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Projectile Z dependence of CuK-shell vacancy production in 10-MeV/amu ion-solid collisions
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The dependence of Qiarget 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 nunhdis,j ranged
from 0.34 to 2.86. A combination of energy and wavelength dispersive x-ray spectrometry was used to measure
CuK 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 Kwacancy production cross sections determined for equilibrated projec-
tiles display a plateau centered in the region of symmetric collisidnéZ,~ 1) and they become essentially
constant beyond&,=54. The cross sections fat,>24 fall far below aZ? scaling law and are greatly
overestimated by the perturbed stationary-state theory with energy loss, Coulomb deflection, and relativistic
corrections[S1050-294®9)01110-5

PACS numbds): 34.50.Fa

[. INTRODUCTION surements with heavy-ion projectiles have been performed
primarily in the low-velocity region where a molecular-
The accurate theoretical prediction of cross sections foprbital description is expected to apgdl¥3].
electron excitation, ionization, and exchange has been a Except for the high-velocity data of Anhatt al. [6] and
longstanding goal in the field of ion-atom collisions. Interestthe results of the present investigation, all of the other colli-
in this subject continues to inspire progress in the theoretica#ion systems represented in Fig. 1 involve projectile ions
description of ionization mechanisms, as well as application®aving Z;<18. Moreover, the region in the vicinity of
that require accurate databases of ionization cross sectiong /vox=1 is unexplored beyond,/Z,=0.9. The present
Extensive experimental and theoretical activity over the pasinvestigation was undertaken to examine the behavior of the
three decades has led to a detailed understanding of targétvacancy production cross section in the intermediate ve-
atom inner-shell vacancy production in light ioZ(<2) locity regime asZ,/Z, passes through unity and extends on
collisions[1]. In the case of heavy-ion collisions, additional
mechanisms, such as electron capture @bdow velocitie$ 30 ,
molecular-orbital promotion, must be taken into account. °
This, coupled with complexities pertaining to the presence of
electrons on the projectile, causes both the theoretical de- 257
scription and the experimental investigation of inner-shell
vacancy production in heavy-ion collisions to be challenging S0l . .
problems. ° . N
Most of the available experimental data for light ions,
spanning a large range of relative velocities and target
atomic numbers, are accurately described in a consistent way
by a perturbed stationary-state theory with corrections for @ ¢
energy loss, Coulomb deflection, and relativistic efféots R R s
ferred to as thédECPSSR theory] [2]. The development of fr R SR °
an analytical method for including inner-shell vacancy pro- o5l a °of ¢ ° ]
duction by electron capture to the projectile has extended the . &* So o « °
applicability of the ECPSSR theory to heavy iof8. Al- FEA LA .
though reliable data for heavy ions is much less plentiful 00 —= ; :
than for light ions, it is evident that the modified ECPSSR
does a credible job of predicting target até&xvacancy pro-

duction cross sections over a remarkably large range of g 1 collision parameters of measured cross sections for
Z,1Z, (whereZ, is the target atomic numbeand v /vy K-shell vacancy production by heavy ions in which reasonable
(wherev, is the velocity of the projectile ang,x is the  agreement with the predictions of the ECPSSR theory was demon-
average velocity of the targed electron [4—12. The re-  strated; filled circles[4]; filled squares[5]; filled diamonds,[6];
gions where reasonable agreement between theory and efted triangles,[7]; shaded hexagonf9]; open triangles[8]; open
periment have been demonstrated, as well as the locations sfuares[10]; and open diamondg12]. The coordinates of the
the present measurements, are shown in Fig. 1. Other mepresent measurements are shown by the large open circles.
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to very asymmetric collision systems where the projectilie TABLE I. Incident and estimated average equilibrium charges,
atomic number is much greater than that of the target. Thend most probable equilibrium electron configurations of the ion
primary goal of this paper is to establish thg/Z, boundary ~ beams.

beyond which the ECPSSR theory begins to break down:

The measurements were performed using 10-MeV/amu Incident  Av. equilibrium . ,

beams of Ne, Ar, Cr, Kr, Xe, and Bi incident on Cu targets.on charge charge Configuration

TargetK-vacancy production cross sections were determineg|o 4 96 bare

from the yields of CWK x rays observed with a §ii) spec- 4, 8 15.9 152

trometer. Copper was chosen as the target material becauge 10 204 £22p!

its K x rays fall in a favorable energy region, where there is 17 28.8 1522512p3

minimum overlap with radiation from the projectiles and be—Xe 26 424 522522p53p302

cause it is available in a wide range of thicknesses. ) | 22 Brredry 2 1l
Several rather formidable problems complicate the direcFI 35 653 1572572p"3s 3p"3d

