Nuclear Inst, and Methods in Physics Research B 416 (2018) 110-118

journal homepage: www.elsevier.com/locate/nimb

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research B

BEAM
INTERACTIONS
WITH

MATERIALS
AND ATOMS

L x-ray production cross sections in high-Z atoms by 3-5 MeV/u silicon ions = |

M. Oswal™”, Sunil Kumar®, Udai Singh“‘, G. Singh®, K.P. Singh”, D. Mehta”, D. Mitnik/,

C.C. Montanari', T. Nandi®"

@ Department of Physics, Dev Samaj College, Sec 45-B, Chandigarh 160047, India
Y Department of Physics, Panjab University, Chandigarh 160014, India
€ Department of Applied Sciences, Chitkara University, Himachal Pradesh 174103, India

Check for
updates

9 The Marian Smoluchowski Institute of Physics, Jagiellonian University, Lojasiewicza 11, 30-348 Krakow, Poland

€ Department of Physics, Punjabi University, Patiala, Punjab 147002, India

f Instituto de Astronomia y Fisica del Espacio, CONICET and Universidad de Buenos Aires, Buenos Aires, Argentina

8 Inter-University Accelerator Centre, JNU New Campus, New Delhi 110067, India

ARTICLE INFO ABSTRACT

Keywords:

L-shell x-rays
Heavy ions
ITonization
Multiple-ionization

Total L x-ray production cross sections have been measured in 74W, ,9Au, g,Pb, and g3Bi by impact of 3-5MeV/u
283 ions, with different charge states q = 8* up to 12*. We find that the measured cross sections do not differ
with the charge state of the projectile ions, but they vary with the beam energies. The experimental data has
been compared with three theoretical results, ECUSAR, ECPSSR and SLPA by using the multiple-hole fluores-
cence and Coster-Kronig yields. The comparison has showed the best agreement with the ECUSAR. The SLPA

results also describe the experiments quite well for ,4W, 79Au and g3Bi, but certain differences are observed for
s2Pb, while the ECPSSR values underestimate by up to a factor two. Surprisingly, the theoretical-experimental
agreement is better at low beam energies than in the high beam energy side.

1. Introduction

The measurement of inner-shell ionization of heavy targets by ion
impact has led to advances in radiation [1], plasma [2], atomic and
nuclear physics [3], and in particle induced x-ray emission (PIXE)
technique [4,5]. Since the inception, PIXE mostly has made use of the
light ions such as protons and alphas [6-16], nevertheless the use of
heavy ions for the PIXE analysis is increasing due to advantage of
higher cross sections and hence the scope of achieving the better sen-
sitivity [17]. Discrepancies observed between the theories and experi-
ments have often been ascribed to the multiple ionization even ex-
periments done with the protons [18]. Though the multiple-ionization
effect has been known for a long while in L-shell ionization by the
heavy ion impacts [19-35], however, this effect is still rarely used in
the analysis for the x-ray emission in view of the elemental analysis.

The inner shell ionization of a target (atomic number Z1) by a
projectile (atomic number Zp) is the effect of two contributions: the
direct ionization (DI) (a target bound electron ends in the continuum)
and the electron capture (EC) (electron transfer from the target to a
bound state of the projectile). In asymmetric collisions, Zp/Zt <« 1, the
DI is the main contribution, while for symmetric collisions, Zp/Zt ~ 1,
the EC is also important. In this contribution we have the double aim of
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contributing to the experimental knowledge of the L-shell ionization of
very heavy targets (W, Au, Pb and Bi) by a heavy ion (*®Si); and for a
meaningful comparison with existing ionization theories. We selected
two completely different formalisms for the theoretical comparison, the
well-known ECPSSR [36] and ECUSAR [37] theories, within the binary
collisional formalism, and the shellwise local plasma approximation
(SLPA) [38,39], which is a many electron model within the dielectric
formalism. The collisional systems measured here correspond to
asymmetric collisions, i.e. 0.15 < Zp/Zt < 0.18, but less asymmetric
than that used for a previous work [35].

In Section 2, we present the experimental description for the L x-ray
production cross-sections in thin solid targets ionized by the swift 28Si
ions. The impact velocities are much lower than the orbital velocity of
the L-shell electrons in the target atom, vy = (Z1—4.15)/2 and the ve-
locity ratio vp/vy remains in the bound 0.026 < vp/vr < 0.043. In
Section 3, we briefly describe and comment on the theoretical models
considered in the present work. Section 4 gives the effects of the single-
and multiple-hole atomic parameters required for conversion of the
ionization cross sections to the x-ray production cross sections, and
Section 5 summarizes the results.
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2. Experimental details and data analysis

