erageKb and Ka fluorescence yields that were in goo
agreement with the measuredKb-to-Ka intensity ratios.

Total K-shell vacancy production cross sections a
shown in Fig. 10 as a function of target thickness. The er
bars include contributions associated with uncertainties
the target thickness, Si~Li ! detection probability, measure

FIG. 9. The CuKb to Ka intensity ratio as a function of the
projectile atomic number. The filled circles are the measured in
sity ratios and the open circles are intensity ratios calculated ass
ing the L and M-shell populations produced in the collisions a
statistically distributed among the subshells. The experimental
point atZ150 is for photoionization and was measured by fluore
ing a copper target with x rays andg rays from an241Am source.
The dashed line shows the theoretical value of Scofield@25# for
singly ionized atoms.

FIG. 10. Target-thickness dependence of the CuK-shell vacancy
production cross sections. The curves show the results of le
squares fits using the empirical function given in the text.
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TABLE III. Average CuKa fluorescence yields,K-shell vacancy production cross sections in Mb~where
s0 is the zero-thickness cross section,sC is the thickness-averaged electron-capture cross section, andseq is
the total cross section for equilibrated projectiles!, and equilibration thicknesses~mg/cm2!.

Z1 v̄Ka s0 sC seq teq

10 0.411 0.08260.020 0.05360.013 0.13660.008 78
18 0.445 0.23360.033 0.20860.029 0.44060.025 249
24 0.468 0.21560.025 0.23360.028 0.44860.031 552
36 0.501 0.20660.041 0.25760.052 0.46360.043 142
54 0.523 0.37960.051 0.48460.065 0.85560.081 608
83 0.530 0.37360.060 0.59260.079 0.84760.095 364
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Ka x-ray yield per particle, fluorescence yield, andKL0

relative enhancement. As expected, in each case the c
section at first increases rapidly with increasing target thi
ness and then levels off. This behavior is caused by a va
tion of the cross section forK-vacancy production via elec
tron capture to the projectile. As the projectile enters
target, its electrons are rapidly stripped away, opening n
electron-capture channels, until an equilibrium populat
distribution is established. The curves in Fig. 10 show
results of least-squares fits using the empirical fitting fu
tion

sK5s01sC~12e2at!, ~10!

where s0 and sC represent the zero-thickness~predomi-
nately direct-ionization! cross sections and the thicknes
averaged total-capture cross sections, respectively. This
ting function reproduces the trend of the data quite well a
it provides a reasonable means of extrapolation to obtain
zero-thickness cross sections. The values ofs0 and sC de-
termined in this analysis and the averageKa fluorescence
yields used in Eq.~9! are given in Table III. Also listed in
Table III areseq theK-vacancy production cross sections f
equilibrated projectiles, andteq, defined as the target thick
nesses at which the exponential term in Eq.~10! has reached
a value of 0.01. The values ofseq were determined by aver
aging the totalK-vacancy production cross sections for targ
thicknesses greater than 600mg/cm2. They are within61%
of the values obtained by addings0 andsC .

IV. COMPARISON WITH THEORY

Theoretical cross sections for CuK-shell vacancy produc
tion by 10-MeV/amu projectiles are presented in Fig. 11. T
cross sections were calculated within the framework of
ECPSSR theory and include contributions from dire
K-shell ionization@2# andK-electron capture to the projectil
@3#. For the purposes of illustration, calculation of th
electron-capture contribution, which depends on the e
tronic configuration of the projectile, were performed bo
for bare projectiles and for equilibrated projectiles in th
electronic ground states. The latter choice was selecte
demonstrate the effect of electrons attached to the projec

For comparison with the present experimental resu
electron-capture cross sections averaged over target th
ness were computed. These calculations required knowle
of how the distribution of projectile electronic configuratio
evolves with target thickness. This information was obtain
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by means of the programETACHA written by Rozet, Ste´phan,
and Vernhet@15#. ProgramETACHA solves the rate equation
for the population fractions of all projectile configuration
involving up to 28 electrons distributed over subshells h
ing principal quantum numbers equal to 1, 2, and 3, us
theoretical cross sections for electron capture, ionization,
excitation, and scaled radiative and Auger decay rates.
code was modified to provide the additional output need
for the current application. The number of contributing co
figurations included in the calculations depended on the p
jectile, but in all cases they accounted for 99.9% of the to
population. For example, with Xe projectiles the number
contributing configurations included reached 3500 at a ta
thickness of 100mg/cm2. Binding energies for electrons cap
tured into each of the contributing projectile configuratio
were obtained using the Dirac-Fock program of Descla
@21#.

