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Abstract 

We present a theoretical and experimental study of the subshell resolved L-shell ionization of relativistic targets 
such as 73Ta, 78Pt,90Th, and 92U.  The measurements of x-ray production cross sections by (84-140 MeV) Si+q ions 
(q=8; 12), were held at the Inter-University Accelerator Centre of New Delhi. Multiple-hole fluorescence and 
Coster-Kronig yields were used to obtain the Li(i = 1-3)ionization cross sections from the measured x-ray 

production cross sections of Lℓ, Lα, and Lβ, Lη, and Lγ lines.  The experimental results are compared with ab 
initio theoretical calculations by means of the shell-wise local plasma approximation (SLPA).  This model uses the 
quantum dielectric formalism to obtain the total ionization cross sections from an initial ground state. The wave 
functions and binding energies of the different targets were obtained by solving the fully-relativistic Dirac equation 
using the HULLAC code package. These calculations are based on first-order perturbation theory with a central 
field, including Breit interaction and quantum electrodynamics corrections. The present SLPA ionization 
cross sections of the L-shell are found to be independent of the charge state of the Si ions. The experimental 
observations display also quite similar character if the correct mean projectile charge state inside the target 
is used for including the multiple ionization effect during ion-solid collisions. A general good agreement 
between the experimental measurements and full theoretical calculations supports the reliability of present 
results. The comparison also includes the well-known ECPSSR and ECUSAR semi empirical 
approximations. We noted that the ECUSAR results agree well with the SLPA, while the ECPSSR cross 
sections are rather low. 
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I. INTRODUCTION 

Accurate determination of the x-ray production cross sections is important because of their 

wide use in the fields of atomic and molecular physics [1–3], and non-destructive elemental 

analysis of materials. Reliable values of L-shell ionization cross sections are included in the 

extended particle induced x-ray emission technique (PIXE) [4,5].  Since the inception, PIXE mostly 

uses light ions such as protons or alphas [6,7] but an increasing interest is being noticed in using 

heavy ions due to the higher cross sections and hence, better sensitivity[8].   

Ionization cross sections have been subject of theoretical developments since the very 

beginning of the atomic physics up to the present [9–11], covering from the first order plane-wave 

approximations [12] to the non-perturbative distorted-waves [13], the independent electron 

approximations, or the density-dependent models [14]. In relation to PIXE, the principal source of 

theoretical cross sections is the ECPSSR by Lapicki and coworkers, and further developments of 

this model[11,12,15]. However, the disagreement between the experimental and theoretical cross 

sections is still a subject of concern. Discrepancies between the theories and experiments are 

partially ascribed to the fluorescence yields, the Coster-Kronig transitions (CK), and the correct 

inclusion of the multiple ionization [16,17]. 

The aim of this work is to present reliable values of L-subshell ionization cross sections by 

comparing new measurements with a full theoretical description: the shell-wise local plasma 

approximation (SLPA) [14,18].  The SLPA is an ab initio theory in which the only input required 

are the wave functions and the binding energies of the electrons in the target initial state. In a recent 

paper [19] we used the SLPA to compare with measured L x-ray production cross sections of W, 

Au, Bi and Pb, based on [14]. In the present work, we extended the investigation to other many-

electron targets: 73Ta, 78Pt, 90Th, and 92U. This requires new developments to describe the wave 

functions and binding energies. The study of these relativistic targets provides also an opportunity 

to evaluate future possibilities of generating effective potentials, in order to describe the different 

subshells. The unique potential enables one to represent bound and continuum states on the same 

footing, being of great interest for inelastic collisional calculations. That could be useful not only 

within the SLPA, but also in other approaches such as the Continuum-Distorted Wave-Eikonal-

Initial-State (CDW-EIS) theory. 

We present here new data and theoretical results for the subshell resolved L-shell ionization 

cross sectionsby impact of 28Si ions (charge states 8+ and12+) in the energy range 84 - 140 MeV. With a 

projectile nucleus ZP = 14 and high ZT targets, the present collisional systems are highly asymmetric 0.15 
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≤ ZP/ZT ≤ 0.19. At high impact energies, the L x-ray production cross sections are mainly due to 

ionization, with capture being important at intermediate to low energies. The experimental-theoretical 

comparison presented here also includes the ECPSSR and ECUSAR approximation results, which 

represent a general reference in the field. 