The L x-ray production cross sections were measured in the ,,W,
70AU, g>Pb, and g3Bi elements by the 2851 jons (charge states = 8+ and
12+) in the energy range 84-140 MeV. The measurements were per-
formed using the 15 UD Pelletron accelerator at Inter-University
Accelerator Centre (IUAC), New Delhi. Pure (99.99%) targets of ;9Au,
s2Pb, and g3Bi (thickness 120 pg/cm?) were prepared on the 20 ug/cm?
carbon backing using the vacuum deposition technique [40]. Thin and
spectroscopically pure (99.999%) targets of ,4,W with 193 pg/cm? on
Mylar backing (3 um), procured from Micromatter, Deer Harbor, Wa-
shington, USA was also used in the present work. The energy loss for the
incident beam within the target was negligibly small for the target
thickness and beam energies used in the present work. Estimated the
energy loss by projectile ion in the target material was < 0.5% in most
cases except ~ 1% for ,4W at 84 MeV only. A Si(Li) solid state detector
(thickness = 5mm, diameter = 10mm, 25pum Be window from
ORTEC, Oak Ridge, Tennessee, USA) was placed in the horizontal ion
beam plane configuration outside the vacuum chamber at an angle of
125° to the beam direction and a distance of 170 mm from the target. In
the energy range of the measured L x-ray spectra, the energy resolution
of the detector was ~200eV for the Mn Ka x rays. The energy cali-
bration of the detector was performed before and after the measure-
ments using the radioactive >*Fe, ®’Co and **' Am sources. The chamber
was maintained with a pressure about 10~° Torr. Details of the ex-
perimental setup are given in Kumar et al. [35].

A typical L x-ray spectrum from the elemental target of g,Pb ionized
by the 140 MeV 2%Si ions is shown in Fig. 1. The spectrum exhibits
peaks corresponding to the ionized Li (i = 1-3) subshells. The intense
components of the x rays for the elements, viz., L{, Lal,2, and LB2,15
from the L3 subshell, the Ln, L1 and Ly1,5 from the L2 subshell, and
the L33,4 and Ly2,3 from the L1 subshell, are labeled in the spectrum.
The spectrum in semi-log plot shows the weak appearance of Ln and
Ly5. The ratios of net counts for all the lines to the background counts
as subtracted by the exponential background (dashed curve) from the
spectrum are 0.443, 0.038, 0.096, and 0.215 for L{, La, LP, and Ly,
respectively. Fig. 2 shows L x-ray spectra of ,4W, ,9Au, g-Pb, and g3Bi
target excited by the 2Si ion beam at 107 MeV energies. The fluores-
cence transitions from the Li subshells along with the x-ray energies for
various elements are given in Table 1.

The L x-ray production cross section is calculated using the
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Fig. 1. L x-ray spectra of g,Pb bombarded with the 140 MeV 23Si ions. The dashed curve
exhibits the background due to Compton scattering in the relatively thick (5mm) de-
tector. As discussed in Section 2, the background amount to < 9% of extracted net x-ray
counts except the Ll and Ly line.
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Fig. 2. L x-ray spectra from ,4W, oAU, g,Pb, and g3Bi bombarded with 107 MeV 2Si ions.
Table 1

L x-ray fluorescence transition along with the energies for various elements used in the
present work.

Fluorescence transition (subshell) x-ray Energy (keV)

74aW 7oAl g2Pb 83Bi

Le (Ls) 7.387 8.494 9.184 9.420
Lay 5 (L3) 8.367 9.671 10.501 10.786
Ly (Ly) 8.724 10.309 11.349 11.712

LBy (L)
LBs (L1) 9.674 11.431 12.593 12.999
L4 (L) 9.524 11.024 12.306 12.69
L8215 (L3) 9.956 11.576 12.612 12.968
Lyas (L2) 11.286 13.382 14.765 15.248
Lyz3.4 (L1) 11.784 13.939 15.365 15.863

following relation:

<« YIASin6
[
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where Y* is the intensity of the ith x-ray peak, A is the atomic weight of
the target, O is the angle between the ion beam and the target, N4 is the
Avogadro’s number, i (E) (in cm?) is the x-ray production cross section
of ith x-ray line at the incident projectile energy (E), ¢, is the absolute
detector efficiency, including the absorbing component of Mylar foil
used at the window as shown in Fig. 3, and n,, is the number of incident
projectiles. Since the inner-shell ionization also depends on the charge
state (q) of the projectile ion because for the bare projectiles with no K
shell electron or projectile ions with one K shell vacancy, the electron
capture contributes considerably to the ionization, whereas, capture is
not much while low positive charge states are used for the incident ions;
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Fig. 3. Efficiency curve obtained by measuring the K x-ray fluorescence yields from
targets excited by the 59.54keV y-ray photons. Measured values were normalized to
absolute efficiency obtained using the calibrated '*’Cs and '>°Eu radioactive sources.

at this juncture direct ionization is the dominating process. The ion
beam changes its charge state during its passage through the target. The
mean charge state of the ion beam during the passage through the
target and its backing is calculated using the computer code ETACHA
[41] and has been used in the analysis.