The experimental and theoretical direct-ionization a
total-capture cross sections are compared in Fig. 12. As
dicated above, the theoretical electron-capture cross sec
were averaged over target thickness in accordance with
~1!. This average value increases well beyond the equi
rium thickness until the contribution from the preequilibriu
phase becomes negligible. However, before reaching

FIG. 11. Theoretical~ECPSSR! K-shell vacancy production
cross sections for bare ions~where the thick solid curve is the tota
cross section, the dot-dashed curve is the direct ionization c
section, and the thin solid curve is the total electron-capture c
section! and for projectiles with equilibrium charges and groun
state electron configurations~dashed curve!. The cross sections fo
target K-electron capture to various shells of bare projectile
shown by the dotted curves.
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point, the cross sections for equilibrated projectiles may h
started to decrease due to projectile energy loss. In th
cases, the total-capture cross sections shown in Fig. 12
the maximum values of the averages over target thicknes
is evident that the direct-ionization cross sections are in g
agreement for Ne and Ar projectiles, but beyond Ar, t
theoretical cross sections quickly rise above the experime
cross sections. The total-capture cross sections, on the
hand, display rather good agreement with each other ove
whole range of projectiles. It should be noted that the th
retical sC rely on both the electron-capture formulation
the ECPSSR and the configuration distributions predicted
ETACHA, while the theoreticals0 depend only on the validity
of the ECPSSR description of direct ionization.

The K-shell vacancy production cross sections for equ
brated projectiles are plotted in Fig. 13. The measured c
sections display a plateau centered in the region aroundZ1
527 where Z1 /Z2;1 and they level off aboveZ1554.
These two features may be associated with the occurrenc
maxima in the cross sections for targetK-electron capture to
the projectileK-shell aroundZ1530 and to the projectileL
shell aroundZ1560 ~see Fig. 11!. Comparing the measure
cross sections with the theoretical cross sections, it is a
seen that good agreement is achieved for Ne and Ar pro
tiles, but beyond Ar the theoretical cross sections rapi
become much larger than the experimental cross secti
For Bi projectiles, the theoretical cross section is a facto
18 larger than the experimental cross section. Moreover,
evident from the curve shown in Fig. 13 that the data fall
below aZ1

2 scaling law beyondZ1524.

V. CONCLUSIONS

Cross sections forK-vacancy production in Cu targets b
10-MeV/u projectiles of Ne, Ar, Cr, Kr, Xe, and Bi wer
determined from measuredK x-ray yields. An analysis of the

FIG. 12. Comparison of the experimental zero-thickness cr
sectionss0 and total-capture cross sectionssc with theoretical
~ECPSSR! cross sections for direct ionization andK-electron cap-
ture. In the case of capture, the cross sections for the most prob
electron configurations of the projectile~as determined using
ETACHA! were averaged over target thickness.
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Cu Kb-to-Ka intensity ratios resulting from heavy-ion exc
tation indicated that the multiply ionized states contributi
to K x-ray emission are not statistically populated. Hig
resolution measurements were performed to establish the
erage numbers of target-atomL- andM-shell vacancies pro-
duced inK-shell ionizing collisions. This information wa
used to calculate the appropriate fluorescence yields
transforming the x-ray yields to vacancy production cro
sections. The averageL-shell vacancy production probabilit
for K-shell ionizing collisions (pL) rose rapidly at lowZ1 ,
but leveled off and approached a limiting value of about 0
at highZ1 . In addition, the high-resolution spectra reveal
the presence of substantial contributions to theKL0 peak
intensity from mechanisms other than those involving dir
interactions with the projectile ions. It was found that pho
ionization of Cu atoms by CuKb x rays produced in ion-
atom collisions and shifted above theK absorption edge by
multiple ionization accounted for theKL0 enhancements ob
served with Ne, Ar, and Cr ions. However, calculated pho
ionization yields were unable to fully account for the e
hancements observed with Kr, Xe, and Bi ions. It w
concluded, therefore, that another mechanism in addition
photoionization, probably ionization by secondary electro
begins to contribute to this effect as the projectile atom
number rises above the target atomic number~i.e., in colli-
sion systems for whichZ1 /Z2.1). In the case of Bi projec-
tiles, the totalKL0 enhancement was 23% of the totalKa
x-ray intensity with only 57% of it being attributable t
photoionization by targetKb x rays and projectileL x rays.