comparison of experiment with theory. One of them is asso-
ciated with the fact that the ionic charges of the incident
projectiles are generally much lower than their average equinents, two 1-mm diameter collimators were inserted up-
librium charges inside the target. This means that the mositream from the target at distances of 1.5 and 6.0 cm to
important electron-capture channels are initially closed. Adrecisely define the beam spot. The incident charges of the
the projectile enters the target, many of its electrons aréons, their estimated average equilibrium charges, and the
Stripped away and an equ”ibrium distribution of VacancymOSt probable equilibrium electron Configurations in Cu are
states qu|Ck|y deve|0ps_ During this equi"bration process!isted in Table I. The latter two quantities were calculated
targetK-vacancy production by electron capture to the pro-using theeTAcHA program of Rozet, Sghan, and Vernhet
jectile can dramatically change. Therefore, the experimenﬂ15]-
tally determined cross section is really a complicated average The targets consisted of Cu evaporated onto Ag@nT?
over target thicknesl4]; mylar backings and self-supporting Cu foils. Most of them
were obtained from Goodfellow In¢16], but a few of the
1 [t thicker foils were obtained from Chromium Cofd.7]. The
o(t)= ?foz fi(x)oidx, (1) thicknesses of the self-supporting foils were directly deter-
' mined from measurements of their weights and areas, and
they ranged from 0.97 to 4.67 mg/énX-ray fluorescence
as employed to determine the Cu thicknesses of the evapo-
ated foils. Each of the targets was individually mounted
hind the same beam-monitor target20 ug/cn? Se
g[vaporated onto thin Mylain an x-ray fluorescence system
d irradiated by a low-power Mo x-ray tube. The Cu and Se
x rays were observed by an Amptek Si-PIN photodiode
detector{ 18] and their spectra were accumulated in a multi-
Fhannel analyzer. A calibration curve of the intensity ratio of

wheref; and o; are the population fraction and-vacancy
production cross section, respectively, of each contributin
projectile configuration, andt is the target thickness. Two
approaches have been explored in the present study. In t
first, the cross sections were determined for a range of targ
thicknesses and extrapolated to zero thickness to obtain tf'
direct-ionization cross sections. The second approach in-
volved determining the cross sections for equilibrated projec

tiles and comparing them with the appropriate theoretica .
values calcula?ed a%cording to EA). pprop the Cu-to-SeK o peaks(corrected for absorptignversus Cu

Another problem is associated with the fact tiashell thickness was then construgted using_ the self-supporting foil
ionizing collisions of heavy ions simultaneously cause thel2f9€ts and used to determine the thicknesses of the evapo-
ejection of many electrons from tHe and higher shells of rated target_s_from their measur(_ad intensity ratios. Th_e esti-
target atoms. This multiple ionization must be taken intoMated precision of the target thicknesses, as determined by
account in calculating the fluorescence vyield used to conveg‘e above procedure, was8% for thicknesses ranging from

the K x-ray production cross sections to ionization cross sec: 7 to 200ug/cn? and +5% for thicknesses ranging from

tions. To facilitate this task, high-resolution spectral mea->00 0 448ug/cnt. Uncertainties in thea]tg(i;knesses of the
0.

surements with a crystal spectrometer were performed in or3€!-supporting foil targets were less th
der to accurately establish the numbersLefand M-shell

vacancies produced in the Cu targets by each of the different B. Energy-dispersive spectral measurements
ion beams. A Si(Li) x-ray detector having an active area of 30 fim
and a resolution of 218 eV full width at half maximum
Il. EXPERIMENTAL METHODS (FWHM) at 8.04 keV(Cu Ka) under the conditions of the

experiment was positioned at 90° to the ion beam and
viewed the target through a 0.025-mm thick Be window. The
Beams of 10-MeV/amu Ne, Ar, Cr, Kr, Xe, and Bi were targets were mounted in an eight-position target wheel,
extracted from the Texas A&M K500 superconducting cy-which was driven remotely by a precision stepping motor
clotron and focused at the target position with the aid of aand oriented at a 45° angle relative to both the beam axis and
ZnS/CdS phosphor and a closed-circuit televison camera. Ahe SilLi) detector axis. Projectile ions passing through the
this energy, beam particles from the cyclotron are deliveredarget were directly counted by a particle detector consisting
on target in pulses of approximately 2-ns duration andof a 6.25-crix0.32-cm block of BC-408 plastic scintillator
100-ns separation. In the case of the x-ray yield measuranounted on a Hamamatsu R1927 photomultiplier tube. The

A. Beams and targets
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particle detector was located along the beam axis down-
stream from the target at a distance of 4.3 cm. A coincidence
requirement was imposed on the x-ray and particle signals in 100
order to eliminate any uncertainties concerning the efficiency

of the particle detector. The counting rates in the particle
detector ranged from 2000 5(Bi ions) up to around 50 000 1
s ! (Ne iong, while the counting rates in the (i) detector
were always less than 1000%s As a check of the reliability
of this method, several of the measurements were repeateig 1%
using a chevron microchannel plate detector in place of theg 1o} |
plastic scintillator/photomultiplier tube assembly. The results 2
obtained with the two detector systems all agreed to within
+3%.

The product of the $iLi) detector efficiency and solid 100
angle fraction() was measured using the 11.9, 13.9, 17.8,
20.8, 26.4, and 59.5-keV x-ray andray lines of a calibrated
241Am source. These calibration points were then fit to the 1 )

standard efficiency model function for a(Si) detector; 0246 8101214161820 0 2 4 6 851012141618 20
Energy (keV) Energy (keV)

1000 1000

1000

Channel

1000

e=e “(l-e %), ) - iecti
FIG. 2. X-ray spectra excited by 10-MeV/amu projectiles pass-

where ing through a 965(tg/cn12-thick Qu foil, measure.d. with a 8ii)
spectrometer. The dashed lines indicate the positions of thé€ £u
and KB (single vacancydiagram lines. The peaks label&lare

31:2 it caused by pulse pileup.
I

and a flow proportional countéd0% methane and 90% ar-

gon at 1 atm Further details of the spectrometer system are

given in Ref.[19].