In the present measurements the peak areas, Y;, are evaluated using
the computer program CANDLE [42]. In this program, a non-linear
least squares fitting routine involving fitting of multiple-Gaussian
functions plus a polynomial background is used. This program has the
option of fixing the peak centroid and FWHM, and background para-
meters. This software uses an enhanced version of Levenburg-Mar-
quardt [43] non-linear minimization algorithms for peak fitting. The
FWHM for the intrinsic Lorentzian broadening associated with the L x-
ray lines is < 12eV [44] compared with ~200eV for the Gaussian
response function of the Si(Li) detector in the energy region of interest.

The percentage error in the measured x-ray production cross sec-
tions is about 10-15%. This error is attributed to the uncertainties in
different parameters used in the analysis, namely, the photopeak area
evaluation (~ 5% for the L{ x-ray peak and 3% for the other peaks), ion
beam current (~7%), target thickness (~3%). The error in the absolute
efficiency values, ¢, is 5-8% in the energy region of interest.

3. Ionization theories

The ECPSSR [36] model by Brandt and Lapicki [36] and its evolu-
tion into the ECUSAR model [37] are the most employed theories to
describe inner-shell ionization cross sections. They cover an extended
energy range, and are the usual input in PIXE codes (see [45]). The
ECPSSR theory goes beyond the plane-wave Born approximation
(PWBA) by accounting for the energy loss (E), the Coulomb deflection
from a straight-line trajectory and retardation of the projectile (C) and
its influence on the unperturbed and nonrelativistic atomic orbitals in a
perturbed stationary state (PSS) treatment that also accounts for the
relativistic (R) nature of the inner shells of heavy target atom. In the
ECUSAR theory [37], Lapicki replaces the PSS treatment of ECPSSR
with united (U) and separated (S) atom (A) formula (see Egs. (2), (3) in
[37D.

Similar to the PWBA, the ECPSSR and ECUSAR theories describe the
binary collision between the projectile and an electron of the target in
an hydrogen-like potential. To have a different and independent theo-
retical comparison with our present measurements, we resorted to the
shellwise local plasma approximation (SLPA) [38,39]. The SLPA is an
ab initio many-electron model within the frame of the dielectric form-
alism, especially suitable for multi-electronic targets and intermediate
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to high energy collisions. The SLPA describes the collective response of
each subshell of target electrons as a whole, including screening and
correlation among electrons. The ionization probabilities are calculated
through a dielectric function for each subshell of target electrons,
characterized by their electronic density and binding energy (an elec-
tron gas with an energy threshold). For W, Au, Pb and Bi we employed
the relativistic wave functions and binding energies of the ground state
of these atoms as in [39]. This allowed us to account for the spin-orbit
split in energy for the different Li (i = 1-3) ionization cross sections.
The SLPA ionization cross-section of the Li subshell due to the inter-
action with an ion of impact velocity v, nuclear charge Zp, N bound
electrons and charge state ¢ = Zp — N is given by

SIPA _ 2 [ 2 % kv -
Py _m)z'/O‘ O fo do [ d71Im -

where &;; and Ej; are the electronic density and binding energy, and ¢;
is Levine-Louie dielectric function [38]. We calculated the Z, (k) for the
different charge states of the Si ions as in the appendix of [39], using
the Hartree Fock wave functions of the Si bound electrons for the dif-
ferent positive ions by Clementi-Roetti [46]. The ion bound electrons
screen the Coulomb potential of the projectile. The Fourier transform of
this screened potential is V (k) = —4x Z,(k)/k?, with Zq(k)mzp for
close collisions (large k), and Zq(k):q = Zp—N for long distance

-1
eri (k0,01 (r),ELi)

collisions (k — 0). This is very important for the results obtained here,
as we will note later in this work. Although we performed the detailed
calculation for each charge state of the Si ions, as we deal with very
deep subshells, the theoretical values obtained are quite similar to just
considering the interaction with Zp = +14.

The theoretical L x-ray production cross sections for the most
commonly resolved L{, La, LB, Ly, and Ly x rays are related to the L;
subshell ionization cross sections, oy;, as given below

o = lop1(fufos + fis) + 012y + or3lwsFy (3a)
0t = lon1(fiofys + fiz) + 1afys + rslwsFag (3b)
O’I),Cn = [UL]flz + ULZ] CUZF277 (30)

oig = oulwiFig + fi20,Fg + (fiafas + fiz)wsFag] + opa(waFap + f53003F3p)
(3d)

+ op3wsFsg

oty = oui(wiFyy + f20,Fy) + oow,Fyy (3e)

where o7, (p = I, a, B, ¥, n) are the x-ray production cross sections of the
different L x-ray components,oy; (i = 1-3) the ionization cross sections
for the Lq, Lo, and L3 subshells, w; (i = 1-3) are the fluorescence yields
of the L; subshells, f; (i < j) the CK yields for the CK transition between
the L; and L; subshells, and F;, (i = 1-3,p =1, a, B, vy, ) are the frac-
tional radiative emission rates.