The paper is organized as follow. In section II, the details of the experimental setup and the 

data analysis are presented. In section III we summarize the SLPA and give details about the 

present theoretical aspects involving the calculation of the relativistic targets structure, and their 

binding energies. In Section IV we discuss the single- and multiple-hole atomic parameters 

required for the conversion of the x-ray production cross sections to ionization cross sections. 

Section V summarizes the results and finally, conclusions are presented in section VI. 

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS 

The L x-ray production cross-sections have been measured using the 15 UD Pelletron accelerator 

at Inter-University Accelerator Centre (IUAC), New Delhi. Details of the experimental setup are 

given in Kumar et. al.[20]. Spectroscopically, pure (99.999%) thin targets of 73Ta (166 µg/cm2), 90ThF4 

(48.7 µg/cm2), 92UF4 (48.6 µg/cm2) on Mylar backing (of thickness ~ 3µm) and 78Pt (120 µg/cm2) on 

carbon backing (of thickness ~ 20µg/cm2) were used in the present work. A Si(Li) solid state detector 

(thickness = 5 mm, diameter = 10 mm, 25 µm Be window from ORTEC, Oak Ridge, Tennessee, 

USA) was used to detect the x-rays. Background subtracted L x-ray spectra of 73Ta, 78Pt, 90Th and 

92U for 140 MeV 28Si ions are shown in Figure 1. 

The recorded spectra exhibit peaks corresponding to the ionized Li (i = 1, 2, 3) subshells. 

From the recorded spectrum, it is clear that at least six different L x-ray lines are resolved and the 

separation between different peaks increases with the increase of Z of the target. 

The spectra were analyzed with multi-Gaussian least-squares-fitting program with the 

possibility of choosing variable widths of the lines and linear background subtraction. A typical 

fitted spectrum for 73Ta target bombarded with 140 MeV 28Si beam is shown in figure 2.  

All the L x ray lines along with their origin are labeled in the spectrum shown in figure 2. 

This spectrum in semi-log plot shows weak appearance of Lη line also. The exponential 

background is also shown in Figure 2 with a dashed-line. The ratios of net counts to the 

background are 0.26, 0.0321, 0.026, and 0.080 for LƖ, Lα, Lβ, and Lγ, respectively.  
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The L x-ray production cross section, ������	of the ith. x-ray line at the incident projectile energy 

E, is calculated using the following relation: 

��� = 	
�	A	Sin�
���n�	t		β          (1) 

where Yi
x is the intensity of the i thx-ray peak, A is the atomic weight of the target, θ is the angle 

between the incident ion beam and the target foil normal, NA is the Avogadro number, np is the 

number of incident projectiles, ε is the effective efficiency of the x ray detector, t is the target 

thickness in µg/cm2 and β ≡ [1 − exp(−µt)]/µt is the correction factor for the absorption of the emitted L 

x rays inside the target, where µ in cm2/µg is the attenuation coefficient. 

Number of the projectile ion np are obtained from the ratio of the total charge collected in a Faraday 

cup and the mean charge state of the projectile evaluating from the ETACHA code [21]. The target 

of Ta, ThF4 and UF4 have been procured from NIST, so their thicknesses are taken as mentioned by 

the manufacturer. Whereas, the Pt target is prepared in the target lab of IUAC, New Delhi and the 

accurate thickness was measured using alpha scattering method. The attenuation coefficients µ are 

taken from the NIST XCOM program available online [22].  

 
The effective efficiency ε, which includes the geometrical factor, absorption in the Mylar foil used 

in the window of the scattering chamber and the intrinsic efficiency of the detector, was measured 

carefully in the same geometry as used in the actual measurement. Details of the experimental 

technique for measuring effective efficiency are given in Kumar et. al.[20]. Several low Z targets 

were used for producing the necessary K x rays. The effective efficiency curve is obtained by 

measuring the K x ray yields and compared it with the theoretical x ray production cross sections. 

Measured values were normalized to obtain the absolute efficiency using the calibrated 137Cs and 
155Eu radioactive sources. The efficiency values obtained in this manner are shown in Fig. 3. The 

energy calibration of the detector was performed before and after the measurements using the radioactive 
55Fe, 57Co and 241Am sources.  