Scans of the CK x-ray region were performed in second
order for all of the self-supporting foil targets. Unfortunately,
the beam intensities required for the high-resolution mea-
surements were too high to use on the evaporated targets

and
ar= psitsi-

In the above expression fa;, the sum extends over the
product of the total mass absorption coefficignand thick-
ness for the Be window, the Au layer, and the Si dead layer.

. . .~ ‘with mylar backings. The resolution obtained for the IiCa,
The a, term involves the product of the Si photoabsorptlon“ne was 12 eV(FWHM). Typical spectra are shown in Fig
coefficient and depletion region thickness. In the fitting pro- : '

cedure, the unknown thicknesses of the Au layer, Si deag' The first two peaks in each spectrum containkte, and

layer, and depletion region were treated as fitting parameters. 4 0
Efficiency values needed in the data analysis were calculatec s} |
with the model function and are believed to have an uncer- %
tainty of no more than=3% over the region of the CK x
rays. 10
Typical x-ray spectra obtained in the present study are 5
shown in Fig. 2. The ClKKa andK 3 x-ray peaks are promi-
nently displayed near the center of each spectrum. The
dashed lines show the diagram line energies okibg , and
KB, 3 transitions in singly ionized Cu atoms. Multiple ion-
ization of theL andM shells causes these peaks to broaden
and shift to higher energies with increasing severity as the
projectile atomic number increases. A shoulder on the high = *
energy side of th& « peak is caused by th€a hypersatel-
lites, which originate from @ to 1s transitions in Cu atoms
having doubleK vacancies. The other peaks visible in Fig. 2
are caused by x rays from the projectile or by pulse pileup.
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C. Wavelength-dispersive spectral measurements Energy (V) Energy (eV)

A 12.7-cm Johansson-type curved crystal spectrometer fG. 3. Cuka x-ray spectra excited by 10-MeV/amu projectiles
was mounted on a specially designed vacuum chamber Witassing through a 2.57-mg/éthick Cu foil, measured in second
its focal circle oriented perpendicular to the beam axis. ltorder with a curved crystal spectrometer. The fitted portions of the
viewed the target, which was tilted at a 45° angle relative tospectra contain th&«, , doublet and theKalL" satellites. The

both the beam axis and the spectrometer axis, from aboveroad peaks to the right of the satellites contain the unresddved
The spectrometer was equipped with a LiF diffraction crystahypersatellites.
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Ka4 lines originating from initial states having oré va- .
cancy and zerd. vacancies, while the other peaks in the 320 .
fitted portion of each spectrum contain tKex satellite lines '
originating from initial states having or€ vacancy and one 2680 ¢ .
to severlL vacancies. The broad peak above ke satellite KL’ . *
region (which appears as a shoulder on e peak in Fig. T ]
2) contains th&K @ hypersatellites. It is readily seen from the KLO
changes in th& « satellite intensity distribution that the de- ST
gree of multiple ionization increases considerably in going . .
from Ne projectiles to Bi projectiles. Another noteworthy %) 200 | A '
feature of the spectra shown in Fig. 3 is the rapid increase in = KLS
the intensity of theKa, , peaks relative to th& « satellite £ wof , . Tt
peaks as the projectile atomic number increases. This behav- "'.J _K£4T _________________
ior suggests that other mechanisms besides those associated 2 120 ; .t . .
with excitation, ionization, and capture by the projectile con- w JKLs
tribute to the production of states with sindfeand zeroL
vacancies.

Energy calibration was accomplished by recording spectra o2 o °f s s
of ion-excitedK x rays in targets containing Ca and Mn, and s
L x rays in a target containing Sb. In addition to the multiple- of T
vacancy satellite peaks, thisingle-vacancy diagram lines
also were clearly visible in these spectra, presumably due to 40 -KLI. et 3 3 3]
the same single-vacancy production mechafssmreferred |~ T T T T T T T T T B
to above. The energy calibration utilized ter; , andK g, 3 A o e e 70 a0 so

peaks of both Ca and Mn, as well as ther, LB3;, and
LB3,,15 peaks of Sb. The CKa,, Kay, andKg; 3 peaks
provided three morénterna) calibration points for each Cu g, 4. Average energies of théa satellite peaks relative to
spectrum at energies of 8027.85, 8047.83, and 8905.42 e¥he energy of th& a; diagram line(8047.83 eV as a function of
respectively[20]. the projectile atomic number. The dashed lines indicate the energies
given by the Dirac-Fock program of Descla[&1] for Cu atoms
Ill. ANALYSIS AND RESULTS having zeroM-shell vacancies.

