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Abstract
The L-subshell ionizationmechanism is studied in an ultra-thinOs target bombarded by 4–6MeV/u
fluorine ions.Multiple ionization effects are considered through the change offluorescence and
Coster-Kronig yields while determining L-subshell ionization cross sections from L x-ray production
cross sections. The present experimental values are comparedwith various theoretical approxima-
tions: (i) the relativistic semi-classical approximation (RSCA), (ii) the shellwise local plasma
approximation (SLPA), and (iii) the ECUSAR theory.We also take into account the vacancy sharing
among the subshells by the coupled-statesmodel (CSM) and the electron capture (EC) by a standard
formalism.We find that the ECUSAR-CSM-ECdescribes themeasured excitation function curves the
best. However, the theoretical calculations are still about a factor of two smaller than themeasured
values even though the recent fluorescence andCoster-Kronig yields are considered. Hence, a re-
evaluation of these parameters is a challenge for the theoretical works.Whatsoever, this work leads to
demonstrate that in the present energy range the heavy-ion induced inner-shell ionization of the heavy
atoms can be understood by combining the direct Coulomb ionization, the electron capture, and the
vacancy sharing among subshells, together with optimizing the atomic parameters. Optimization of
the atomic parameters shows that our experimental results agree with theoretical vacancy production
theories if the L1fluorescence yield is nearly doubled. Such a optimization is validated by the proton
induced L-shell ionization data of uranium atoms.

1. Introduction

Themeasurement of emitted x-rays from targets has resulted inmajor advances in radiation physics [1], plasma
physics [2], atomic and nuclear physics [3], and the particle-induced x-ray emission (PIXE) technique [4, 5].
Thus far, the PIXEmethod has used light ions such as protons or alphas [6–13]; however, there is an increasing
interest to employ heavy ions since their cross sections are larger and have, thereby, better sensitivity [14].
Nevertheless, this potentiality is discouraged by discrepancies observed between the theories and experiments.
Although these inconsistencies are often attributed tomultiple ionization phenomena [15–17], they do not
account for all the discrepancies observed, for example, in experiments with an 8–36MeVSi-ion beamon
targets of Au, Bi, Th, andUwith thicknesses between 12 and 40μ g/cm2 [18]. On such occasions, theoretical
approaches have beenmodified to include the L-subshell coupling effect as well as the saturation of the binding
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effect at the united atom limit in addition to themultiple ionization [18, 19]. Even though closeness between the
experiments and theory is achieved, differences remain, suggesting that other physical processes are involved.

It is well-known that for asymmetric collisions,Z1/Z2< 1, the direct ionization (DI) is dominant, whereas
for symmetric collisions,Z1/Z2≈ 1, the electron capture (EC) process becomes increasingly important.
Although the present collisional system is asymmetric, i.e. F ions (Z1= 9) impinging onOs (Z2= 76), and
Z1/Z2= 0.1184, the EC contribution to the L-shell vacancy production has to be accounted [20]. This becomes
evident if we consider the ratio of the projectile velocity v1 to the orbital velocity of the target electrons, vLi

. In our
full-relativistic calculations [21], themean velocities (in a.u.) of theOs Li sub-shells are =v 26.6Li

, 37.7, and 32.8
for i= 1, 2, 3, respectively. Therefore,  v v0.33 0.58L1 i

, and the collision is asymmetric but in the slow
velocity regime.

We studied L-subshell vacancy production by considering theDI, themultiple ionization, and the vacancy
sharing by performing a detailed experimental-theoretical comparison.We found a general tendency of the
models to underestimate the data.However, contrary to our expectations, the ECdoes not account for all the
discrepancies found. In the final stage of this work, we found that the presently available atomic parameters (the
fluorescence andCoster-Kronig yields) are unable to achieve agreement between the experiment and the theory.
So, wemodified these values iteratively until a good agreement between themwas achieved.

We provide experimental details in section 2. The theoreticalmethods employed to describe the direct
ionization are discussed in section 3. Section 4 addresses the effects of the single- andmultiple-hole atomic
parameters required for the derivation of the subshell-ionization cross sections from themeasured x-ray
production cross sections. Section 5 describes themain capture processes involved, and how theywere
theoretically evaluated. Finally, section 6 summarizes themajorfindings.

2. Experimental details and data analysis

The L-shell x-ray production cross sections in theOs elements using the 19F ions (charge states q= 6+, 7+, 8+)
in the 76–114MeV energy range have beenmeasured in the atomic physics beamline at the Inter-University
Accelerator Centre, NewDelhi. The heavy ions offluorine –F6+ (76 and 84MeV), F7+ (90MeV) and F8+ (98 and
114MeV)–were obtained from the 15UDPelletron accelerator. The chamber has provision for two silicon
surface barrier (SSB) detectors at± 7.5° and two x-ray detectors at 55° and 125° to the beamdirection,
respectively. The target wasmounted on a steel ladder forming a 90° angle to the beamdirection. The vacuum
inside the chamber was∼ 10−6 Torr. The spot of the ion beam at the target had a diameter of approximately
2 mm. The spectra were taken at different positions of each target. Details of the experimental setup and
detection system are given byKumar et al [22]. The ultra-thin target of 76Oswas prepared on the polypropylene
backing using an ultra-high vacuumdeposition setup at IUAC,NewDelhi. The thickness of the target was
measured using theRutherford Back-scattering (RBS)method and its spectrum is given infigure 1. The target
turned out to be very thin, only 1.09 μg/cm2. The beam current was kept below 1 nA to avoid pile up effects and
damage to the target. The spectra were collected for a long time to get barely sufficient statistics and thus
obtained a decent accuracy for the production cross sections.We obtained L x-ray spectra of natural Os
bombarded by Fq+ at different projectile energies (76–114MeV). Among them spectrum for 90MeV is shown in
figure 2. The spectrawere analyzedwith a fittingmethod considering aGaussian line shape for the x-ray peaks
and a suitable background function. From the figures, it is clear that allmajor L x-ray components arewell
resolved by the Si(Li) detector. The details about the data acquisitions and the terms related to the projectile
velocity are given byOswal et al [23].