The percentage error in the measured x-ray production cross sections is about 10-12%. This error is 

attributed to the uncertainties in different parameters used in the analysis, namely, the photopeak 

area evaluation (≤1% for the Lα x-ray peak and ~ 3% for the other peaks), the ion beam current (~ 

5%), and the target thickness (~ 3%). The error in the effective efficiency values, ε, is 5-8% in the 

energy region of current interest. 
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III. THE RELATIVISTIC CALCULATION AND THE SLPA 

The SLPA [14,18] is an ab-initio approach for the calculation of ionization probabilities. It 

is based on the quantum dielectric response theory and needs as an input both the wave functions 

and binding energies of the target ground state. This model has been successfully employed to 

describe the different moments of the energy loss of ions in matter, i.e. ionization cross sections 

(moment zero) [14,23], mean energy loss or stopping power (moment one)[24], and energy loss 

straggling (moment two) [18]. Within the SLPA, the ionization cross section ���  of the j-subshell 

due to the interaction with a projectile of impact velocity v, nuclear charge ��,	� bound electrons 

and charge state � = �� −�, is expressed as 

��� = �
�	� ! "����, $�%�&$ ! &'		 ! () * +,

-./0,1,2.,3.	�4�56 	&78
0	�
9

:
9 .             (2) 

The Levine-Louie dielectric function[25] is employed in () ; +,
-.<0,1,2.,3.=>, which depends on the 

moment and energy transferred to the target electrons, $ and ', and on the binding energies and 

density of electrons around the nucleus �� and ?��7�. The latters are the only inputs for our 

calculations. The ion (the nucleus screened by the bound electrons) is described as a not 

homogeneous effective charge����, $�.  For Si+12 and Si+8 we obtained����, $� from the tabulated 

Hartre-Fock wave functions of positive ions[26] (see the appendix of [14] for details).   

In the case of targets with high atomic number Z>54, we must calculate the atomic structure by 

solving the relativistic Dirac equation instead of the Schrödinger equation.  Previous calculations 

performed with non-relativistic or semi-relativistic approaches [27] show large discrepancies with 

the experimental binding energies of the most tightly bound inner orbitals, enforcing to perform the 

calculations in a fully relativistic framework. To this end, we used the HULLAC code 

package[28,29], which allows us to obtain accurate relativistic orbitals and energies of the bound 

states.  The calculations are based on first-order perturbation theory with a central field. In this 

approach, an analytical parametric potential[30] given as a function of screening charge 

distribution, is generated and optimized, minimizing the first-order energies of a given set of 

configurations. The calculations include the contributions from the Breit interaction and quantum 

electrodynamics corrections. Although this code was written for calculations of highly charged 

ions, it can be successfully employed in other atomic systems, such as the ones presented here. In 

this way, we calculated the �� and ?��7� to be included in Equation (2). The binding energies 

involved in the present work for 73Ta, 78Pt, 90Th, and 92U are obtained using the fully relativistic 

method and are shown in Figure 4. The figure also includes the experimental binding energies 
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compiled by Williams [31]. The values computed for the L-orbitals agree with the experimental 

ones within 1.5%, being less than 4 % for the M and N-orbitals. The standard transition 

energies[32]following single vacancy of the Li subshells are given in the Table 1 for the four 

elements studied here. We also include our relativistic results in Table 1. These values agree within 

1%, and suitably describe the L x-ray spectra in Figures 1 and 2. 

IV. EFFECT OF SINGLE- AND MULTIPLE-IONIZATION ON 

THECONVERSION OF X-RAY PRODUCTION CROSS SECTIONS TO 

IONIZATION CROSS SECTIONS 

The L x-ray production cross sections for the most commonly resolved Lℓ, Lα, Lβ, Lη, and 

Lγx rays are related to the Li(i = 1,2,3)subshell ionization cross sections as given below [20] 

�@, = σ�AB CD
ωEFγ CD,E (3a) 

 

�@� = σ�ABECG
ω FγECG, − �@EH,�                  (3b) 

 

�@I = J�AK
ωDFK,D − �@E�H,�H�I + H,I� − �@ H�I   (3c) 

 
where �@M� �N = O, P�QI, P,QR�are the x-ray production cross sections of the different Lx-ray 

components,  (i = 1-3) are the ionization cross sections for the Li subshells (2s, 2p1/2, 2p3/2 

respectively), (i = 1-3) are the fluorescence yields, fij (i<j) are the yields for the CK transition 

between the Li and Lj subshells, and Spi (i= 1-3, N = O, P�QI, P,QR) are the fractional radiative 

emission rates.  

