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Abstract. The L X-ray intensity ratios in the elements Hf, Ta, Re, Ir, Pt, Au and Pb due to proton
bombardment at energies from 1 to 5 MeV are measured and compared with the ECPSSR theoretical
intensity ratios. The Lα/Ll intensity ratios obtained in the present work are in good agreement with
theoretical values while the Lβ/Lγ and Lα/Lβ intensity ratios are consistently lower than the theoretical
values. This deviation may be explained in terms of multiple ionization effects in M, N and O shells.

PACS. 32.80.Hd Auger effect and inner-shell excitation or ionization – 32.30.Rj X-ray spectra –
41.75.-i Charged-particle beams – 41.75.Ak Positive-ion beams

1 Introduction

Measurement of L X-ray intensity ratios with protons is
important both for verifying the existing theories and also
to refine the analysis of PIXE spectra. PIXE spectrum is
very complex having K and L X-ray components of sev-
eral elements. Due to limitation in the efficiency of low
energy Si(Li) detector to detect high energy X-rays, in
PIXE spectrum, the elements whose atomic number is
smaller than about 50 are identified by the correspond-
ing K X-rays energies while the elements whose atomic
number is greater than about 50 are identified by their
corresponding energies of L X-ray components. The L X-
ray lines of high Z elements overlap with the K X-ray lines
of low Z elements. Also, there is a possibility of some of
the L X-ray components of a particular element overlap-
ping with the L X-ray components of a nearby element.
The overlap of K and L X-ray lines of different elements
creates problems in the quantitative estimation of elemen-
tal concentrations. Hence for a proper deconvolution of
overlapped X-ray lines, the relative intensities of different
L X-ray components of high Z elements should be accu-
rately known. Where the experimental L X-ray intensity
ratios are not available for any element, appropriate the-
oretical intensity ratios of that element are used during
the process of deconvolution. Since the L X-ray ionization
cross-sections are energy dependent, the intensity ratios
are also energy dependent. In order to have larger data
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base of L X-ray intensity ratios at different projectile en-
ergies and to check the validity of different theories which
support the experimental results, there is a need to carry
out the measurement of L X-ray intensity ratios in some
high Z elements at different proton energies.

The theoretical L X-ray intensity ratios are obtained
from the production cross-sections of the corresponding X-
ray components. These production cross-sections are esti-
mated theoretically from the theoretical ionization cross-
sections. The validity of theoretical L X-ray intensity
ratios thus depends on the validity of theoretical ioniza-
tion cross-sections and different databases of fluorescent
yields and C-K yield vales that are used.

Inner shell ionization is a sum of direct ionization to
the target’s continuum and electron capture from the tar-
get atom by the projectile to its unoccupied states. The
direct ionization of a target electron to the continuum is
the principal mechanism of ionization for Z1 � Z2 and
v1 � v2L where Z1 and Z2 refer to the atomic numbers
of the projectile and the target atom respectively and v1

and v2L represent the velocities of the projectile and target
electron.

For asymmetric ion-atom collisions (Z1/Z2 � 1), the
Direct Ionization is the dominating process and is treated
by several theoretical approaches such as Plane Wave Born
Approximation (PWBA) [1–3], Semi Classical Approxi-
mation (SCA) [4,5] and Binary Encounter Approxima-
tion (BEA) [6]. These first order theories can explain the
K shell ionization cross-sections for any of the projectile-
target combinations. These theories did not explain the
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L sub shell ionization cross-sections even for low projec-
tiles such as protons or helium ions. The ECPSSR the-
ory [7,8] goes beyond the first order theories by account-
ing for the energy loss (E) of the projectile in the process
of ionization, the coulomb deflection (C) of the projectile
in the vicinity of the target nucleus, the perturbation of
the inner shell electrons of the target atom by the projec-
tile in terms of the perturbed stationary states (PSS) and
the relativistic description of the inner shell electrons.