Themeasured L x-ray production cross sections for themajor peaks namely Ll, Lη, Lα, Lβ, and Lγwere
obtained using the following relation

s
b

q= ( )


Y A

N n t
sin , 1x

i x
i

A p

whereYx
i is the intensity of the ith x-ray peak,A is the atomicweight of the target, θ is the angle between the

incident ion beamand the target foil surface,NA is theAvogadro number, np is the number of incident
projectiles, ò is the effective efficiency of the x-ray detector, t is the target thickness 1.09 μg/cm2 andβ is a
correction factor for the absorption of the emitted x-rays inside the target.

The absorption correction factor for the absorption of the emitted L x-rays in the target is written as

b
m

m
=

- -( ) ( )t

t

1 exp
, 2

whereμ is the attenuation coefficient inside the target and its unit is cm2/g [24]. The value ofβ is� 0.99 for the
target thickness used in the presentmeasurements. The energy loss calculation using the SRIM code [25] for the

2

Phys. Scr. 97 (2022) 045405 SChatterjee et al



incident beamwithin the target suggests negligibly small energy loss for the target thickness and the beam
energies used in the present work. The ion beam changes its charge state during its passage through the target.

The role of projectile charge state in this collision regime for 4–6MeV/u is found to be negligible [23].
Integrated charge in a Faraday cupmeasured by a current integrator has been used to countNp (see discussion in
section 6). The energy loss calculation using the SRIMcode shows that 76 and 114MeVfluorine ions lose 2.30
and 1.91 keV in theOs target, respectively. The peak areasYx

i are evaluated using the computer program
CANDLE [26]. This software is an improved version of the Levenburg-Marquardt [27]non-linearminimization
algorithms for the peak fitting. The energy calibration of the detector is performed before and after the in-beam
measurements. A semi-empirical fitted relative efficiency curve for the presentmeasurement is available in
Oswal et al [23].

Figure 1.TheRutherford backscattering spectrumof theOs target by 4He ion impact.

Figure 2.The L x-ray spectra of theOs target bombarded by 19F ions of energy 90 MeV. Ll, Lα, Lβ and Lγ spectrum fittings are shown
in insets.
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The percentage error in themeasured x-ray production cross sections is about 15%–20%. This error is
attributed to the uncertainties in different parameters used in the analysis, namely the photo peak area
evaluation (∼3% for the Lα,∼4% for the Lβ,∼11% for the Lγ x-ray peak and 7% for the Ll), ion beam current
(∼7%), and target thickness (∼3%). In the energy region of interest, the error of the absolute efficiency values ò
ranges between 5%and 8%.

3. Ionization theories

To calculate theDI cross sections, we have employed (i) the coupled-states relativistic semi-classical
approximation (RSCA-CSM) [28, 29], (ii) the ECPSSR and the ECUSAR theory [30, 31] and iii) the shellwise
local plasma approximation (SLPA) [32, 33]with fully relativistic electronic structure calculations forOs [21]. It
is worth noting that RSCA-CSMand SLPA are ab initiomethods, while ECUSAR is semiempirical. All these
models are briefly described below.

3.1. The coupled-states relativistic SCAmodel (RSCA-CSM)
In the semi-classical approximation (SCA), the general formof the cross section is expressed as follows

ò ås p= = +¥
¥

∣ ( )∣ ( )b b a t2 d , 3i
f

f
0

2

where b is the impact parameter, and af(t) is the excitation amplitude of the Li sub-state to afinal f state. For the
continuum states, the summeans integration over the electron energy. Applying the independent-particle model
approximation, themany-electron excitation amplitudes are replaced by single-electron transition amplitudes.

The subshell couplingmechanism is described in away that a ‘mixed’ L state is considered as the initial state,
instead of a ‘pure’ atomic state [28]. Themixed state evolves in time from the initial L-substate as a result of
dynamical couplings with the other L-substates. The time evolution is governed by the following eight coupled
equations (in a.u.):

å= -
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The excitation from themixed L-substate to the ffinal state is described by
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In equations (4) to (6), nL represents the quantumnumbers (l, j,mj) of the L substates. The ( ) tmk matrix
elements for the projectile-target-electron interaction are defined as

w=( ) ( ) ( ) ( ) t V t i texp , 7mk mk mk
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1

w = - ( )E E , 9mk m k

whereZ1 is the atomic number of the projectile,R is the internuclear vector, andψj(r) andEj are the one-electron
energy eigenstates and eigenvalues of the unperturbed target atom. ForR(t,b), a Kepler projectile orbit is
applied.

In the present SCAmodel, theVmkmatrix elements are calculated using screened relativistic wave functions
for both the bound and continuum states [29], i.e., it is an RSCAmodel. Furthermore, since it includes the
subshell coupling effects, the full name of themodel is coupled-states RSCA, briefly: RSCA-CSM.