The Lx-ray emission rates based on DHS calculation [33] and the interpolated values using 

DF scheme by Campbell and Wang [34]are available in the literature. For the two datasets of 

S3α, S1γ and S2γ values, the difference is 5-8% over the atomic range ZT = 50-92, whereas, the 

other values differ from each other by less than 4%. We have used the most recent values from 

Campbell and Wang [34] for the present analysis. The single-hole fluorescence ωi
0 and CK 

yields fij
0 can be obtained from DHS [33], Krause [35] and Chen et al. [36]. The use of 

different sets of atomic parameters can change the x-ray production cross section by ~30%. 

Hence, recent values of ωi
0 and fij

0 compiled by Campbell [37,38] for the elements with 25≤Z 

Liσ

iω
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≤96 have been used in the present work for singly-ionized atoms. A comparison of these 

recommended values and [33,35] is displayed in Table 2.   

As it is clear from the figure 2, that Lγ complex contains the transition due to both L1(2s1/2) and 

L2(2p1/2) subshells. According to the set of equations (3), the production cross-sections of the 

resolved constituents of Lγ line, along with the production cross-sections of Lα peak containing the 

transition due to L3 subshell can be used to obtain the ionization cross-sections for all the three 

subshells. It is clear from Eq. 3(a) that the Lγ2,3 production cross section is needed to obtain the L1 

sub-shell ionization cross section. But due to the limited energy resolution of the x-ray detectors, 

the Lγ peak is resolved into 3 components (i.e. Lγ1,5, Lγ2,3,6 and Lγ4,4’). To obtain the yield of the 

Lγ2,3line, the contribution from Lγ6 peak must be subtracted from the experimentally obtained 

Lγ2,3,6one. From the ratio of the radiative transition probabilities (i.e. Γγ6/Γγ1,5) and the yield of the 

Lγ1,5 line, the contribution of Lγ6 can be estimated. 

The uncertainties in the ionization cross sections are a bit larger due to the propagation of errors 

as per the set of equations 3. Error in fluorescence yield [37, 38] ω1, which is used for finding the 

ionization cross section of L1 subshell is 15% for 73Ta and 30-35% for the other elements. 

However, for ω2 and ω3 it is 5% for all the elements. Errors quoted in the literature [37, 38] for 

Coster-Kronig rates are as high as 15-50% for f12 and f13 and 5-10% f23 respectively. We are not 

considering the errors in fractional radiative width Sp,i because it’s a ratio of  emission rates for 

electric dipole transitions. Considering all the uncertainties taken into account along with the 

uncertainties of x ray production cross sections of required lines, the overall errors are estimated 

according to the rule of propagation of errors. In L1 ionization cross section it is 15-20% for 73Ta 

and 30-35% for all other elements. However, for the L2 and L3 sub-shell the uncertainty is 12-15% 

for all the elements investigated here. 

The multiple-ionization effect in L-shell ionization by heavy ions has been known since 

decades [39,40]. In the present work, single-hole fluorescence ωi
0 and CK yields fij

0 [36], were 

corrected for multiple ionization using a model prescribed by Lapickiet. al. [41].The ionization 

probability P(vP) ofan electron in a manifold of the outer subshells by a projectile with nuclear 

charge ZP, charge state q and velocity vP,can be calculated from equation (A3) of [41] as 

follows 

S�T�� = � 
�U�V /1 −

U
X�V 5   (4) 
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with β=0.9[42] and q=qe, the equilibrium charge state of the ion in the bulk. The ion beam 

changes its charge state during its passage through the target. Till date, qe has been obtained 

from empirical formulas, such as those by Schiwietz and Grande[43],based on measurements 

by electromagnetic methods outside the solid. These measurements involve the ion charge state 

in the bulk and the changes due to the interaction with the solid surface. However, our 

experimental geometry concerns only to the charge state evolution of the ion in the bulk. In this 

scenario the mean charge state in the bulk is calculated using the method in[44]. The 

comparison between the mean charge states in the bulk [44] and in the bulk plus surface [43]is 

shown in Table 3. Considerable differences between them can be seen, with the former being 

always higher than the latter. It implies that electron capture processes take place at the solid 

surface. We can also observe in Table 3 that the equilibrium charge state of the Si ions is 

�Y	 ≈ 13 for the four targets and impact energies considered here, and almost independent of initial 

charge state q. 