The theoretical L x-ray production cross sections were calculated by
combining the Li (i = 1-3) ionization cross sections obtained by the
ECPSSR [36], the ECUSAR [37], and SLPA [38,39] approximations in
Egs. (3a)-(3e). The measured L x-ray production cross-sections and the
calculated ones from the different theories including the correction for
the multiple ionization (MI) effects, viz., ECPSSR-MI, and ECUSAR-MI,
and SLPA-MI are given in Table 2. The L x-ray emission rates based on
DHS calculation [47] and the interpolated values by Campbell and
Wang [48] have been used in the present measurements. For the two
datasets of Fsp, F1,, and F,, values, the difference is 5-8% over the
atomic range Zt = 50-92, whereas, other values of the emission rates
differ from each other by < 4%. The single-hole fluorescence «;° and
CK yields fijo can be obtained from Krause [49] and Chen et al. [50].
The datasets of ;° and fij° differ from each other significantly and are
given in Table 3. For the present elements under consideration, the
recommended values [48] f13°(Rec.) are on the average about 15%
lower than the f; ;°(DHS) ones [47] and ~9% higher than the
f13°(Krause) values [49]. The flzo (Rec.) values differ ~15% in average
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Table 2

The LL, La, LB, Ly, and total L x-ray production cross section (barn) in elements with 74 < Z; < 83 bombarded with 2Si ions as measured and calculated with ionization cross sections
according to the ECPSSR-MI [36], ECUSAR-MI [37] and SLPA-MI [38,39] theories converted to x-ray production cross sections with atomic parameters modified for multiply-ionized (MI)
elements [53]. The ratios of the measured to calculated cross sections are listed in the parenthesis. In bold prints are the best agreements between experiment and theory. The ECUSAR
theory shows the best representation of the experiments and second best is the SLPA. ECPSSR predictions are within a factor of two. Experimental uncertainty varies within 10-15%.

Element 285i jon beam x-ray production cross sections (barns/atom)
Energy (MeV) Charge state Experiment ECUSAR-MI [37] ECPSSR-MI [36] SLPA-MI [38,39]

7aW

L{ x-ray 84 8" 295 273(0.93) 138(0.47) 316(1.07)
90 8* 333 323(0.97) 158(0.47) 360(1.08)
98 8* 427 395(0.93) 186(0.44) 421.74(0.99)
107 8" 509 483(0.95) 219(0.43) 494.8(0.97)
118 12* 982 772(0.79) 585(0.60) 733.84(0.75)
128 12* 1106 889(0.80) 668(0.60) 821.93(0.74)
140 12+ 1268 1033(0.81) 769(0.61) 932.39(0.74)

La x-ray 84 8* 6390 5827(0.91) 2942(0.46) 6753(1.06)
90 8* 7115 6897(0.97) 3369(0.47) 7698(1.08)
98 8* 9134 8441(0.92) 3967(0.43) 9010(0.99)
107 8" 10,819 10,320(0.95) 4670(0.43) 10,571(0.98)
118 12* 20,964 16,489(0.79) 12,504(0.60) 15,677(0.75)
128 12* 23,658 18,996(0.80) 14,271(0.60) 17,559(0.74)
140 12* 26,688 22,070(0.83) 16,438(0.62) 19,919(0.75)

LP x-ray 84 8* 3478 3173(0.91) 1734(0.50) 3673(1.06)
90 8* 3899 3813(0.98) 2022(0.52) 4345(1.11)
98 8* 5124 4764(0.93) 2436(0.48) 5304(1.04)
107 8+ 6189 5956(0.96) 2934(0.47) 6477(1.05)
118 12* 12,367 9808(0.79) 7753(0.63) 10,170(0.82)
128 12* 14,217 11,553(0.81) 9042(0.64) 11,750(0.83)
140 12* 16,303 13,747(0.84) 10,652(0.65) 13,743(0.84)

Ly x-ray 84 8* 435 427(0.98) 248(0.57) 510(0.96)
920 8* 534 520(0.97) 294(0.55) 619(0.86)
98 8* 720 661(0.92) 360(0.50) 778(0.89)
107 8* 871 842(0.97) 441(0.51) 973(0.56)
118 12* 1732 1424(0.82) 1159(0.67) 1589(0.92)
128 12* 2026 1705(0.84) 1372(0.68) 1865(0.92)
140 12* 2412 2062(0.85) 1641(0.68) 2214(0.92)