We stress that unlike previous works (see, e.g., [34, 35]), the integration over the final states in equation (3) is
complete, and the present RSCA-CSMcalculation extends to the entire range of the energy transfer.
Additionally, no restrictions are imposed on the angularmomentumof the ionized electron.

3.2. ECPSSR/ECUSAR-CSMmodel
The ECPSSRmodel by Brandt and Lapicki [30] and its evolution into the ECUSARmodel [31] are themost
employed theories to describe inner-shell ionization cross sections. They cover an extended energy range, and
are the usual input values in PIXE codes [31]. The ECPSSR theory goes beyond the plane-wave Born
approximation (PWBA) by accounting for the energy loss (E), the Coulomb deflection froma straight-line
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trajectory and retardation of the projectile (C) and its influence on the unperturbed and non-relativistic 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 of Lapicki [31], the PSS treatment of ECPSSR [30] is
replaced by the united (U) and separated (S) atom (A) formula (see equations (2) and (3) in [31]).

Comparing RSCA-CSM [34] to ECPSSR [30], one has to stress that the former automatically incorporates
most of the effects that are included in ECPSSR as corrections. The application of Kepler orbit accounts for the
Coulomb-deflection effect. The diagonalmatrix elementsVmk determine in afirst-order approximation the
change of the binding energies of the L substates in the presence of the projectile, i.e., they account for the
increased binding effect, which is one of themost important consequences of the PSS approach. And, of course,
the electronic relativistic effects are exactly taken into account. At the same time, there are differences between
the two theories (in addition to the subshell couplings). The ECPSSRmodel [30] is based on the plane-wave Born
approximation (PWBA). Although the PWBA and the straight-line SCA are equivalent, this feature holds only
for the hydrogen atom, or hydrogenic ions. For amany-electron atom, it is known that the screening procedure
is different for the two theories. It can be shown that the outer screening applied in PWBA leads to an effective
potential that approaches themany-electron potential better than the corresponding effective potential in SCA.
Furthermore, the energy loss effect is not included in the RSCA-CSM, i.e., one does not expect a good
performance of themodel at very low collision velocities.

In light of the above arguments, the best description of the ion-induced L-shell ionization is expected to be
given by amodified ECPSSR that includes the subshell coupling effects. Such amodel, named ECPSSR-CSM, is
obtained by combining ECPSSR andRSCA-CSM in the followingway. The original idea behind considering the
couplings between the L substates was the vacancy sharing process among the L subshells. The vacancy sharing
does not change the total L-shell ionization cross section, which is supposed to be describedwell by ECPSSR. At
the same time, the relative subshell ionization cross sections change according to RSCA-CSM. This concept can
be expressed by renormalizing the RSCA-CSM subshell cross sections in away that its sum equals the total
ECPSSR cross section (see also [36]),

s s
s
s

- = -

´
-
-

( ) ( )
( )
( )

( )

ECPSSR CSM RSCA CSM
ECPSSR CSM

RSCA CSM
. 10

Li Li

Tot

Tot

In the present work, we applied the improved version of ECPSSR, the ECUSARmodel. According to
equation (10), the subshell coupling effects are also included in the lattermodel.

3.3. Shellwise local plasma approximation (SLPA)
The shellwise local plasma approximation (SLPA) [32, 33] is an ab-initio approach for the calculation of
ionization probabilities within the dielectric formalism. It is a collectivemodel based on the quantumdielectric
response theory, which accounts for the inner-shells by considering the density of target electrons and the
binding energies. The SLPA calculates the j subshell ionization cross section of target atoms due to the
interactionwith a projectile (velocity v1 and nuclear chargeZ1) as

⎡

⎣
⎢

⎤

⎦
⎥


ò ò

ò

s p w

w d

=

´
-

¥
( )

( ( )
( )

/



v
Z

p
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2

1
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, 11

j
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j j

SLPA
1
2

0

1
2

0

1

with ò(p,ω,Ej, δj) being the Levine-Louie dielectric function [37],Ej the binding energy, δj(r) the density of the j-
subshell electrons around the nucleus, and p(w) themomentum (energy) transferred.

The electronic densities and binding energies of the Li subshells ofOswere obtained by performing full
relativistic atomic structure calculations.We solved theDirac equation by implementing the parametric
potentialmethod [38–40] and an optimized configuration interactionmixing. The electronic structure so
computed agrees with available experimental values within 1.5% [21]. It is worth noting that the SLPAhas been
successfully employed previously by the authors to obtain L-shell ionization cross sections of relativistic targets
such as Pt, Ta,W, Pb, Au, Bi, Th andU [23, 41].

3.4.Method for obtaining theoretical x-ray production cross section from theoretical L-shell ionization
cross section
The theoretical L x-ray production cross sections for themost commonly resolved Ll, Lα, Lβ, Lγ x-rays are related
to the Li subshell ionization cross sections,σLi, as given below

s s s s w= + + +[ ( ( ) ] ( )f f f f F , 12L
x

L L L l13 12 23 23 3 3l 1 2 3
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s s s s w= + + + aa
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x
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Here sL
x

p
is the x-ray production cross sections of the different L x-ray components, sLi

is the ionization cross
sections for the Li subshell,ωi is the fluorescence yields of the Li subshells, fij(i< j) is the CK yields for theCK
transition between the Li and Lj subshells, and Fip is the fractional radiative emission rates, with i= 1, 2, 3 and
p= l,α,β, γ. The theoretical L x-ray production cross sectionswere calculated by combining the Li ionization
cross sections obtained by the different L-shell ionizationmodels in equations (12) to (15). Lη line corresponds to
the L2-M1 transition. Since the branching ratio of this line is only 0.036which is evenmuch less than gL

1
(L2-

N1) line 0.26. So the intensity corresponds to lη line is negligibly small and not visible in the recorded spectra.