The single-hole fluorescence and CK yields values '�\ and  H��\ are corrected for ionization 

in outer subshells as follows 

'��T� = '�\"1 − �1 − '�\�S�T�%+,	,								(5a) 

H���T� = H��\�1 − S�T���,  (5b) 

while the fractional rates Fip considered to be remain unchanged (both partial and total non-

radiative widths are narrowed by identical factors). With equations (5), the single-hole fluorescence 

and CK yields are changed at the different ion beam energies and charge states. The effect of 

multiple-ionization in the atomic parameters is shown in Table 4 for 107 MeV Si+8 ions in Ta, Pt, 

Th and U. It is clear from this table that the fluorescence yields '�are enhanced up to~ 220% and 

CK yields H��are reduced up to ~85% from single-hole to multiple-hole atom. These values differ 

by 40% over the range of the ion beam energies and the projectile charge states used in the present 

experiment. These modified values of atomic parameters (i.e. ωi and fij) were used to extract the 

ionization cross sections from measured x ray production cross sections. 
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V. RESULTS AND DISCUSSION 

The main results of the present research are summarized in Table 5 and Figures 5-8. The 

experimental L x-ray productions cross sections were turned into ionization cross sections using 

Equations (3), with the multiple-hole parameters obtained from Table 2 and the Equations (4) and 

(5). In Table 5 we show the experimental Li ionization cross sections of 73Ta, 78Pt, 90Th, and 92U, 

together with the SLPA ab-initio results at corresponding energies and incident charge states of the 

silicon ions. We complete the comparison by including the cross sections from ECPSSR, ECUSAR 

and first-Born approximations (FBA) too. These values are also displayed in Figures 5-8, except 

for the FBA because, as expected, the FBA cross sections are too high, and they are included in 

Table 5 only as an upper limit. 

The theoretical calculations consider the different charge states of the Si ions as expressed 

in Eq. (2). However, the SLPA results show no evidence of the charge state effect in the calculated 

L-shell ionization cross sections. The theoretical values agree within 0.5% for the different ion 

charge states, i.e. q=+8, +12 and +14. This 0.5% uncertainty is within the numerical integration 

error. However, we have usedq~13, the mean charge state of the projectile in the bulk, in equation 

(4). 

The new theoretical developments to obtain the different Li ionization cross sections using 

the SLPA and the relativistic solutions for73Ta, 78Pt, 90Th, and 92U are tested in two different ways, 

one with the experimental data and another with the semiempirical ECPSSR and ECUSAR 

[11,12,15,29]. We can observe in Figures 5-8 that the experimental cross sections agree rather well 

with the theoretical predictions. In some cases the experiments are above the theoretical trend for 

E>110 MeV, i.e. L2 and L3 cross sections of Ta and L1 cross sections of U. For Ta and Pt the SLPA 

describes better the measurements for E>110 MeV than for the lowest ion energies. This is 

reasonable because the SLPA is perturbative. However, for Th and U, it agrees well even for the 

lowest energies of this work, showing that the highest the target charge, the more perturbative the 

collision. 

The comparison of the full theoretical SLPA results and the semiempirical ECUSAR and 

ECPSSR is interesting because they are independent models, the former from the many-electron 

formalism, the latter two from the FBA and independent electron model.  This comparison shows 

that although the SLPA results are higher than the ECUSAR for L1 cross sections, they are close to 

the ECUSAR ones forL2 and L3. In general, the ECPSSR predictions are lower than both, the 

ECUSAR and SLPA values. The ECPSSR cross sections are close to the experimental data for Ta 
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and Pt at E<110 MeV and for Th and U at E ≤90 MeV, but underestimate them for higher energies. 

This is an important concern as the ECPSSR data are used widely in PIXE codes. 

VI. CONCLUSIONS 

The Lx-ray production cross section of 73Ta, 78Pt, 79Th, and 92U have been measured by impact of (84-107 

MeV) Si+8and (118-140 MeV) Si+12 ions. Theoretical ionization cross sections are also presented by 

using the ab-initio SLPA model together with new developments to obtain the relativistic solutions 

of the wave functions and binding energies for these heavy targets. The new experimental data and 

the SLPA results for the ionization cross sections of the Li subshells are also compared with the 

known ECUSAR and ESPSSR predictions. The SLPA results are in rather good agreement with the 

ECUSAR ionization cross sections and also close to the experimental data as the ECUSAR. 

Further, the SLPA cross sections are found to be independent of the charge state of the projectile 

ions. This agrees with the experimental scenario only if the correct mean projectile charge state 

inside the target is considered, and not the outgoing charge state. This is important because the 

mean charge state plays a decisive role in the multiple ionization during the ion-solid collisions. 