L x-ray 84 8* 10,598 9700(0.92) 5062(0.48) 11,252(1.06)
90 8* 11,881 11,553(0.97) 5843(0.49) 13,023(1.10)
98 8* 15,405 14,261(0.93) 6949(0.45) 15,513(1.01)
107 8* 18,388 17,601(0.96) 8264(0.45) 18,516(1.01)
118 12* 36,045 28,493(0.79) 22,001(0.61) 28,170(0.78)
128 12+ 41,007 33,143(0.81) 25,353(0.62) 31,995(0.78)
140 12* 46,671 38,912(0.83) 29,500(0.63) 36,808(0.79)

70AU

L{ x-ray 84 8" 180 177(0.98) 94(0.52) 185(1.03)
90 8* 220 211(0.96) 109(0.50) 215(0.98)
98 8* 265 261(0.98) 130(0.49) 257(0.97)
107 8" 327 324(0.99) 155(0.47) 308(0.94)
118 12* 567 508(0.90) 397(0.70) 452(0.80)
128 12* 699 596(0.85) 461(0.66) 516(0.74)
140 12* 842 707(0.84) 542(0.64) 597(0.71)

La x-ray 84 8" 3578 3515(0.98) 1870(0.52) 3682(1.03)
90 8* 4365 4195(0.96) 2163(0.50) 4275(0.98)
98 8* 5260 5194(0.99) 2579(0.49) 5107(0.97)
107 8" 6543 6435(0.98) 3080(0.47) 6126(0.94)
118 12* 11,311 10,102(0.89) 7896(0.70) 8981(0.79)
128 12* 13,822 11,848(0.86) 9163(0.66) 10,258(0.74)
140 12* 16,678 14,053(0.84) 10,767(0.65) 11,877(0.71)

LB x-ray 84 8+ 1858 1834(0.99) 1027(0.55) 1754(0.94)
90 8* 2290 2210(0.97) 1202(0.52) 2103(0.92)
98 8* 2804 2770(0.99) 1455(0.52) 2621(0.93)
107 8+ 3522 3481(0.99) 1764(0.50) 3262(0.93)
118 12* 6277 5601(0.89) 4513(0.72) 5076(0.81)
128 12* 7826 6676(0.85) 5322(0.68) 5975(0.76)
140 12* 9604 8060(0.84) 6361(0.66) 7117(0.74)

Ly x-ray 84 8* 249 246(0.99) 144(0.58) 222(0.89)
90 8* 307 299(0.97) 170(0.55) 275(0.90)
98 8* 384 379(0.99) 209(0.54) 356(0.93)
107 8* 489 482(0.99) 257(0.53) 457(0.93)
118 12* 888 796(0.90) 657(0.74) 749(0.84)
128 12* 1122 962(0.86) 786(0.70) 900(0.80)
140 12* 1403 1179(0.84) 952(0.68) 1093(0.78)

L x-ray 84 8* 5865 5772(0.98) 3135(0.53) 5844(1.00)
90 8* 7182 6915(0.96) 3644(0.51) 6867(0.96)
98 8" 8713 8604(0.99) 4373(0.50) 8341(0.96)
107 8* 10,881 10,722(0.99) 5256(0.48) 10,154(0.93)

(continued on next page)
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Table 2 (continued)