3.5.Method for obtaining experimental L-subshell ionization cross sections from themeasured x-ray
production cross sections
The L x-ray production cross sections for themost commonly resolved Lℓ, Lα, Lβ, and Lγ x rays are related to
the Li(i= 1, 2, 3) subshell ionization cross sections as given below [22]
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Here sLp
x (p= α, γ2+3, γ1+5) are the x-ray production cross sections of the different L x-ray components,

σLi(i= 1− 3) are the ionization cross sections for the Li subshells (2s1/2, 2p1/2, 2p3/2 respectively),ωi(i= 1− 3)
are thefluorescence yields, fij(i< j) are the yields for theCK transition between the Li and Lj subshells, and
Spi(i= 1− 3, p= α, γ2+3, γ1+5) are the fractional radiative emission rates.

We have used themost recent values of the L x-ray emission rates fromCampbell andWang (1989) [42] for
the present work. The single-hole fluorescence wi

0 andCK yields fij
0 have been taken from [43, 44] singly-ionized

atom, as displayed in table 1.Nowboth L1(2s1/2) and L2(2p1/2) subshells are responsible for Lγ complex
transitions. According to equations (16) to (18), the production cross sections of the resolved constituents of Lγ
line, alongwith 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. From equation (16), it is obvious that Lγ2+3

production cross section is needed in order to get 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 g ¢L 4,4 ).

Table 1.The fluorescence andCK yields for the singly-ionizedOs are denoted by superscript 0 (w f,i ij
0 0) andwhen these are optimized they

are denoted by superscript 0m (w f,i
m

ij
m0 0 ). The values listed for the singly-ionized atomswere taken from the compilation of Campbell [43].

When the fluorescence andCK yield values corrected on account of the SMI the superscript 0 is dropped and thus, wi
0 → ωi, f fij ij

0 and

w w f f,i
m

i
m

ij
m

ij
m0 0 . Note that the optimized parameters resulted in the best agreement between the theoretical and experimental L-

subshell ionization cross sections (see text).

AtomicNum-

ber (Z) Fluorescence Yield CKYield

SI

76 w1
0 w m

1
0 w2

0 w m
2
0 w3

0 w m
3
0 f12

0 f m
12
0 f13

0 f m
13
0 f23

0 f m
23
0

0.15 0.279 0.318 0.34 0.282 0.305 0.07 0.08 0.33 0.36 0.13 0.17

MI

E (MeV) Qm ω1 wm
1 ω2 wm

2 ω3 wm
3 f12 f12

m f13 f13
m f23 f23

m

76 8.73 0.196 0.348 0.392 0.416 0.352 0.377 0.0367 0.0441 0.173 0.19 0.0682 0.0892

84 8.74 0.190 0.34 0.383 0.407 0.344 0.369 0.0394 0.0473 0.186 0.204 0.0732 0.0957

90 8.75 0.187 0.336 0.378 0.402 0.339 0.364 0.0411 0.0493 0.194 0.213 0.0763 0.0998

98 8.76 0.184 0.33 0.373 0.396 0.333 0.359 0.0431 0.0518 0.203 0.224 0.0801 0.105

114 8.78 0.178 0.322 0.364 0.388 0.325 0.350 0.0464 0.0570 0.219 0.241 0.0862 0.113
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So, the contribution coming from the Lγ6 peakmust be subtracted from the experimentally obtained Lγ2,3,6 line,
in order to get the yield of the Lγ2,3 line. From the ratio of the radiative transition probabilities (i.e.Γγ6/Γγ1,5)
[42] and the yield of the Lγ1,5 line, the contribution of Lγ6 line has been obtained and then subtracted from the
Lγ2,3,6 line yield.

4. Effect of themultiple vacancies on the atomic parameters used for the conversion of the
ionization cross sections to x-ray production cross sections.

Heavy ion induced target ionization phenomena createmultiple ionization in the outer subshells alongwith
single ionization in the inner shells. Such simultaneousmultiple ionization (SMI) in the target atom changes the
atomic parameters: thefluorescence yields and theCK yields, which in turn alter the x-ray production cross
sections. In the present work, single vacancy fluorescence yields wi

0 andCKyields fij
0 [43], were corrected for the

SMI using amodel prescribed by Lapicki et al [45]. Thismethod is not quite precise. A better approach could be
attained bymeasuring the peak shifts and evaluating the corrected parameters, following a procedure used by
Pajek et al [46]. However, proton beamswere not available in our laboratory to carry out the peak shift
measurements. Thus, we could only implement Lapicki’smethod. Each electron in amanifold of the outer
subshells is ionizedwith a probability P, which is calculated using equation (A3) from [45] as follows

⎛

⎝
⎜

⎞

⎠
⎟b

b
= - ( )P

q

v v2
1

4
, 19m

p p

2

2 2

where qm is the equilibrium charge state of the projectile inside the target obtained fromFermi gasmodel [20],
β= 0.9 and vp is the velocity of the projectile. Here, the wi