Projectile Atomic Number

A. Ka satellite spectra o o
and absorption in the target. Variation of the crystal reflec-

The primary purpose of the high-resolution measurementﬁvity was assumed to be negligible over the range of energy

was to determine the average target-atbmand M-shell involved. Based on numerous previous studiesKox-ra
vacancy configurations producedKnx-ray producing colli- ) b y

sions of the various projectiles so that accurate fluorescen%[)ectra excited by ion impact, the relative intensities of the

yields could be computed for use in converting the measureff satellites are expected to approximate binomial distribu-

x-ray yields to vacancy-production cross sections. To accomiions. Therefore, the observation that the intensities of the

plish this objective, the portions of the high-resolution spec—K_'-0 peaks are greatly enhanced over those predicted by a
tra containing thek « satellites were analyzed by means of abinomial fit to the satellite peaks in the spectra obtained with
least-squares-fitting procedure in which e , peaks and Cr. Kr, Xe, and Bi projectilessee Fig. 3is strong evidence
each satellite peak were represented by Gaiussians, as is ffpat other mechanisms besides those associated with direct
lustrated in Fig. 3. The centroid energies of the satelliteénteractions between the projectile nucleus and target elec-
peaks directly reflect both the numberloandM vacancies, trons contribute to the production &f x rays from singly
and since the number df vacancies is already known, the ionized target atoms. As has been pointed out in several pre-
number of M vacancies can be inferred by comparing thevious investigation§22—24, photoionization of target atoms
measured energies to theoretical transition energies averagby projectile x rays and by ion-excited targép x rays that
over the various possible configurations for specifiedind  are shifted above thK binding energy due to multiple ion-
M-shell populations. The experimental average satellite ization is a plausible mechanism f&i.° enhancement. An-
energiedmeasured relative to th€a, diagram line energy  other possible source ¢€L° x rays is electron-impact ion-
obtained with the different projectiles are compared in Fig. 4ization caused by secondary electrons produced in the ion-
The number oM vacancies associated with the lower-orderatom collisions.
satellite peaksi.e.,n=1 to 4) apparently increases rapidly at It was necessary to correct the x-ray yields measured with
low Z,, but levels off beyond@,~24. The average numbers the S{Li) detector system for contributions from these other
of M vacancies deduced by comparing the measured satellitaechanisms in order to obtain reliable cross sections for va-
energies with the results of Dirac-Fock calculations per-cancy production by direct ion-atom interactions. Therefore,
formed with the Desclaux prograf1] are given in Table Il.  the thickness dependence of this effect was investigated and
The K « satellite intensities were obtained from the least-compared with predictions of the calculatéd.® enhance-
squares fits and corrected for proportional counter efficiencynents expected from photoionization. The ion-induced con-
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TABLE Il. The average numbers &fl vacancies deduced from the average satellite energiegThe
uncertainties in these numbers are estimated ta beslectron).

Projectile atomic number KLY KL? KLS KL* KLS KLS KLY
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 25 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

tribution to theKL° peak of each high-resolution spectrum cases substantial intensities of x rays are produced with en-
was estimated by first fitting a binomial distribution to the ergies just above the CIK absorption edge, where the
satellite intensities to obtain the best value of the averag&-shell photoionization cross section has its maximum value.
L-vacancy probabilityp, . The binomial intensityt,;,(n) of  Furthermore, x rays emitted by some of the projectikse-

aKL" peak is given by cifically Kr K x rays and BiL x ray9 have significant cross
sections for photoionizing CK electrons. The role of photo-
Ipin(N) =P(N)lk,, (3 ionization was investigated by performing calculations of the

expectedK L relative enhancement based on the observed
intensities of CuKB x rays emitted above the absorption
edge andin the pertinent casg¢she observed intensities of
8 projectile x rays. The details of the calculations are given in
P(n)= ( n) pl(1—p )& " (4)  the Appendix. The results are shown in Figs. 7 and 8. In Fig.
7, the measured and calculat&d.° relative enhancements
The binomial intensity fon=0 [1,(0)] was taken to be the
KL peak intensity associated with the ion-induced contribu- 50

wherel,, is the totalK  x-ray intensity corrected foK L°
enhancement.e., I x,=li—Ig), and

tion. It is given by the following expression: 0 (p, =0.129) Kr (p, =0.461)
P(0) 30
Ipin(0) = 1_—P(O)[It0t— lond 0) ], 5 i
in which 1,,{0) is the observed intensity of theL® peak. 10 A
Finally, the relative enhancement of tké& ° peak, defined as = I
0 . . . - ]
~ lopd0) = 1pin(0) (p, =0282) Xe (p,=0.522)

E
l tot

30

enhancement effect on projectile atomic number and targez 20
thickness.