We are not aware of similar observation been made in the past.  
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Figure Captions 

Fig.1 L x-ray spectra of73Ta, 78Pt, 90Th and 92Ubombarded with the 107 MeV 28Si ions.  

Fig.2 L x-ray spectra of 73Ta bombarded with the 140 MeV 28Si ions. DeconvolutedX-ray lines due to different 
transitions are shown along with the background due to Compton scattering. 

Fig.3Efficiency curve obtained by measuring the K x-rays fluorescence yields from targets excited by 
the 59.54 keVγ-ray photons. Measured values were normalized to absolute efficiency obtained using the 
calibrated 137Cs and 155Eu radioactive sources. 

Fig. 4 Binding energies for the bound electrons in Ta, Pt, Th and U. Present relativistic resultsare 
compared with the experimental values [31]. 

Fig.5 Comparison of the experimental L1, L2, L3ionization cross sections for Ta induced by Si ions with 
different theoretical predictions: SLPA, ECUSAR, ECPSSR (details in the inset). 

Fig.6 Comparison of the experimental L1, L2, L3ionization cross sections for Pt induced by Si ions with 
different theoretical predictions: SLPA, ECUSAR, ECPSSR (details in the inset). 

Fig.7Comparison of the experimental L1, L2, L3ionization cross sections for Th induced by Si ions with 
different theoretical predictions: SLPA, ECUSAR, ECPSSR (details in the inset). 

Fig. 8 Comparison of the experimental L1, L2, L3ionization cross sections for U induced by Si ions with 
different theoretical predictions: SLPA, ECUSAR, ECPSSR (details in the inset). 
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Table 1Energies of the L x-ray fluorescence transitions for the Ta, Pt, Th and U, the present 
relativistic calculations (see Section III) and the standard experimental values (Stand). 

Fluorescence 
transition 
(subshell) 

x-ray energy (keV) 

73Ta 78Pt 90
Th 92U 

 Relat Stand Relat Stand Relat Stand Relat Stand 

Lℓ (L3) 7.174 7.173 8.268 8.268 11.118 11.118 11.618 11.618 

Lα1 (L3) 8.146 8.117 

8.117 

9.442 9.402 12.967 12.890 13.615 13.527 

Lα2 (L3) 8.088 9.362 9.402 12.809 12.890 13.438 13.527 

Lη (L2) 8.429 8.428 9.977 9.975 14.509 14.510 15.399 15.399 

Lβ1 (L2)  9.343 9.345 11.071 11.062 16.200 16.146 17.219 17.152 

Lβ3 (L1) 9.487 9.345 11.234 11.062 16.425 16.146 17.457 17.152 

Lβ4 (L1) 9.213 9.345 10.854 11.062 15.641 16.146 16.576 17.152 

Lβ2 (L3)  9.669 9.645 11.251 11.242 15.624 15.606 16.430 16.407 

Lβ15 (L3)  9.708 9.645 11.233 11.242 15.586 15.606 16.387 16.407 

Lγ1 (L2) 10.963 10.895 12.942 12.942 18.978 18.983 20.167 20.167 

Lγ5 (L2) 10.588 10.895 12.550 12.942 18.363 18.983 19.507 20.167 

Lγ2 (L1) 11.232 11.380 13.273 13.487 19.305 19.701 20.487 20.920 

Lγ3 (L1) 11.294 11.380 13.362 13.487 19.504 19.701 20.714 20.920 
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Table 2 Therecommended fluorescence and CK yields for singly ionized elements used in the 
present work (Rec) [36,37],  and compared to Krause [35] and DHS [33] values.Fractional radiative 
emission rates [34] used here are also tabulated. 

 

 

 

 

 

 

 

 

 

 

 

Elements Fractional radiative emission rates [34] 

 Sγ23,1 (=Γγ2,3/Γ1) Sγ15,2 (=Γγ1,5/Γ2) Sα12,3 (=Γα1,2/Γ3) 

73Ta 0.1637 0.1639 0.8001 

78Pt 
0.1997 0.1697 0.7831 

90Th 
0.2021 0.1824 0.7485 

92U 
0.2021 0.1848 0.7749 

 