0 values due to single vacancy being corrected toωi due
to the SMI are given by

w w w= - - -[ ( )] ( )P1 1 , 20i i i
0 0 1

while the fij values formultiple ionization are given by

= -[ ] ( )f f P1 . 21ij ij
0 2

Note that the fractional rates Fip remain unchanged because both the partial and the total non-radiative widths
are altered by identical factors. According to equations (20) and (21), the single vacancy fluorescence andCK
yields depend on the energy and charge state of the projectile ion. Thefluorescence and theCK yields for singly-
andmultiply-ionizedOs is given in table 1. It is clear from this table that for the lower and higher energy values,
the Li subshellfluorescence yields are enhanced by∼30%, and theCK yields are reduced up to∼50% from the
single vacancy to themultiple-hole atom inOs.Note that the use of different sets of atomic parameters can
change the x-ray production cross section by∼30%ormore.

5.L-Shell ionization cross section due to electron capture

It is well known thatDI is not the onlymechanism of inner shell vacancy production. In the low energy range of
the presentmeasurements, capture processmay be also an important contribution to the target electron loss.

In order to estimate the electron capture cross sections fromOs L-shell toK-shell of Fq (LK capture), we need
to know the charge state q of the projectile inside the solidOs.Here, we report a theoreticalmethodology to
predict the charge state distribution of projectile ions inside a solid target. This approach utilizes a simple Fermi
gasmodel and a parameterization of the Lorentzian charge state distributionwidths. To estimate the LK capture
cross sections, we used the approach proposed by Lapicki and Losonsky [47] to calculate theKK electron capture
cross section. Thismethod is based on theOppenheimer-Brinkman-Kramers (OBK) approximation [48]with
binding andCoulombdeflection corrections at low velocities. However, the LK capture phenomena ismore
complex than theKK capture since it involves three L-subshells. In afirst approximation, we determined the
total electron capture by using the average binding energy. Then, the three subshells were resolved by computing
aweighted average, as follows:

s s= ´ ´( ¯) ( )B B
n

n
, 22L

C
L L

C L
1 1

1

s s= ´ ´( ¯) ( )B B
n

n
, 23L

C
L L

C L
2 2

2

s s= ´ ´( ¯) ( )B B
n

n
, 24L

C
L L

C L
3 3

3
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where sLi
C andBLi denote the shell wise electron capture cross section and the binding energy, respectively. B̄ is

the average binding energy of the L shell, whereas s n,L
C

Li and n represent the total capture cross section for the L
shell, the number of electrons in the Li subshell and the total number of electrons in the L shell, respectively.

Neglecting the change in the binding energy of theK shell electron of the projectile with one versus twoK
shell vacancies, a statistical scaling is used to calculate the electron transfer cross section for the case of one
projectileK-shell vacancy,σL→K, resulting inσL→2K/2, whereσL→2K is the production cross section for two
projectileK-shell vacancies. In the present experimental condition, v1 ranges between 12.39 and 15.17, while
v2L= Z2L/n2= 35.925 (in a.u.), n2 and n1 are the principal quantumnumbers of L andK shell electrons of the
target and the projectile atom, respectively. Following Lapicki and Losonsky [47],σL→2K can be obtained as

s s q q= =
´

  ( ) ( )E

v

1

3
,

13.6
, 25L k L k L k

L

L
2 2

OBK

2
2

withZ2L= Z2− 4.15 and

s q p=
+ + - ( ) ( )

[ ( ) ]
( )

v
a n

v v Z

v v v v v

2

5

10

4
, 26L k k

k L

k L k
2

OBK
9

1
2 0

2
1
2 1 2

5
1

24

1
2

1
2

2
2

1
2 2

1
2 5

where EL is the binding energy of L-shell electron of the target (in eV), and the parameters a0, v1k,Z1, andZ2 are
the Bohr radius, theK-shell orbital velocity of the projectile ion, atomic number of the projectile and the target
atom, respectively.

Due to the charge state distribution inside the target, the effective capture contributionwill be
s q´ ( ) ( )F q L k L2

OBK , for q= 8+ and 9+. Here, F(q) is the charge state fraction of the specific charge state q
responsible for the electron capture. However, determining F(q) is a non trivial task. The charge state of the
projectile ion inside the target is determined by the interplay between electron capture and loss.Moreover, the
charge state distribution so formed is alteredwhen exiting the target. This alteration ismainly governed by the
capture that takes place at the exit surface. Hence, there is large difference between themean charge states (qm) as
well as the charge state distributions, inside and outside the target. Since, the charge state distribution is
described by the F(q) as a function of q, F(q) should be given by the fraction of the charge state q inside the solid
target in the present context.

To obtain F(q) inside the target, we employed a two-fold procedure. First, we used a Fermi-gas-model based
empirical formula to determine themean charge state, qm, inside the target [49]

⎜ ⎟
⎛
⎝

⎞
⎠

= - ( )q Z
v

v
1 , 27m

F
1

1

whereZ1 and vF are the projectile atomic number and the Fermi velocity of target electrons, respectively. The
value of Fermi velocity (vF) forOs is 0.68 a.u..

Note that the charge state distribution outside the target is described by the Schiwietzmodel [50]. To
illustrate the difference between the ionization of the projectile ion inside and outside the target, we displayed the
qm predicted by the Fermi-gas-model [49] and by the Schiwietzmodel [50] infigure 3(A). This contrasting
picture is governed by the solid surface [51, 52], asmentioned above. The charge state of the heavy projectiles is
higher inside than outside the target. This feature has been described in detail byChatterjee et al [20] in the
context of K x-ray emission.