From the compilation of Paul and co-workers [9,10],
a great amount of understanding has been achieved
in explaining the experimental data on K shell ioniza-
tion cross-sections. From the compilations of Sokhi and
Crompton [11] and recently by Orlic et al. [12], signifi-
cant discrepancies are noticed between experimental and
theoretical L shell cross-sections. It is also observed by
some authors [13–19] that the relative L X-ray intensities
in some high Z elements due to protons are deviate from
ECPSSR theory, particularly at low projectile energies.
Lapicki [20] pointed out that there is no unique theory,
which explain the experimental L sub shell ionization data
even by the lightest ions-protons at low energies. These
discrepancies led to the modification of ECPSSR theory
by introducing various corrections for the description of
the interaction of inner shell electrons with the projectiles
at different projectile energies.

Vigilante et al. [21] have pointed out that binding cor-
rection plays an important role on the cross-section values.
The binding correction is intrinsically a position depen-
dent one, while in the ECPSSR theory; it is evaluated at a
fixed position for each incident energy. Vigilante et al. [21]
claimed that this approximation would be strictly valid
only at very low incident velocities, where the impact
parameter is much smaller than the radius of the shell
concerned and the change in electron binding become
independent of the impact parameter and may be cal-
culated from the corresponding bindings in the United
Atom (UA). They applied United Atom approximation to
ECPSSR theory. The UA approximation consists in sat-
uration of binding correction with decreasing velocity of
the incident ion at the value corresponding to the binding
energy of the united atom (target-projectile). They have
compared the total L X-ray ionization cross-section due
to proton and helium ion bombardment with the theoret-
ical predictions due to ECPSSR and ECPSSR-UA models,
and have observed that discrepancy between experimen-
tal and theoretical ECPSSR values is slightly reduced by
considering UA approximation to ECPSSR theory.

Sarkadi and Mukoyama [22] pointed out that the pos-
sible reason for the discrepancies observed between exper-
imental and theoretical predictions of L sub shell ioniza-
tion cross-sections may be due to the fact that in all the
theoretical approaches, the ionization of L sub shells may
be treated independent of each other, neglecting the intra
shell coupling effects. They pointed out that intra shell
effects play an important role since the electronic wave
functions of different L sub shells are close to each other.
Secondary intra shell transitions may be induced between

the sub shells by the projectile in the same collision, which
results in a redistribution of vacancies created during the
primary ionization. This vacancy sharing probability is a
strong function of the atomic number of projectile and it is
small for light ions. The mechanism of vacancy sharing was
studied by Sarkadi and Mukoyama [22,23] in a two-step
model in which the creation and rearrangement of vacan-
cies may be treated independently. The effect of collision-
induced intra shell transitions is included in the ECPSSR
theory in the form of a correction factor. The same au-
thors [24,25] developed more refined models on the basis of
second order Born approximation and the simplified cou-
pled state model [26–29]. Sarkadi and Mukoyama [26–29]
have developed “coupled sub shell model” (CSM) in which
they calculated the relative change of ionization caused
by sub shell coupling effects assuming the dominance of
the transitions to the continuum with a minimum energy
transfer. Full semi-classical calculation based on ‘coupled
states approximation’ was reported by Amundsen and
Jakubassa-Amundsen [30] using target hydrogenic Dirac
wave functions. A more refined coupled-channels calcula-
tions, accounting for the screening effect of the spectator
electrons upon the coupling strength have been performed
by Legrand et al. [31]. The inclusion of IS concept in
ECPSSR theory slightly reduce the deviation between ex-
perimental L2 ionization cross-sections and ECPSSR pre-
dictions while the deviation of L3 cross-sections increases.

In view of the above facts, we thought it worthwhile to
measure the L X-ray intensity ratios in some elements us-
ing protons with different energies, to add to the existing
experimental data and also to see which theory predicts
the experimental values more accurately. In the present
work, the L X-ray intensity ratios are measured in the
elements Hf, Ta, Re, Ir, Pt, Au and Pb with proton bom-
bardment at projectile energies ranging from 1–5 MeV.

2 Experimental details

The present experiments are carried out at the Institute
of Physics, Bhubaneswar, using 3 MV pelletron accelera-
tor facility. Protons of different energies are employed to
excite the targets, prepared by vacuum evaporation tech-
nique on to an aluminized mylar backing. The thicknesses
of different targets used in the present work are ranged
from 10 to 20 µg/cm2. The targets are kept at an angle of
45◦ to the beam direction. The L X-ray spectra of different
targets are recorded with a high resolution Si(Li) detector
kept at an angle of 90◦ to the beam direction. The resolu-
tion of the detector is 160 eV (FWHM) at 5.9 keV energy.
The spectra are collected for sufficiently long time so as
to get good statistical accuracy. The L X-ray spectra are
recorded for the elements Hf, Ta, Re, Ir, Pt, Au and Pb
at proton energies ranging from 1–5 MeV with an interval
of 1 MeV. A typical L X-ray spectrum obtained for Au at
2 MeV proton energy is shown in Figure 1.
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Fig. 1. The L X-ray spectrum of Pb with 2 MeV protons.