Element                                             Fluorescence yield 

 ω1 ω2 ω3 

 Rec.  DHS Krause Rec.  DHS Krause Rec.  DHS Krause 

73Ta 0.145 0.131 0.137 0.280 0.28 0.258 0.251 0.251 0.243 

78Pt 0.130 0.074 0.114 0.344 0.344 0.321 0.303 0.303 0.306 

90Th 0.170 0.139 0.161 0.503 0.503 0.479 0.424 0.424 0.463 

92U 0.190 0.149 0.176 0.506 0.506 0.467 0.444 0.444 0.489 

Element                                                    CK yield 

 f13 f12 f23 

 Rec.  DHS Krause Rec. DHS Krause Rec.  DHS Krause 

73Ta 0.320 0.351 0.280 0.125 0.186 0.180 0.134 0.139 0.134 

78Pt 0.560 0.716 0.500 0.070 0.067 0.140 0.126 0.132 0.124 

90Th 0.660 0.659 0.570 0.060 0.058 0.090 0.103 0.106 0.108 

92U 0.670 0.660 0.570 0.035 0.051 0.080 0.140 0.139 0.167 
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Table 3 Different charge states of 28Si ion inside the bulk of the target (Nandi) [44]and 
outgoing charge state from the target (Schiwietz) [43]. 
 
Energy (MeV) 84 90 98 107 118 128 140 

Nandi 12.95 12.99 13.03 13.07 13.11 13.15 13.18 

Schiwietz 11.4 11.7 11.85 12 12.15 12.28 12.41 
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Table 4 The fluorescence and CK yields for the singly ionized (SI) [36,37] and multiply ionized (MI) 
target elements at the 107 MeV 28Si8+ion beam used in the present work.  The mean charge state 
inside the target is 13.07 that is used in equation (4), much higher than the incident charge state. Then 
equation (5) is used for obtaining the fluorescence and CK yields due to multiple ionization. 

Atomic 
number (Z) 

Fluorescence yield  CK yield 

ω1 ω2 ω3  ƒ12 ƒ13 ƒ23 

73 SI 0.145 0.280 0.251  0.125 0.320 0.134 

 MI 0.3040 0.5024 0.4652  0.0175 0.0487 0.0199 

78 SI 0.130 0.344 0.303  0.070 0.560 0.126 

 MI 0.2504 0.5765 0.5302  0.0111 0.0809 0.0187 

90 SI 0.170 0.503 0.424  0.060 0.660 0.103 

 MI 0.3292 0.7243 0.6565  0.0059 0.0920 0.0153 

92 SI 0.190 0.506 0.444  0.035 0.670 0.140 

 MI 0.3439 0.7267 0.6746  0.0052 0.0920 0.0208 
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Table 5 Li ionization cross section for Ta, Pt, Th, and U elements bombarded with 28Si ions. In 
L1 ionization cross section uncertainty is 15-20% for Ta and 30-35% for all other elements. For the 
L2 and L3 sub-shell the uncertainty is 12-15% for all the elements investigated here. 
 

Element 
28Si ion beam  Ionization cross sections (barns/atom) 

Energy 
(MeV) 

Charge 
state 

Experiment SLPA ECUSAR  ECPSSR FBA 

73Ta        

L1 84 12.95 869 4088 2026 1957 14040 
 90 12.99 1414 5228 2755 2744 16980 
 98 13.03 1912 6962 3984 3999 21180 
 107 13.07 3552 9205 5703 5691 26190 
 118 13.11 10453 12270 8295 8163 32870 
 128 13.15 13236 15370 10996 10795 38970 
 140 13.18 13407 19410 14627 14438 46420 
        
L2 84 12.95 4036 7379 6831 6576 24200 
 90 12.99 5505 8798 8269 8002 27280 
 98 13.03 7394 10870 10384 10034 31430 
 107 13.07 8927 13380 13009 12499 36120 
 118 13.11 20612 16680 16870 15770 44500 
 128 13.15 25426 19890 20393 18989 49880 
 140 13.18 32094 24020 24859 23162 56090 
        
L3 84 12.95 13813 25690 24141 22950  78730 
 90 12.99 18594 29660 28947 27688  87540 
 98 13.03 24451 35140 35901 34310  99170 
 107 13.07 30644 41670 44368 42175 111900 
 118 13.11 71016 49930 56864 52383 136500 
 128 13.15 84195 57800 67687 62233 150200 
 140  13.18  98081 67680 81037 74769 165500 
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Element 
28Si ion beam  Ionization cross sections (barns/atom) 

Energy 
(MeV) 