In the second part of the procedure, the qm values inside the target are substituted by a Lorentzian charge
state distribution [51] to obtain the F(q) as follows

åp
=

G
- + G

=( )
( ) ( )

( ) ( )F q
q q

F q
1

2 2
and 1. 28

m q
2 2

The distributionwidthΓ is taken fromNovikov andTeplova [53] as follows

G = - - - - -a b( ) [ ( )]{ [ ( ) ]} ( )x C x x1 exp 1 exp 1 , 29

where x= qm/Z1, α= 0.23, β= 0.32 andC= 2.669− 0.0098 Z2+ 0.058 Z1+ 0.00048 Z1 Z2. The F(q) for
q= 8+ and 9+ are displayedwith a bar chart infigure 3(B). Similarly, if we substitute qm outside the target, we
obtain the charge state distributions outside the target.

6. Results and discussions

Present L-shell ionization cross sections are displayed infigure 5(A), and table 2. The data include the present
measurements and the three theoretical results, with andwithout the electron capture contribution. In general,
themodels underestimate the data, but the ECUSAR results are themost accurate ones. Despite the LK electron
capture (EC) effects are included to the various theories, the cross sections remain lower than themeasured data.
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The inclusion of electron capture has the correct tendency, but it does not account for the discrepancies. It can
also be noted fromfigure 5(A) that the vacancy sharing among the L subshells described by the coupled-states
model (CSM) has aminor role in the present collisional system. The uncertainty bound formost accurate
theoreticalmodel (ECUSAR-CSM+EC) is shown infigure 5(A), which is estimated using themethod discussed
in Singh et al [54].

The EC cross sections for the Li subshells as a function of the impact energy are plotted infigure 6. According
to thefigure, the EC contribution of the L3 subshell is the largest one, while L1 and L2 are of the same order. To
estimate these contributions, we used the charge-state distributions of the projectile ions inside the solid target as
presented infigure 3.

In a recent article [54], we analyzed themajor sources of errors in themeasurements of L-subshell cross
sections.We concluded that these uncertainties come from fourmain sources: (i) determination of target

Figure 3.A. Themean charge state of the 19F ion inside theOs target as predicted by the FermiGasModel (FGM) [49] and the same
outside the target as predicted by the Schiwietzmodel (Sch) [50] versus the incident energies. B. The charge-state fraction F(q) chart
for q = 8 + and 9 + inside the target as a function of the beam energy.

Table 2.The L1, L2, L3, and LTot ionization cross sections (kb) for
19F onOs as a

function of energy (MeV). TH1, TH2, andTH3denote the ECUSAR-CSM, the RSCA-
CSM, and the SLPAmodel, respectively, while EC denotes the electron capture.

E

Expt.

(σLi) TH1

TH1

+EC TH2

TH2

+EC TH3

TH3

+EC

i = 1

76 3.3 4.0 4.3 1.9 2.2 2.7 3.0

84 5.6 5.5 5.9 2.7 3.1 3.7 4.1

90 12.0 6.7 7.2 3.4 3.9 4.5 5.0

98 11.3 8.4 9.1 4.3 5.0 5.6 6.3

114 17.6 11.8 12.8 6.3 7.2 8.3 9.3

i = 2

76 3.0 5.0 5.3 2.4 2.7 3.9 4.2

84 5.2 6.2 6.6 3.1 3.5 4.9 5.3

90 10.6 7.2 7.7 3.6 4.1 5.7 6.2

98 8.4 8.5 9.1 4.4 5.0 6.9 7.5

114 14.3 11.2 12.2 6.0 7.0 9.4 10.4

i = 3

76 11.4 17.3 17.8 8.3 8.8 14.7 15.2

84 19.0 21.0 21.7 10.3 11.0 17.7 18.4

90 37.5 23.8 24.6 12.0 12.7 20.1 20.9

98 30.0 27.7 28.9 14.2 15.4 23.4 24.6

114 47.0 35.4 37.1 18.8 20.5 30.3 32.0

LTot
76 17.7 26.3 27.4 12.7 13.8 21.3 22.4

84 29.8 32.7 34.2 16.1 17.6 26.3 27.8

90 60.1 37.6 39.4 19.0 20.7 30.3 32.1

98 49.6 44.5 47.0 22.9 25.4 35.9 38.4

114 78.9 58.4 61.1 31.0 34.7 48.0 51.7
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thickness, (ii) counting the number of projectile particles, (iii) background subtraction during spectrum
analysis, and (iv) atomic parameters used for the conversion of x-ray production to Li-ionization cross sections
and vice versa. In this work, all these aspects were considered carefully. Thefirst source of errorwasmanaged by
measuring the foil thickness by the RBSmethod, as shown infigure 1. Themass thickness (target thickness in
μgcm−2) is normallymeasured by three techniques viz., RBS, PIXE andXRF (x-rayfluorescence). Out of these,
RBS is themost accurate (seefigure 4 of Ager et al [55]). The second source of uncertainties was controlled by
measuring the integrated charge count of the projectile ions in a Faraday cup placed behind the target for a fixed
duration (100 s) and under two different conditions: (a) solely the blank target frame in place and (b) the target
foil in place. The ratio between the integrated charge counts for the two different conditions is = =

¢ ¢
R

nq

nq

q

q
or

¢ =q
q

R
, where n is the number of projectile ions of incident charge state q in case of blank target, and of charge

state ¢q when the target is in place. If the spectra is recorded for a long duration (say, 30minutes), then, the total
measured charge divided by ¢q will give the number of projectile ions passing through the target foil as required
in equation (1). The third source of errorwas also considered, as can be evidenced from figures 2: the data points
arewell on thefitting profile, and the reducedχ-squared values are close to 1.