3 Data analysis

The L X-ray components Ll, Lα, Lβ, and Lγ are clearly
resolved for all the targets under study. The areas un-
der different L X-ray components are carefully evaluated
by using the ‘Peak fit’ software package. This package
facilitates to define hidden peaks, which are far less ap-
parent in the data stream by residual method. This pro-
gram also facilitates the deconvolution of several unre-
solved peaks, which is normally done with discrete data
in the Fourier domain. Peak fit also offers effective smooth-
ing algorithms in which the local perturbations within the
data are removed. This software uses an enhanced ver-
sion of Levenburg-Marquardt non-linear minimization al-
gorithms for peak fitting. For background fitting, there are
several options and the option for minimum chi-square is
selected. The intensities under different L X-ray compo-
nents are evaluated from the areas under L X-ray compo-
nents by using the efficiency values corresponding to the
energies of the respective X-ray components. These inten-
sities are corrected for self-absorption of the X-rays in the
target material. The corresponding mass attenuation coef-
ficients are taken from the tables of Storm and Israel [32].
Finally, the intensity ratios Lα/Ll, Lα/Lβ and Lβ/Lγ are
evaluated for each element at different projectile energies.
The intensity ratios Lα/Ll, Lα/Lβ and Lβ/Lγ thus ob-

tained in the present work are given in Tables 1, 2 and 3
respectively.

4 Calculation of theoretical L X-ray intensity
ratios

The intensity ratios of different L X-ray components is
same as the ratio of the production cross-sections of the
same L X-ray components. Hence, the theoretical inten-
sity ratios Lα/Ll, Lα/Lβ and Lβ/Lγ are estimated by
taking the theoretical production cross-section ratios of
the same components. The theoretical L X-ray produc-
tions cross-sections are estimated using the theoretical
ECPSSR ionization cross-sections tabulated by Cohen and
Harrigan [33]. The production cross-sections are estimated
using the following relations [34]

σX
Ll = (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3l

σX
Lα = (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3α

σX
Lβ = σL1ω1F1β + (σL1f12 + σL2)ω2F2β

+ (σL1f13 + σL1f12f23 + σL2f23 + σL3)ω3F3β

σX
Lγ = σL1ω1F1γ + (σL1f12 + σL2)ω2F2γ

where σX
Ll, σX

Lα, σX
Lβ and σX

Lγ are the X-ray production
cross-sections of Ll, Lα, Lβ , and Lγ X-ray components
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Table 1. The Lα/Ll intensity ratios for different elements due to proton bombardment.

Energy Hf Ta Re Ir Pt Au Pb
1 MeV 21.4(P) 21.2(P) 20.8(P) 20.4(P) 20.2(P) 19.5(P) 18.2(P)

21.9(T1) 21.6(T1) 21.0(T1) 20.5(T1) 20.2(T1) 19.8(T1) 18.9(T1)
21.9(T2) 21.6(T2) 21.1(T2) 20.5(T2) 20.2(T2) 19.9(T2) 18.9(T3)
21.96(T3) 21.67(T3) 21.08(T3) 20.47(T3) 20.18(T3) 19.88(T3) 18.97(T3)

20.0640 18.940

20.345 18.541

17.447 18.842

18.643

2 MeV 21.3(P) 20.9(P) 20.5(P) 20.2(P) 20.0(P) 19.8(P) 18.7(P)
21.9(T1) 21.6(T1) 21.0(T1) 20.5(T1) 20.2(T1) 19.8(T1) 18.9(T1)
21.9(T2) 21.6(T2) 21.1(T2) 20.5(T2) 20.2(T2) 19.9(T2) 18.9(T2)