Analysis of the thickness dependence of the CuK-shell
vacancy production cross sections provided the dire
ionization cross sections for zero-target thickness and
total K-electron-capture cross sections for equilibrated p
jectiles. The experimental direct-ionization cross sectio
and those predicted by the ECPSSR theory are in g
agreement for Ne and Ar ions, but the theoretical cross s
tions rapidly diverge above the experimental values bey

s

ble

FIG. 13. Comparison of theK-shell vacancy production cros
sections for equilibrated projectiles with theoretical~ECPSSR
1ETACHA! total cross sections that have been averaged over ta
thickness. The measured data point for He ions is from Ref.@28#.
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Z1518. The experimental total-capture cross sections, h
ever, were found to be in overall good agreement with th
calculated for excited-state distributions predicted by
ETACHA code using the ECPSSR formulation. The to
K-shell vacancy production cross sections for equilibra
projectiles rather unexpectedly saturate aboveZ1554, while
the theoretical cross sections rise above the experime
cross sections beyondZ1518 and deviate from them by
factor of 18 atZ1583.
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APPENDIX: CALCULATION OF THE
PHOTOIONIZATION ENHANCEMENT RATIO

The procedure used to calculate the contribution to
KL0 peak from CuKa x rays produced as a result of th
photoionization of CuK electrons by photons excited in ion
atom collisions is outlined herein. In the particular cases
interest, the source photons arise from energy shifted CuKb
transitions in multiply ionized atoms and projectile x rays.
is assumed that the angles between the target surface no
and the detector axis, and the target surface normal and
beam axis are equal.

The photoionizationKL0 enhancement ratio may be wri
ten as

RE5I P /I tot , ~A1!

whereI P is the observed intensity ofKL0 x rays produced by
photoionization andI tot is the total observedKa intensity
~including theKa satellites!. The quantityI P is given by

I P5NsgT~Ve!, ~A2!

whereNS is the intensity of emitted source photons,g is the
probability that a CuKa x ray will be produced via photo
ionization by a source photon,T is the probability that a Cu
Ka x ray will be transmitted out of the target over a pa
length determined by the effective thickness of the targe
viewed by the x-ray detector, and~Ve! is the CuKa x-ray
detection probability. The quantitiesNs and Ve are mea-
sured, and assuming the Cu x rays are produced unifor
along the beam path~the length of which is the same as th
distance these x rays must penetrate to reach the dete!,
the transmission probability is given by

T5
1

mt8
~12e2mt8!, ~A3!
.
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wherem is the mass absorption coefficient andt8 is the target
thickness corrected for the target tilt angle.

Calculation ofg, the x-ray production probability, may b
accomplished as follows. Consider a target of thicknest
with surface normal at anglea relative to the ion-beam axis
making its effective thicknesst85t(cosa)21. The probabil-
ity that a source photon produced at depthx along the beam
path escapes the targetwithoutphotoionizing a targetK elec-
tron is

p~x!5E
0

p

P~u!TK~u,x!du, ~A4!

whereP(u)du is the probability that the photon is emitte
between the anglesu and u1du measured relative to the
surface normal, given by

P~u!du51/2 sinudu ~A5!

for an isotropic distribution andTK is the transmission prob
ability of the photon, given by

TK~u,x!5e2mKt~u,x!. ~A6!

In Eq. ~A6!, mK is the mass absorption coefficient forK-shell
photoionization and

t~u,x!5 H ~ t2x cosa!/cosu
x cosa/cosu

for 0<u,p/2
for p/2,u<p. ~A7!

Finally, the x-ray production probability is obtained by n
merical integration of the formula

g5vKaF12
1

t8
E

0

t8
p~x!dxG , ~A8!

wherevKa is theKa fluorescence yield.
Equation~A2! also may be applied to the calculation

the intensity of CuKa x rays produced by projectile x ray
that are emitted as the projectile passes through the ta
backing. In this case, however, Eq.~A4! reduces to

p5 1
2 1E

p/2

p

P~u!TK~u!du, ~A9!

with

TK~u!5e2mKt/cosu, ~A10!

and Eq.~A8! becomes

g5vKa~12p!. ~A11!
K.
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