Finally, about the fourth source of uncertainty, besides the L-shell ionization, heavy ion collisions give rise to
simultaneous ionization of the higher-shell electrons. This change of electronic environment in an atom alters
the properties of the L x-ray emission. As a result, the atomic parameters varywith the projectile energy as shown
infigure 4. Although this effect was taken into account, the Li subshell-ionization cross sections derived from the
measured L x-ray production cross sections are still underestimated by themodels, as can be seen infigure 5(A).
The atomic parameters are used to convert the L x-ray production cross section to Li subshell ionization cross
section, as discussed above. In general, such parameters are taken from various sources, where the authors have
calculated themusing different theoreticalmethods. In some cases, the theoretical predictions considerably
deviate from each other. In particular, for w1

0, f
12
0 and f

13
0 , a spread of up to a factor of two can be observed, as

shown in table 4. The estimated uncertainties for w1
0, w2

0, w3
0, f

12
0 , f

13
0 , and f

23
0 are 15%, 5%, 5%, 10%, 5%, and

5%, respectively, in themost recent compilation [43]. Hence, such theoretical atomic parametersmay pose
problem in getting an agreement between the theory and experiment. Accordingly, to resolve the above-
mentioned discrepancy between themeasurements and the theoretical calculations of the Li subshell ionization
cross sections, we varied these atomic parameters concerning to only a single L-vacancy iteratively until a good
agreementwas achieved; see figure 4.We present the optimized parameters in table 1 and show their variation
with the beam energy infigure 4. The difference between the original [43] values and the optimized values for
single vacancy atomic parameters is not significant, except for w1

0. This problemwithω1 can be connected to
alteration of theCK transitions (for example L1-L3M4,5) due to SMI, which can substantially change the x-ray
fluorescence.

There are twoways to study the Li subshell ionization by ion impact: by comparing (i) the theoretical and
experimental Li subshell ionization cross sections, and (ii) the theoretical and experimental L x-ray production
cross sections. In thefirst, the atomic parameters are used to convert the experimental L x-ray production cross
sections into Li subshell ionization cross sections infigure 5(A).Whereas infigure 5(B), the theoretical Li
subshell ionization cross sections are converted to L x-ray production cross sections using the atomic
parameters. The theoretical values infigure 5(A) are obtained by employing the set of atomic parameters given in
[43]. Here, the uncertainty bound to the best theoreticalmodel (ECUSAR-CSM+EC) has been incorporated

Figure 4.The effect of the simultaneousmultiple ionization on the fluorescence yields (A) andCoster-Kronig yields (B). The plotted
data are results of calculations using equations (20) to (21), where the atomic parameters for the single ionization conditionwere taken
from [43].Modified values were optimized in order to have a good agreement between the experimental and theoretical Li-subshell
ionization cross sections.
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here. It shows that the theoreticalmodel is still underestimating themeasured Lγ cross sections.Where as the
optimized set of atomic parameters gives a good agreement, apart fromdeviations at 76 and 90MeV, with all the
experimental data as shown infigures 5(B) and 5(C), concerning to the production cross-sections and the
ionization cross-sections, respectively.

In fact, deviation larger than the experimental error does not appear only with the 90MeVdata point but
alsowith the 76MeVdata point too.More controlled experiment, as we in a recent work [56], can only shade
some light on such issues. Furthermore, any genuine departure leads to significant aspects of physics, for
example [57], where besides the usual atomic processes an additional ionization phenomenon induced by
nuclear recoils was discovered.

Presumably, the proton beamdoes not produce SMI in the target and thus the complexity due to the
complication ofmultiple ionization is ruled out. However, in some cases, even the proton induced total L-shell
production cross section data do not agree with the theoretical predictions. One of such cases is found in
uranium [58],Where the theoretical total L-shell production cross sections differ from the experimental values
[59–61] by about a factor of two if the atomic parameters are taken from either Krause [62] orCampbell [44]. If

Figure 5.A. Comparison of themeasured Lα, Lβ, Lγ, and LTot x-ray production cross sections with the predictions of the different
theoreticalmodels. Uncertainty bound for themost accurate theoreticalmodel (ECUSAR-CSM+EC) is denoted by an envelope
formed by two dotted red lines. B. Comparison of themeasured Lα, Lβ, Lγ, and LTot x-ray production cross sectionswith the
predictions of the different theoreticalmodels by using optimized atomic parameters. C. Experimental and theoretical Li-subshell
(i = 1 − 3) and total L-shell ionization cross sections for 19F onOs collisions as a function of the impact energy. Themeasured data
were obtained using optimized atomic parameters.

Figure 6.Capture cross sections from the Li-subshell (i = 1, 2, 3) of theOs target to theK shell of the 19F projectile as a function of the
impact energy.
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Figure 7.Total L-shell production of uraniumby proton impact: the pink dotted line denotes the total L-shell production cross
sectionwith optimised atomic parametersω1 = 48%, ω2 = 45%, ω3 = 46%, f12 = 20%, f13 = 10%, f23 = 15%of the
corresponding parameter of Campbell [44].