21.538 20.47(T3) 20.18(T3) 19.88(T3) 18.97(T3)
18.738 20.345 20.441

18.447 18.942

19.243

3 MeV 21.4(P) 21.2(P) 20.6(P) 20.0(P) 20.18(P) 20.1(P) 19.2(P)
21.9(T) 21.6(T1) 21.0(T1) 20.5(T1) 20.2(T) 19.8(T1) 18.9(T1)

21.6(T2) 21.1(T2) 20.5(T2) 18.3638 19.9(T2) 18.9(T2)
20.138 20.345 18.441

20.042

19.343

4 MeV 21.4(P) 20.9(P) 20.9(P) 20.3(P) 20.4(P) 19.7(P) 19.2(P)
21.9(T) 21.6(T1) 21.0(T1) 20.5(T1) 20.2(T) 19.8(T1) 18.9(T1)

21.6(T2) 21.1(T2) 20.5(T2) 19.9(T2) 18.9(T2)
20.345 18.9942

19.9547 19.948

5 MeV 21.2(P) 21.0(P) 20.4(P) 20.2(P) 20.5(P) 19.8(P) 18.9(P)
21.9(T) 21.6(T1) 21.0(T1) 20.5(T1) 20.2(T) 19.8(T1) 18.9(T1)

21.6(T2) 21.1(T2) 20.5(T2) 19.9(T2) 18.9(T2)
20.345 19.7142

T1: ECPSSR, T2: ECPSSR-UA, T3: ECPSSR-IS.

respectively, σL1, σL2, and σL3 are the ionization cross-
sections of L1, L2 and L3 sub-shells respectively. ω1,
ω2 and ω3 are the corresponding sub-shell fluorescence
yields and f12, f23 and f13 are the Coster-Kronig transi-
tion probabilities.

Here Fny represents τny/τn. For example F3α = τ3α/τ3

where τ3 is the theoretical total radiative transition rate of
the L3 shell and τ3α is the sum of the radiative transition
rates which contribute to the Lα lines associated with the
hole filling in the L3 sub-shell: that is, τ3α = τ3(M4 →
L3) + τ3(M5 → L3) where τ3(M4 → L3) is the radiative
transition rate from the M4 shell to the L3 sub shell. The
radiative transition rates are taken from Scofield [35] and
fluorescence yield and C-K decay yield data are taken from
Krause [36] The theoretical intensity ratios of different L
X-ray components thus obtained for different elements at
different proton energies are also given in the Tables 1, 2
and 3 respectively.

The United Atom approximation is considered and the
theoretical L X-ray intensity ratios due to ECPSSR-UA
are also estimated at all energies and are given in the
same tables. Similarly, considering the Intra Shell cou-
pling effects, the theoretical L X-ray intensity ratios due to
ECPSSR-IS are also calculated. However, it is not possi-
ble to estimate ECPSSR-IS theoretical ratios at all proton

energies. This is because the multiplication factors due to
IS effect to the ECPSSR values are furnished by Sarkadi
and Mukoyama [37] only within the limits of reduced ve-
locities below 0.8. This condition is satisfied for elements
Hf, Ta and Re for proton energies of 1 MeV, and for Ir, Pt,
Au and Pb for proton energies of 1 and 2 MeV energies.
Hence, only for these energies, the theoretical intensity
ratios due to ECPSSR-IS predictions are calculated and
furnished in the same tables.

5 Results and discussion

From the areas under individual X-ray components, the
relative intensities Lα/Ll, Lα/Lβ and Lβ/Lγ are esti-
mated. Since only the relative intensities and not absolute
intensities are measured, the uncertainties in inhomogene-
ity of target, uncertainties in geometric parameters such
as solid angle of the detectors, uncertainty in Rutherford
backscattering cross-sections get eliminated. Thus the
only uncertainties to be considered are those in count-
ing statistics and in detector efficiency values. Hence, the
present experimental intensity ratios are associated with
an overall uncertainty of 3%, arising by 2% uncertainty in
counting statistics, and 2% uncertainty in efficiency val-
ues.
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Table 2. The Lα/Lβ intensity ratios for different elements due to proton bombardment.