Figure 5 shows a comparison of the obserked satellite
relative intensities with those obtained from the fitted bino- 0
mial distributions. The close correspondence between the
two intensity distributions for each of the projectiles lends
credence to the method. The dependence of the averac 3o
L-vacancy probability on the projectile atomic number is
shown in Fig. 6. Also shown in this figure are the estimated ~ 2°
p. values for the original vacancy distributions created at the 4,
time of collision. They were calculated by taking into ac-

=
T
[}
m10

Bi (p, =0.545)
40

count the fractions ol vacancies filled by radiative and 0 4"‘ P S S S s S
Auger transitions from th&l shell prior toK-vacancy decay 0123 . .
using a procedure that is outlined in Sec. IlIB. As may be Number of L vacancies =~ Number of L vacancies

seen from this figure, the,_ values that characterize the 15 5 comparison of the measuréd satellite intensities
initial vacancy distributions are on average about 10% high€fpack barg with those calculated assuming a binomial distribution
than _those that characterize the observed x-ray satellite d'%éhaded bajshaving the average-vacancy probability given in the
tributions. upper right-hand corner of each frame. The measured intensities
In considering the possible sources of the obseked  have been corrected for detector efficiency and absorption. The
enhancements, it is readily apparent from the spectra showfeasureck L° intensities(not shown were excluded from the fit-
in Fig. 2 that photoionization is a prime candidate. The largeaing procedure used to determine tpe values because they con-
energy shift displayed by eadiB peak means that in all tained contributions from secondary excitation processes.
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FIG. 6. The averagé-vacancy probabilities obtained from bi-
nomial fits to theKa x-ray satellite intensity distribution€filled
circles and the calculated averagevacancy probabilities for the
initial L-vacancy distributions formed at the time of collisi@pen
circles.

for a target thickness of 2.57 mg/érare plotted as a func-
tion of the projectile atomic number. The apparent dip in the
data atZ,=54 is caused by the additional contributions to

Re from projectile x rays at the two neighboring poirs 0 . ‘ :
=36 (Kr) and 83(Bi). Within experimental errors, the rela- e 1 2z 3 45 , & 7
tive enhancements observed for Ne, Ar, and Cr projectiles Target Thickness (mg/cm®)

relative enhancements observed for the K1, Xe. and Bi pro- FIG: & Targetihickness dependence of he relaive enhance-
L . ’ T ment for Kr, Xe, and Bi projectilegFilled circles are experimental
Jectlle_s f?“e _con3|derably larger thqn _those predicted fOgtnd open circles are calculated’he curves show the results of
photoionization alone. Since the reliability of the calcula- least-squares fits to the experimental poitstse text

tions is expected to be of the order afl0%, it must be
concluded that another mechanism produces substantial ad- .
ditional contributions to thé<L® x-ray intensity. As men- Ing around 4nE/M at zero degrees, wherais the mass of
tioned above, the most likely candidatekisshell ionization ~ the electron, and/ and E are the mass and energy of the
by secondary electrons. It is well known, for example, thatProjectile, respectively. For 10-MeV/amu projectiles, the

binary-encounter electrons are produced with energies peaR€ak energy is 22 keV which is 2.5 times larger than the Cu
K-binding energy. Moreover, cross sections for ionization by

electron impact are comparable to those for photoionization.
Although it is difficult to calculate the expected contribution
¢ from secondary electrons with much certainty, preliminary
ol ] estimates are of the right order of magnitude and reproduce
the observed dependence on projectile atomic nhumber and
target thickness. More accurate calculations will require the
15+ . incorporation of a model for electron transport in solids and
o a better of way of accounting for electron energy loss and
% target surface effects.
: 1 The target-thickness dependence of Kie® relative en-
o hancement is shown in Fig. 8 for Kr, Xe, and Bi projectiles.
i In the cases of Kr and Bi, the predicted photoionization rela-
S % “ © ] tive enhancement does not go to zero at zero target thickness
because of contributions from projectile x rays produced in
ol E ] the target backing. It was found that the measured relative
enhancements were well represented by the empirical fitting
function

25

0O 10 20 30 40 50 60 70 80 90
Projectile Atomic Number Re=a+Db(1- e °), 7)

FIG. 7. Comparison of the experimentéilled circles and cal- o )
culated (open circles relative enhancements for a Wherea, b, andc are fitting parameters andis the target

2.57-mg/cr-thick Cu foil. The calculated contributions to the rela- thickness. The results of fits with this function shown by the
tive enhancements fat, =36 and 83 from fluorescence by projec- solid lines in Fig. 8 were used to correct the measuted
tile (Kr K and BiL) x rays are shown by the open triangles. x-ray yields in the cross section determinations for Kr, Xe,
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and Bi projectiles. The relative enhancements used to correct 030

the x-ray yields for Ne, Ar, and Cr were the ones calculated 028 f %
for photoionization. 026 f }
0.24 }
B. K-vacancy production cross sections g 022 ¥ }
A least-squares peak-fitting analysis was performed on 020
each of the spectra obtained with thé€L$) detector system - o8¢ }
to accurately determine the intensities and energies of the 016 |
various x-ray components. In fitting the Glux-ray peaks, 04§ ]
the CuKea, Ka hypersatellites, an&k 8 were each repre- o2k o o
sented by a separate Gaussian. TheKGuintensities were 010 . b ° . L
then corrected foKL° enhancement; 0 2 40 60 80
Projectile Atomic Number
lka=lo( 1 - Reg). (8