Element 285i jon beam x-ray production cross sections (barns/atom)
Energy (MeV) Charge state Experiment ECUSAR-MI [37] ECPSSR-MI [36] SLPA-MI [38,39]
118 12+ 19,043 17,007(0.89) 13,463(0.71) 15,258(0.80)
128 12* 23,469 20,082(0.86) 15,732(0.67) 17,650(0.75)
140 12* 28,527 23,999(0.84) 18,622(0.65) 20,685(0.73)
82Pb
L{ x-ray 84 8* 177 136(0.77) 74(0.42) 58(0.33)
90 8* 190 162(0.85) 86(0.45) 78(0.41)
98 8" 214 202(0.94) 103(0.48) 109(0.51)
107 8* 331 251(0.76) 123(0.37) 153(0.46)
118 12* 501 392(0.78) 311(0.62) 189(0.38)
128 12* 614 463(0.75) 364(0.59) 251(0.41)
140 12* 686 554(0.81) 430(0.63) 332(0.48)
La x-ray 84 8* 3404 2573(0.76) 1402(0.41) 1097(0.32)
90 8* 3555 3081(0.87) 1627(0.46) 1471(0.41)
98 8+ 3964 3830(0.97) 1949(0.49) 2076(0.52)
107 8* 6341 4767(0.75) 2338(0.37) 2896(0.46)
118 12* 9974 7438(0.75) 5903(0.59) 3584(0.36)
128 12* 12,029 8787(0.73) 6897(0.57) 4765(0.40)
140 12* 13,251 10,512(0.79) 8158(0.62) 6292(0.47)
LB x-ray 84 8* 1749 1337(0.76) 760(0.43) 1908(1.09)
920 8* 1866 1614(0.86) 892(0.48) 2291(1.23)
98 8* 2098 2028(0.97) 1085(0.52) 2861(1.36)
107 8* 3391 2558(0.75) 1322(0.39) 3563(1.05)
118 12* 5361 4074(0.76) 3323(0.62) 5342(1.00)
128 12+ 6577 4889(0.74) 3946(0.60) 6307(0.96)
140 12* 7529 5952(0.79) 4750(0.63) 7530(1.00)
Ly x-ray 84 8* 236 181(0.77) 107(0.45) 467(1.98)
90 8" 259 220(0.85) 127(0.49) 549(2.12)
98 8* 296 279(0.94) 156(0.53) 667(2.25)
107 8* 491 357(0.73) 193(0.39) 807(1.64)
118 12+ 789 581(0.74) 485(0.61) 1271(1.61)
128 12* 971 708(0.73) 585(0.60) 1459(1.50)
140 12* 1121 876(0.78) 715(0.64) 1696(1.51)
L x-ray 84 8* 5566 4227(0.76) 2343(0.42) 3530(0.63)
90 8" 5870 5077(0.86) 2732(0.47) 4388(0.75)
98 8* 6572 6339(0.96) 3293(0.50) 5713(0.87)
107 8* 10,554 7933(0.75) 3976(0.38) 7419(0.70)
118 12* 16,625 12,485(0.75) 10,022(0.60) 10,386(0.62)
128 12* 20,191 14,847(0.74) 11,792(0.58) 12,783(0.63)
140 12* 22,587 17,894(0.79) 14,053(0.62) 15,849(0.70)
3Bl
L{ x-ray 84 8* 144 124(0.86) 68(0.47) 126(0.88)
90 8* 166 149(0.90) 79(0.48) 149(0.90)
98 8* 204 186(0.91) 95(0.47) 181(0.89)
107 8+ 247 231(0.94) 114(0.46) 221(0.89)
118 12* 419 360(0.86) 287(0.68) 323(0.77)
128 12* 479 426(0.89) 336(0.70) 375(0.78)
140 12* 584 511(0.88) 398(0.68) 441(0.76)
La x-ray 84 8* 2823 2325(0.82) 1275(0.45) 2364(0.84)
90 8* 3182 2786(0.88) 1482(0.47) 2785(0.88)
98 8+ 3946 3468(0.88) 1777(0.45) 3381(0.86)
107 8* 4767 4322(0.91) 2135(0.45) 4130(0.87)
118 12* 8110 6728(0.83) 5365(0.66) 6045(0.75)
128 12* 9248 7966(0.86) 6280(0.68) 7006(0.76)
140 12 11,314 9553(0.84) 7447(0.66) 8249(0.73)
LB x-ray 84 8* 1461 1207(0.83) 690(0.47) 1074(0.74)
90 8* 1660 1458(0.88) 810(0.49) 1318(0.79)
98 8* 2084 1834(0.88) 986(0.47) 1691(0.81)
107 8* 2549 2315(0.91) 1203(0.47) 2167(0.85)
118 12* 4392 3673(0.84) 3007(0.68) 3406(0.78)
128 12+ 5102 4417(0.87) 3578(0.70) 4108(0.81)
140 12* 6364 5390(0.85) 4318(0.68) 5011(0.79)
Ly x-ray 84 8* 197 163(0.83) 97(0.49) 130(0.66)
90 8" 226 199(0.88) 115(0.51) 167(0.74)
98 8* 283 253(0.89) 142(0.50) 228(0.81)
107 8* 355 323(0.91) 176(0.50) 308(0.87)
118 12* 613 524(0.85) 440(0.72) 519(0.85)
128 12+ 735 640(0.87) 531(0.72) 647(0.88)
140 12* 936 794(0.85) 651(0.70) 810(0.87)
L x-ray 84 8* 4625 3819(0.83) 2130(0.46) 3695(0.80)
90 8" 5234 4592(0.88) 2486(0.47) 4419(0.84)
98 8* 6517 5741(0.88) 3000(0.46) 5482(0.84)
107 8* 7918 7191(0.91) 3628(0.46) 6825(0.86)