Energy Hf Ta Re Ir Pt Au Pb
1 MeV 1.71(P) 1.9(P) 1.84(P) 1.87(P) 1.97(P) 1.88(P) 1.75(P)

2.0(T1) 2.0(T1) 1.93(T1) 2.1(T1) 2.2(T1) 2.2(T1) 2.2(T1)
2.0(T2) 2.03(T2) 2.07(T2) 2.13(T2) 2.15(T2) 2.17(T2) 2.22(T2)
2.02(T3) 2.02(T3) 2.09(T3) 2.07(T3) 2.08(T3) 2.09(T3) 2.10(T3)

1.8239 1.8846 1.8640 1.9040

1.7844 1.8441

1.8947 2.0642

1.7845 1.8643

1.8950 1.7646

2 MeV 1.52(P) 1.7(P) 1.72(P) 1.68(P) 1.83(P) 1.78 1.69
1.76(T1) 1.8(T1) 1.84(T1) 1.93(T1) 2.00(T1) 2.00(T1) 2.1(T1)
1.76(T2) 1.78(T2) 1.85(T2) 1.94(T2) 1.97(T2) 2.00(T2) 2.08(T2)

1.97(T3) 2.00(T3) 2.002(T3) 2.07(T3)
1.8038 1.6144 1.7341

1.6746 1.7747 1.8442

1.6546 1.7343

1.7519

1.7651

3 MeV 1.43(P) 1.4(P) 1.67(P) 1.61(P) 1.68(P) 1.69(P) 1.64(P)
1.6(T1) 1.6(T1) 1.74(T1) 1.76(T1) 1.80(T1) 1.83(T1) 1.9(T1)
1.55(T2) 1.57(T2) 1.64(T2) 1.76(T2) 1.80(T2) 1.84(T2) 1.91(T2)

1.6338 1.5746 1.6641

1.5446 1.6345 1.742

1.6547 1.6243

1.5646 1.7550

1.6750

1.6819

1.6451

4 MeV 1.4(P) 1.38(P) 1.54(P) 1.55(P) 1.58(P) 1.46(P) 1.58(P)
1.44(T1) 1.45(T1) 1.62(T1) 1.64(T1) 1.70(T1) 1.73(T1) 1.80(T1)
1.44(T2) 1.45(T2) 1.52(T2) 1.65(T2) 1.69(T2) 1.73(T2) 1.80(T2)

1.5144 1.6742

1.647 1.5548

1.5949

5 MeV 1.33(P) 1.33(P) 1.37(P) 1.42(P) 1.54(P) 1.39(P) 1.48(P)
1.38(T1) 1.38(T1) 1.45(T1) 1.58(T1) 1.62(T1) 1.66(T1) 1.73(T1)
1.38(T2) 1.38(T2) 1.45(T2) 1.58(T2) 1.63(T2) 1.67(T2) 1.73(T2)

1.4744 1.6242

1.5649

T1: ECPSSR, T2: ECPSSR-UA, T3: ECPSSR-IS.

5.1 Lα/Ll intensity ratios

The Ll and Lα X-ray components arise due to the fill-
ing of L3 sub shell vacancies. The Ll line arises due to
M1 → L3 transition. The Lα component is the sum of Lα1

and Lα2 lines, which arise due to M5 → L3 and M4 → L3

transitions respectively. The Lα/Ll intensity ratios for dif-
ferent elements at different projectile energies obtained in
the present work is given in Table 1 along with the cor-
responding theoretical values and those reported by pre-
vious authors. The theoretical Lα/Ll intensity ratios are
independent of proton energy. The present Lα/Ll intensity
ratios are in good agreement with the theoretical values
and the values due to other authors for all the elements
within experimental uncertainties.

5.2 Lα/Lβ intensity ratios

The Lβ peak is the sum of several individual Lβ com-
ponents. Out of these components, the Lβ1 (M4 → L2),
Lβ2 (N5 → L3), Lβ3 (M3 → L1), Lβ4 (M2 → L1) and
Lβ5 (O4,5 → L3) are intense, while the others are rela-
tively weak. In the present experiment, since Si(Li) de-
tector is used, the individual Lβ X-ray components do
not get resolved. Hence, the total intensity under Lβ line
is measured. The Lα/Lβ intensity ratios obtained in the
present work for different elements Hf, Ta, Re, Ir, Pt, Au
and Pb at different projectile energies are given in Ta-
ble 2 along with the corresponding theoretical values and
values reported by previous authors. Since, most of the
earlier published data is available in graphical form, it is
not possible to furnish previous data for all the elements
under study. The present Lα/Lβ intensity ratios for the
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Table 3. The Lβ/Lγ intensity ratios for different elements due to proton bombardment.