FIG. 9. The CuKpB to Ka intensity ratio as a function of the
Division of the correctedK « intensities by the number of projectile atomic number. The filled circles are the measured inten-
detected ions and correction for absorption in the target angity ratios and the open circles are intensity ratios calculated assum-
Si(Li) detection probability yieldetl, , the total number of ing 'th_e L anq M_—shell populations produced in the coII_isions are
Ka x rays produced by ion-atom interactions per particle_Ste}“St'C‘?‘”y dlgtrlbuted anjoqg the subshells. The experimental data
The total number oK vacancies produced per particle is point atZ, =0 is for photoionization and was measured by fluoresc-

given by ing a copper target with x rays angdrays from an?*!Am source.
The dashed line shows the theoretical value of Scofi2k] for
Ny singly ionized atoms.
(23

NK_ ’ (9)

“Ka energy shifts of the satellite peaks. This strongly suggests

that the initial vacancy distribution is not statistically popu-
lated and that in particular, thep3orbitals contain more
electrons than expected. A possible rationale for this might
e that the P orbitals are continuously being filled from the
conduction band. The final calculations were carried out un-
der the assumption that thep3orbitals are preferentially
populated because this assumption yielded ratios of the av-

wherewy, is the averag& « fluorescence vyield.

The average fluorescence yields required in @y were
calculated by an iterative procedure in which the first ste
involved estimation of thg, value characterizing the initial
L-vacancy distribution. Then, assuming thelectrons were
distributed statistically among thé& subshells and the
M-shell population fractions were the same as those fok the . .
shell, the population fractions of all configurations formed byerage KB anq Ka fluorescence ylelds_ that Wwere in good
allowed radiative and Auger transitions from theand M agreement with the measurmﬁ-to-Ka Intensity ratios.
shell to theK shell and from theM shell to theL shell were Tota! K—_shell vacancy _producuon cross sections are
computed, yielding a second-generation population distripuShown in Fig. 10 as a function of target thickness. The error

tion. Theoretical (single-vacancy transition rates[25,26] bars include contributions associated with uncertainties in

corrected for the number of vacancies by the scaling procet-he target thickness, @) detection probability, measured

dure of Larking[27] were employed in this step. The evolu-

tion of the population distribution was followed by repeating 0'16 Ne 1oso Kr
the above procedure until the total number&ef andK 8 x ' .45 [+ ! b
rays arising from each-vacancy configuration and the av- & °"2i r

erage numbers ofl vacancies for each x-ray satellite had 2 °% 020

been determined. These numbers were then used to calculatg 015

the averageKa and KB fluorescence yields, and the § 0.00 =000 -
value of the finalKa x-ray distribution. Finally, the calcu- g ** R S L
lated x-ray distributionp, value was compared with the & 04543 o e T ! P
measured one and if it did not agree, a new initialacancy 8 o.so?rr 060

distribution was generated and the whole process was re-3 4. o

peated. b - "

It was found that the assumption of an initial statistical & g 1w Bi
population of theM shell resulted in predicted 8 to K« S oush Lo L1 loso f ' 7
intensity ratios that did not agree with those observed experi- 3 ! © 7 s
mentally, as is shown in Fig. 9. The experimental ratios for 0% 0.40
heavy-ion collisions are much higher than the single vacancy °* 0.20

(photoionization valge, which indicates that the average T L ey Y
3p-electron populations must be larger than the average

2p-electron populations. On the other hand, if a smaller
number ofM vacancies in the initial vacancy distribution is  FIG. 10. Target-thickness dependence of thekshell vacancy
assumed, the calculated average numbeMotlectrons in  production cross sections. The curves show the results of least-
the final state for each satellite is too large to explain thesquares fits using the empirical function given in the text.

Target Thickness (mg/cm?) Target Thickness (mg/cm?)
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TABLE lll. Average CuK « fluorescence yieldd¢-shell vacancy production cross sections in Mihere
oy is the zero-thickness cross section, is the thickness-averaged electron-capture cross sectior il
the total cross section for equilibrated projectileend equilibration thicknességag/cn?).

Z, WK o 0o oc Oeq teq

10 0.411 0.0820.020 0.05%0.013 0.136:0.008 78
18 0.445 0.2330.033 0.20& 0.029 0.446:-0.025 249
24 0.468 0.2150.025 0.2330.028 0.4480.031 552
36 0.501 0.2060.041 0.25%0.052 0.4630.043 142
54 0.523 0.3790.051 0.484:0.065 0.855:0.081 608
83 0.530 0.3730.060 0.5920.079 0.847%0.095 364

Ka x-ray yield per particle, fluorescence yield, akd.® by means of the prograETACHA written by Rozet, Stghan,
relative enhancement. As expected, in each case the croasd Vernhef15]. ProgrameTACHA solves the rate equations
section at first increases rapidly with increasing target thickfor the population fractions of all projectile configurations
ness and then levels off. This behavior is caused by a variaavolving up to 28 electrons distributed over subshells hav-
tion of the cross section fdf-vacancy production via elec- ing principal quantum numbers equal to 1, 2, and 3, using
tron capture to the projectile. As the projectile enters thetheoretical cross sections for electron capture, ionization, and
target, its electrons are rapidly stripped away, opening newexcitation, and scaled radiative and Auger decay rates. The
electron-capture channels, until an equilibrium populationcode was modified to provide the additional output needed
distribution is established. The curves in Fig. 10 show théor the current application. The number of contributing con-
results of least-squares fits using the empirical fitting funcfigurations included in the calculations depended on the pro-
tion jectile, but in all cases they accounted for 99.9% of the total
population. For example, with Xe projectiles the number of
contributing configurations included reached 3500 at a target
thickness of 10Qug/cn. Binding energies for electrons cap-
where o, and o represent the zero-thicknegpredomi- tured into each of the contributing projectile configurations
nately direct-ionization cross sections and the thickness-were obtained using the Dirac-Fock program of Desclaux
averaged total-capture cross sections, respectively. This fif21].