(continued on next page)
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Table 2 (continued)
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Element 285i jon beam x-ray production cross sections (barns/atom)
Energy (MeV) Charge state Experiment ECUSAR-MI [37] ECPSSR-MI [36] SLPA-MI [38,39]
118 12+ 13,534 11,285(0.83) 9099(0.67) 10,293(0.76)
128 12* 15,564 13,449(0.86) 10,725(0.69) 12,135(0.78)
140 12* 19,198 16,248(0.85) 12,814(0.67) 14,513(0.76)

higher than the leO(DHS) values [47] and are about half the
f12°(Krause) values [49]. The f3°(Rec.) values [48] from different sets
do not differ significantly. The ®2°(Rec.) and w3°(Rec.) values agree
with the DHS values and are about 10% higher than the Krause’s ones
[49] for the present elements. The ®:°(Rec.) values differ from
®;°(Krause) values by 0-14% and from ®:°(DHS) by 13-52%. The use
of different sets of atomic parameters can change the x-ray production
cross section by ~30%. Recent values of w;° and fijo compiled by
Campbell [51,52] for the elements with 25 < Z < 96 have been used in
the present work for singly-ionized atoms.

4. Effect of single and multiple-hole atomic parameters on the
conversion of ionization to x-ray production cross sections

Multiple vacancies in the target atom change the atomic parameters
by increasing the fluorescence yields and decreasing CK yields which in
turn enhances x-ray production cross sections. In the present work,
single-hole fluorescence «;° and CK yields f;° [51], were corrected for
multiple ionization using a model prescribed by Lapicki et al. [53] and
used in our recent work [35]. Each electron in a manifold of the outer
subshells is ionized with a probability P as given below:

2
p=-L [1-F )
2Bvp 4vp ()]
where 3 = 0.9 and we replaced the projectile atomic number Zp by its

charge state q [54]. The ;" values are corrected for simultaneous io-
nization in outer subshells as

w; = o [1-P(1-w))]™, Q)
while the fj; values for the multiple ionization are corrected by
fy = F1-P)* )

Note that the fractional rates F;, remain unchanged because both
partial and total non-radiative widths are narrowed by identical factors.
Following Egs. (5) and (6), the single-hole fluorescence and CK yields

Table 3
The fluorescence and CK yields [42] for singly ionized elements used in the present work.

Table 4
The fluorescence and CK yields for the singly ionized (SI) and multiply ionized (MI) target
elements at the 107 MeV 28Si®* ion beam used in the present work.

Atomic number (Z) Fluorescence yield CK yield
[} W2 w3 fi2 fis fa3
74 SI 0.148 0.291 0.261 0.110  0.333  0.132
MI 0.184 0.348 0.315 0.065 0.197  0.078
79 SI 0.117 0.358 0.313 0.074  0.615  0.125
MI 0.147 0.420 0.372 0.044  0.364 0.074
82 SI 0.128 0.397 0.343 0.066  0.620  0.119
MI 0.160 0.461 0.404 0.039  0.367  0.079
83 SI 0.132 0.411 0.353 0.063  0.620  0.117
MI 0.165 0.476 0.415 0.037  0.367  0.069

are changed at different ion beam energies and charge states.

The fluorescence and CK yields for the singly ionized (SI) as well as
multiply ionized (MI) target elements by the 107 MeV 285i®* ion beam
are displayed in Table 4. It is clear from this table that in the extreme,
the L; subshell fluorescence yields are enhanced by 15%, and the CK
yields are reduced by 27% from single-hole to multiple-hole in the g,Pb
atom. We found that these values differ by 2-3% over the range of the
ion beam energies and the projectile charge states used in the present
experiments. Note that agreement between measured and calculated L;
subshell ionization cross sections depends on how good the theory ac-
counts for intra-shell coupling and inner-shell multiple ionization ef-
fects [55,56]. For the ionization data of comparably heavy targets as
ours and by significantly ions [57] corroborate our results that the
multiple-ionization is more responsible than the intra-shell coupling
effects.

5. Results and discussion

In Table 2, we listed the present results for the L-shell line and total
x-ray production cross sections for the different impact energies and

Element Fluorescence yield

W (02} w3

Rec. [42] DHS Krause Rec. [42] DHS Krause Rec. [42] DHS Krause
74W 0.148 0.136 0.147 0.291 0.291 0.270 0.261 0.261 0.255
79Au 0.117 0.078 0.107 0.358 0.358 0.334 0.313 0.313 0.320
82Pb 0.128 0.093 0.112 0.397 0.397 0.373 0.343 0.343 0.360
83Bi 0.132 0.098 0.117 0.411 0.411 0.387 0.353 0.353 0.373
Element CK yield

fiz fiz fo3

Rec. [42] DHS Krause Rec.[42] DHS Krause Rec. [42] DHS Krause
7aW 0.333 0.352 0.280 0.110 0.186 0.170 0.132 0.140 0.133
70AU 0.615 0.711 0.530 0.074 0.068 0.140 0.125 0.129 0.122
82Pb 0.620 0.708 0.580 0.066 0.054 0.120 0.119 0.123 0.116
83Bi 0.620 0.703 0.580 0.063 0.055 0.110 0.117 0.121 0.113
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Fig. 4. Li subshell ionization in g,Pb bombarded by 2°Si ions based on the SPLA and
ECUSAR theory.