Charge 
state 

Experiment SLPA ECUSAR  ECPSSR  FBA 

78 Pt        

L1 84 12.95   419 1530 0818 0781 5681 
 90 12.99   454 2085 1099 1070 7097 
 98 13.03   243 2996 1599 1581 9196 
 107 13.07   527 4209 2346 2329 11800 
 118 13.11 1928 5889 3541 3490 15330 
 128 13.15 5706 7628 4857 4781 18690 
 140 13.18 9845 9893 6716 6628 22890 
        
L2 84 12.95 2154 3167 3213 3133 11830 
 90 12.99 2621 3870 3920 3837 13480 
 98 13.03 3842 4870 4971 4860 15750 
 107 13.07 5265 6116 6293 6124 18380 
 118 13.11 9918 7799 8218 7832 22700 
 128 13.15 10216 9431 10054 9541 25880 
 140 13.18 13402 11580 12436 11790 29660 
        
L3 84 12.95 8233 14780 12484 12026 42670 
 90 12.99 9819 17180 15072 14595 47930 
 98 13.03 13397 20570 18866 18247 55030 
 107 13.07 18352 24550 23562 22667 63020 
 118 13.11 34094 29710 30431 28516 77120 
 128 13.15 39009 34610 36685 34260 86200 
 140 13.18 50632 40770 44592 41690 96680 
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Eleme
nt 

28Si ion beam  Ionization cross sections (barns/atom) 

Energy 
(MeV) 

Charge 
state 

Experiment SLPA ECUSAR ECPSSR FBA 

90Th        

L1 84 12.95 0092 0101 0162 0157 0546 
 90 12.99 0146 0148 0186 0170 0705 
 98 13.03 0052 0243 0234 0214 0979 
 107 13.07 0063 0390 0315 0301 1370 
 118 13.11 0392 0617 0468 0460 2000 
 128 13.15 0465 0887 0659 0657 2650 
 140 13.18 1800 1280 0964 0956 3570 
        
L2  84 12.95 0418 0402 0579 0573 2150 
 90 12.99 0523 0508 0718 0712 2520 
 98 13.03 0764 0685 0929 0921 3040 
 107 13.07 1186 0922 1202 1188 3660 
 118 13.11 1886 1250 1593 1561 4560 
 128 13.15 2408 1560 1989 1944 5370 
 140 13.18 2598 2000 2519 2459 6380 
        
L3 84 12.95 2057 3140 2959 2906 10600 
 90 12.99 2611 3790 3613 3562 12200 
 98 13.03 3461 4720 4592 4522 14300 
 107 13.07 5275 5810 5832 5722 16900 
 118 13.11 8746 7300 7613 7358 20700 
 128 13.15 10893 8760 9353 9009 23800 
 140 13.18 13214 10600 11636 11194 27600 
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Element 
28Si ion beam  Ionization cross sections (barns/atom) 

Energy 
(MeV) 

Charge 
state 

Experiment SLPA ECUSAR  ECPSSR FBA 

92U        

L1 84 12.95 0005 0053 0136 0132 0381 
 90 12.99 0075 0079 0152 0138 0484 
 98 13.03 0210 0132 0184 0167 0667 
 107 13.07 0155 0212 0239 0227 0938 
 118 13.11 0806 0355 0346 0339 1383 
 128 13.15 1082 0518 0481 0480 1865 
 140 13.18 1200 0766 0702 0697 2549 
        
L2 84 12.95 0392 0280 0442 0438 1623 
 90 12.99 0420 0369 0550 0545 1908 
 98 13.03 0577 0495 0713 0707 2315 
 107 13.07 0851 0655 0925 0916 2807 
 118 13.11 1290 0902 1230 1208 3507 
 128 13.15 1578 1160 1540 1509 4145 
 140 13.18 2253 1484 1957 1915 4951 
        
L3 84 12.95 1888 2424 2387 2348 8589 
 90 12.99 2157 2915 2920 2881 9867 
 98 13.03 3164 3654 3716 3665 11650 
 107 13.07 4258 4573 4729 4648 13747 
 118 13.11 7343 5743 6180 5993 16897 
 128 13.15 8878 6914 7609 7354 19492 
 140 13.18 11561 8437 9490 9160 22670 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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• Multiple ionization by ion-impact in solid is a long-lasting problem.  
• Charge state of ion-beam is normally used to calculate modified atomic parameters 
• Whether charge state of ion-beam in the bulk or in the outgoing ions will be used. 
• If charge state in the bulk is used, theory represents the measurements very well. 
• Ionization cross-sections is estimated well by shellwise local plasma approximations.  
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