ting function reproduces the trend of the data quite well and The experimental and theoretical direct-ionization and
it provides a reasonable means of extrapolation to obtain thital-capture cross sections are compared in Fig. 12. As in-
zero-thickness cross sections. The valuegrgiand o de-  dicated above, the theoretical electron-capture cross sections
termined in this analysis and the average fluorescence were averaged over target thickness in accordance with Eq.
yields used in Eq(9) are given in Table Ill. Also listed in (1). This average value increases well beyond the equilib-
Table Ill areoqthe K-vacancy production cross sections for rium thickness until the contribution from the preequilibrium
equilibrated projectiles, ant,, defined as the target thick- phase becomes negligible. However, before reaching this
nesses at which the exponential term in E) has reached
a value of 0.01. The values of,, were determined by aver-

ok=0o+oc(l-e™ ), (10

aging the totaK-vacancy production cross sections for target f
thicknesses greater than 6@@/cn?. They are within+1% 0T /;
of the values obtained by addirg, andoc. Bar fons (total) /

15 F Equilibrated Jons (total) / /

IV. COMPARISON WITH THEORY

Theoretical cross sections for Gushell vacancy produc-
tion by 10-MeV/amu projectiles are presented in Fig. 11. The
cross sections were calculated within the framework of the
ECPSSR theory and include contributions from direct
K-shell ionization 2] andK-electron capture to the projectile V%
[3]. For the purposes of illustration, calculation of the 0 o TN
electron-capture contribution, which depends on the elec- 0 10 20 30 40 50 60 70 80 90
tronic configuration of the projectile, were performed both Projectile Atomic Number

for bare. projectiles and for equilibrated .projectiles in their g5 11 Theoretical(ECPSSR K-shell vacancy production
electronic ground states. The latter choice was selected tQqss sections for bare iofiwhere the thick solid curve is the total
demonstrate the effect of electrons attached to the projectil@yoss section, the dot-dashed curve is the direct ionization cross
For comparison with the present experimental resultSgection, and the thin solid curve is the total electron-capture cross
electron-capture cross sections averaged over target thickection and for projectiles with equilibrium charges and ground-
ness were computed. These calculations required knowledggate electron configuratiorfdashed curve The cross sections for
of how the distribution of projectile electronic configurations target K-electron capture to various shells of bare projectile are
evolves with target thickness. This information was obtainedgshown by the dotted curves.

K-Vacancy Production Cross Section (Mb)
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FIG. 12. Comparison of the experimental zero-thickness cross |G, 13. Comparison of th&-shell vacancy production cross
sectionso, and total-capture cross sectiong with theoretical  ggctions for equilibrated projectiles with theoreticlfCPSSR

(ECPSSR cross sections for direct ionization akdelectron cap- | gracua) total cross sections that have been averaged over target

ture. In the case of capture, the cross sections for the most probablgickness. The measured data point for He ions is from 8.
electron configurations of the projectiléas determined using

ETACHA) were averaged over target thickness.

Cu K B-to-K « intensity ratios resulting from heavy-ion exci-
point, the cross sections for equilibrated projectiles may havéation indicated that the multiply ionized states contributing
started to decrease due to projectile energy loss. In thede K x-ray emission are not statistically populated. High-
cases, the total-capture cross sections shown in Fig. 12 afesolution measurements were performed to establish the av-
the maximum values of the averages over target thickness. ffage numbers of target-atdm and M-shell vacancies pro-
is evident that the direct-ionization cross sections are in goofluced inK-shell ionizing collisions. This information was
agreement for Ne and Ar projectiles, but beyond Ar, theused to calculate the appropriate fluorescence yields for
theoretical cross sections quickly rise above the experimentdfansforming the x-ray yields to vacancy production cross
cross sections. The total-capture cross sections, on the oth&ctions. The averadeshell vacancy production probability
hand, display rather good agreement with each other over tHer K-shell ionizing collisions §p,) rose rapidly at lowZ,,
whole range of projectiles. It should be noted that the theobut leveled off and approached a limiting value of about 0.59
retical o rely on both the electron-capture formulation in at highZ;. In addition, the high-resolution spectra revealed
the ECPSSR and the configuration distributions predicted b§he presence of substantial contributions to Kie® peak
ETACHA, while the theoreticad, depend only on the validity intensity from mechanisms other than those involving direct
of the ECPSSR description of direct ionization. interactions with the projectile ions. It was found that photo-