charge states of the silicon ions. We include in this table the experi-
mental L-shell x-ray production cross section measurements and the
theoretical predictions by the ECPSSR [36], the ECUSAR [37] and the
SLPA [38,39] theories transformed to the x-ray production cross sec-
tions using the multiple-hole atomic parameters calculated with the
Egs. (4)-(6), which ignore the effect of the intra-shell coupling. We
added -MI to the names in Table 2 to denote that these are not the
ionization cross sections of these models, but the combination of them
with the multiple ionization parameters. We consider that the intra-
shell coupling is negligible in the present conditions and overshadowed
by the multiple ionization even in the 3-5MeV/amu energy range of
the present experiments. This is reinforced by the good results dis-
played in Table 2.

The theoretical ionization cross sections based on the ECUSAR [37],
and SLPA [38,39] calculations for the g,Pb target at different beam
energies and charge states of Si ions are shown in Fig. 4. It is clear from
the figure that the ionization cross sections over the ion beam energies
used in the present work are almost independent of the charge state for
the ionization of L; subshell and exhibit a slow increasing trend for the
L, and L3 subshells with the increasing charge state. Thus, the ioniza-
tion cross sections mainly depend upon the incident ion energy.

The experimental-theoretical comparison is also shown in Figs. 5-8.
The comparisons show best agreement with the ECUSAR and SLPA
values, where as the ECPSSR underestimates (in some cases by up to a
factor of two. Whereas SLPA-MI represents the experiments quite good
for ,4W, ,9Au and g3Bi, certain differences are observed for g,Pb. The
cross sections are underestimated for the Ll and Lo and overestimated
for Ly. In contrast, L represent the measurements very well. The SLPA
is ab initio, it is a completely theoretical description by using the
quantum dielectric response theory and the relativistic solutions of the
target wave functions and binding energies. This model has already
been used to obtain total ionization cross sections of different shells
[58-60], even for relativistic targets [39]. But this is the first time the
SLPA is employed for the different subshells L; (2s, 2p;,» and 2ps,,
spin-orbit coupling), so the present agreement is a good test for its
ability to deal with these kind of calculations. Based on these con-
siderations, the good description of the experimental values for W, Au
and Bi is remarkable, and the strange differences for Pb (Z = 82) will
need future research. They are completely unexpected as compared
with the good description of Bi (Z = 83), a very similar target.

The experimental total L x-ray cross sections have also been com-
pared with the different theoretical predictions (see Table 2 for each
target). We found that the ECUSAR-MI calculation underestimates
within 9 to 17%, the SLPA-MI within 14-24% and the ECPSSR-MI by
33-54%. Further, the overall agreement is better at low beam energies
than the high beam energy side.
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6. Conclusions and future prospects

In the present work, the L x-ray production cross sections of ,4W,
79AU, goPb, and g3Bi target elements by impact of 84-140 MeV 28gi ions
(with charge states 8 *~12") have been measured. Theoretical L x-ray
production cross sections were calculated using the subshell ionization
cross sections obtained by using the ECPSSR, ECUSAR and SLPA the-
ories and recently recommended set of the L; (i = 1-3) subshell fluor-
escence and CK yields [48] after modification for the multiple vacancies
in the outer shells. We found that the measured L x-ray production cross
sections exhibit best agreement with the ECUSAR-MI and quite good
with the SLPA-MI [39] calculations. The measured values are up to two
times higher than the ECPSSR-MI. The overall agreement is somewhat
better at low beam energies than the high beam energy side. Hence, it
appears that the multiple ionization effects have to be tuned further. It
is worth mentioning that the ionization cross sections for the 2%Si ions
with the 8* and 127 charge states over the ion beam energies used in
the present work are almost independent of the charge state for the L;
subshell and exhibit a slow increasing trend for the L, and L3 subshells
with the charge states. Thus, the ionization cross sections mainly de-
pend upon the incident ion energy.

The good results obtained with the SLPA considering the different
subshells of relativistic targets encourage us to employ this model for
targets of even higher atomic numbers in the future. Accurate de-
termination of the L x-ray production cross sections of an element with
different projectiles is important because of their wide use in the fields
of atomic and molecular physics, and non-destructive elemental ana-
lysis of materials. Further, better understanding of the basic processes
involved in heavy ion induced ionization and fluorescence in presence
of the multiple ionization is required and the analytical applications of
the heavy ion induced x-ray emission need to be developed for better
sensitivity as compared to PIXE technique.
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