Table 3.The Lα, Lβ, Lγ, and LTot x-ray production cross sections for
19F onOs as a function of energy. Same

notation and units as table 2.

E Expt. (sL
x ) TH1 TH1+EC TH2 TH2+EC TH3 TH3+EC

Ll

76 0.27 0.27 0.28 0.13 0.14 0.22 0.23

84 0.37 0.32 0.33 0.16 0.17 0.27 0.28

90 0.44 0.36 0.37 0.18 0.19 0.30 0.31

98 0.45 0.42 0.44 0.21 0.23 0.35 0.37

114 0.63 0.53 0.56 0.28 0.31 0.45 0.47

Lα
76 3.4 5.04 5.2 2.42 2.58 4.24 4.40

84 5.56 6.05 6.27 2.97 3.19 5.05 5.27

90 10.90 6.80 7.07 3.44 3.66 5.69 5.94

98 8.65 7.91 8.25 4.04 4.41 6.58 6.94

114 13.40 9.97 10.50 5.30 5.81 8.43 8.95

Lβ
76 2.55 3.16 3.33 1.51 1.67 2.50 2.65

84 4.61 3.85 4.04 1.89 2.11 3.06 3.26

90 7.28 4.42 4.65 2.20 2.46 3.50 3.75

98 6.33 5.16 5.45 2.63 2.97 4.13 4.46

114 10.6 6.67 7.12 3.52 4.04 5.49 5.99

Lγ
76 0.33 0.19 0.34 0.15 0.18 0.22 0.24

84 0.55 0.26 0.46 0.21 0.24 0.30 0.32

90 1.13 0.30 0.55 0.26 0.30 0.35 0.39

98 0.95 0.37 0.67 0.32 0.37 0.43 0.48

114 1.51 0.50 0.92 0.45 0.52 0.61 0.68

LTot
76 6.28 10.02 10.20 4.62 5.00 7.90 8.26

84 10.70 12.15 12.20 5.74 6.28 9.49 10.01

90 19.30 12.87 13.90 6.69 7.28 10.79 11.40

98 15.90 14.85 16.32 7.92 8.79 12.61 13.44

114 25.50 18.77 21.04 10.53 11.78 16.45 17.70
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weuse the optimized set of atomic parameters, the agreement between the experiment and theory becomes
excellent. Hence, the optimization of atomic parameters is validated by the proton induced total L-shell
production cross section data of uranium [58], as shown infigure 7.

Furthermore, from the values in tables 2 and 3, we notice that the agreement between the theory and
experiment is better for the Li subshell ionization cross sections rather than the L x-ray production cross
sections. Thus, the differential comparison provides a better picture than the integral one.

7. Conclusions

In the present work, the L x-ray production cross sections ofOsweremeasured by five different beam energies of
19Fq ionswith charge states q= 6+, 7+ and 8+ in the energy range of 4–6MeV/u.Different ionization theories
such as RSCA, ECUSAR and SLPAwere implemented to compute the direct ionization. Additionally, the
contribution of the LK electron capturewas added to each theory. The effect ofmultiple ionizationwas also
considered bymodifying the atomic parameters. Furthermore, Li (i= 1, 2, 3) subshell ionization cross sections
were derived from themeasured L x-ray production cross sections, and comparedwith the corresponding
theoretical counterparts. Electron capture (EC) and coupled states among L-subshells (CSM)proved to have a
minor role in the present results. Both comparisons show the best agreement for the ECUSARmodel with the
experimental data followed by the abinitio SLPA.However, certain differences are still clearly noticed. Change of
atomic parameters due to SMI is incorporated. However, this is not sufficient to obtain a good agreement
between the theory and experiment. These results cast doubts on the theoretically obtained original atomic
parameters due to single vacancy only. To resolve such discrepancies, the atomic parameters were optimized to
obtain a good agreement between themeasurement and ECUSAR-CSM-ECmodel. Thus, this work gives us a
convincing understanding of the L-subshell ionizationmechanismby heavy ion bombardments if the atomic
parameters used in the conversion of the x-ray production cross sections to the ionization cross sections are put
under scrutiny.Hence, ourwork suggests the urgent need for accuratemeasurements and theoretical
calculations of the atomic parameters. Now the question is whether the parameters commonly used until now
are correct. This aspect can be examined by reexamining the data. The heavy ion induced data can be treated in
theway as done here. The photon or proton induced data, where the simultaneousmultiple ionization effect is
almost null and ECPSSR theory is expected to describe the L-subshell ionization phenomenon satisfactorily.
Hence, any disparity between the theory and experiment can be ascribed to incorrect atomic parameters and the
parameters for those cases can be optimizedwith the current approach. Such optimized parameters need to be
checked by an improved theory and developing such a theory is a current challenge for theoreticians.
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Table 4. Fluorescence andCK yields for singly ionized element fromdifferent theories.

76Os
Fluorescence Yield CKYield

w1
0 w2

0 w3
0 f12

0 f13
0 f23

0

Krause [62] 0.130 0.295 0.281 0.16 0.39 0.128

Chen et al [63] 0.088 0.318 0.282 0.088 0.636 0.136

Orlić et al [64] 0.13 0.295 0.281 0.16 0.39 0.128

Campbell [43] 0.15 0.318 0.282 0.07 0.33 0.13
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