The K-shell vacancy production cross sections for equili-ionization of Cu atoms by CKg x rays produced in ion-
brated projectiles are plotted in Fig. 13. The measured crosatom collisions and shifted above tKeabsorption edge by
sections display a plateau centered in the region ar@ynd Multiple ionization accounted for théL° enhancements ob-
=27 whereZ,/Z,~1 and they level off abovez,=54. served with Ne, Ar, and Cr ions. However, calculated photo-
These two features may be associated with the occurrence #fhization yields were unable to fully account for the en-
maxima in the cross sections for tardgeelectron capture to hancements observed with Kr, Xe, and Bi ions. It was
the projectileK-shell aroundZ, =30 and to the projectile.  concluded, therefore, that another mechanism in addition to
shell aroundZ, =60 (see Fig. 11 Comparing the measured photoionization, probably ionization by secondary electrons,
cross sections with the theoretical cross sections, it is agaiBegins to contribute to this effect as the projectile atomic
seen that good agreement is achieved for Ne and Ar projediumber rises above the target atomic num@er, in colli-
tiles, but beyond Ar the theoretical cross sections rapidlysion systems for whicl; /Z,>1). In the case of Bi projec-
become much larger than the experimental cross sectiondles, the totalKL® enhancement was 23% of the totélr
For Bi projectiles, the theoretical cross section is a factor ok-ray intensity with only 57% of it being attributable to
18 larger than the experimental cross section. Moreover, it i§hotoionization by targe 8 x rays and projectilé. x rays.
evident from the curve shown in Fig. 13 that the data fall far Analysis of the thickness dependence of the KGshell

below aZ? scaling law beyon@,=24. vacancy production cross sections provided the direct-
ionization cross sections for zero-target thickness and the
V. CONCLUSIONS total K-electron-capture cross sections for equilibrated pro-

jectiles. The experimental direct-ionization cross sections

Cross sections foK-vacancy production in Cu targets by and those predicted by the ECPSSR theory are in good
10-MeV/u projectiles of Ne, Ar, Cr, Kr, Xe, and Bi were agreement for Ne and Ar ions, but the theoretical cross sec-
determined from measurddx-ray yields. An analysis of the tions rapidly diverge above the experimental values beyond
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Z,=18. The experimental total-capture cross sections, howwhereu is the mass absorption coefficient ands the target
ever, were found to be in overall good agreement with thos¢hickness corrected for the target tilt angle.

calculated for excited-state distributions predicted by the Calculation ofy, the x-ray production probability, may be
ETACHA code using the ECPSSR formulation. The totalaccomplished as follows. Consider a target of thickness
K-shell vacancy production cross sections for equilibratedvith surface normal at angle relative to the ion-beam axis,
projectiles rather unexpectedly saturate abdye 54, while  making its effective thicknest =t(cosa) 1. The probabil-
the theoretical cross sections rise above the experimentély that a source photon produced at depthlong the beam
cross sections beyond,; =18 and deviate from them by a path escapes the targeithoutphotoionizing a targef elec-
factor of 18 atz,=83. tron is
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APPENDIX: CALCULATION OF THE

PHOTOIONIZATION ENHANCEMENT RATIO P(§)dg=1/2 sinod o (A5)

The procedure used to calculate the contribution to th
KL? peak from CuKa x rays produced as a result of the
photoionization of CKK electrons by photons excited in ion-
atom collisions is outlined herein. In the particular cases of T (6,x) =6 #KT(0X), (AB)
interest, the source photons arise from energy shifteé& Bu
transitions in multiply ionized atoms and projectile x rays. It |n Eq. (A6), u is the mass absorption coefficient #rshell
is assumed that the angles between the target surface normMotoionization and
and the detector axis, and the target surface normal and the

Ror an isotropic distribution andl is the transmission prob-
ability of the photon, given by

beam axis are equal. (t—x cosa)/cosd for O<6<m/2
The photoionizatiorK L® enhancement ratio may be writ- T(0X)=1" § cosalcosd  for wi2<o<m. AT
ten as

Finally, the x-ray production probability is obtained by nu-

Re=1p/ltor, (A merical integration of the formula

wherel p is the observed intensity &L° x rays produced by
photoionization andy is the total observed« intensity Y= 0k,
(including theK a satellites. The quantityl p is given by

: (A8)

1 (v
1——,] p(x)dx
t'"Jo

Ip=NgyT(Qe), (A2)  wherewg, is theKa fluorescence yield.
_ ) ) ) ) Equation(A2) also may be applied to the calculation of
whereNs is the intensity of emitted source photonsis the  the intensity of CuK a x rays produced by projectile x rays
probability that a CuK« x ray will be produced via photo-  that are emitted as the projectile passes through the target

ionization by a source photoif,is the probability that a Cu  packing. In this case, however, E@4) reduces to
Ka x ray will be transmitted out of the target over a path

length determined by the effective thickness of the target as L w
viewed by the x-ray detector, arifle) is the CuK a x-ray D=E+J IZP(G)TK(@d@, (A9)
detection probability. The quantitieg and (e are mea-
sured, and assuming the Cu x rays are produced uniformly;ii,
along the beam patfthe length of which is the same as the
distance these x rays must penetrate to reach the detector Ty () =e rticost (A10)
the transmission probability is given by

)

and Eq.(A8) becomes

1 .
T=—F(1—e *), A3
| ) (83) y=wa(1-p). (AL1)
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