Energy Hf Ta Re Ir Pt Au Pb
1 MeV 7.3(P) 7.2(P) 7.3(P) 7.1(P) 6.7(P) 7.2(P) 7.05(P)

8.4(T1) 8.3(T1) 8.0(T1) 8.3(T1) 8.3(T1) 8.4(T1) 8.61(T1)
8.42(T2) 8.37(T2) 8.3(T2) 8.42(T2) 8.48(T2) 8.5(T2) 8.68(T2)
88.44(T3) 8.37(T3) 8.42(T3) 8.29(T3) 8.30(T3) 8.27(T3) 8.25(T3)

7.146 7.144 7.2240

7.3140 8.1241

6.947 9.3242

6.545 6.8843

7.450

2 MeV 7.0(P) 7.1(P) 7.2(P) 6.2(P) 6.7(P) 6.9(P) 6.98(P)
7.7(T1) 7.7(T1) 7.8(T1) 7.9(T1) 8.0(T1) 8.0(T1) 8.1(T1)
7.63(T2) 7.68(T2) 7.75(T2) 7.91(T2) 7.97(T2) 8.0(T2) 8.15(T2)

7.99(T3) 8.05(T3) 8.10(T3) 8.21(T3)
7.2738 6.951 6.6641

6.746 6.644 7.2342

6.647 6.4243

7.345

6.946

6.9519

3 MeV 6.4(P) 7.0(P) 7.0(P) 6.0(P) 6.6(P) 6.83(P) 6.8(P)
7.1(T1) 7.1(T1) 7.2(T1) 7.4(T1) 7.4(T1) 7.5(T1) 7.6(T1)
7.07(T2) 7.08(T2) 7.12(T2) 7.34(T2) 7.42(T2) 7.5(T2) 7.61(T2)

7.1538 6.1144 6.3641

6.446 6.2545 7.1542

6.2547 5.9643

6.7146 5.7150

6.8850

6.6919

6.351

4 MeV 5.7(P) 6.6(P) 6.3(P) 5.8(P) 6.55(P) 6.80(P) 6.7(P)
6.8(T1) 6.7(T1) 6.8(T1) 7.02(T1) 7.11(T1) 7.2(T1) 7.3(T1)
6.79(T2) 6.76(T2) 6.79(T2) 7.02(T2) 7.1(T2) 7.2(T2) 7.26(T2)

5.844 6.6242

6.0147 6.4448

6.9249

5 MeV 4.7(P) 6.6(P) 6.0(P) 5.7(P) 6.4(P) 6.7(P) 6.5(P)
6.6(T1) 6.5(T1) 6.61(T1) 6.83(T1) 6.9(T1) 7.0(T1) 7.1(T1)
6.64(T2) 6.6(T2) 6.61(T2) 6.83(T2) 6.9(T2) 6.98(T2) 7.1(T2)

5.644 6.742

6.8949

T1: ECPSSR, T2: ECPSSR-UA, T3: ECPSSR-IS.

elements are plotted against projectile energies and are
shown in Figure 2.

For tantalum, the Lα/Lβ ratio reported by Jesus et al.
at 1 MeV proton energy is slightly lower than the present
value, while for the element Pt, the present value is slightly
higher than the value reported by Khan et al. [46] at pro-
ton energies 1, 2 and 3 MeV and is in agreement with
those reported by Braziewicz et al. [38] at 2 and 3 MeV.
For the element Au, the present Lα/Lβ values are in agree-
ment with those due to Jesus et al. [40] at 1 MeV energy,
Tawara et al. [47] at 1, 2 and 3 MeV, with Close et al. [50]
at 1 and 3 MeV, with Campbell [19] at 2 and 3 MeV ener-
gies. For the same element, the present values are higher
than those due to Sokhi and Crumpton [45] and Shafroth
et al. [44] at proton energies 1, 2 and 3 MeV. In Pb element

also, the present Lα/Lβ are in good agreement with some
of the earlier authors within experimental uncertainties.

From Figure 2 and Table 2, it is seen that the present
Lα/Lβ intensity ratios are lower than the theoretical val-
ues due to ECPSSR and ECPSSR-UA predictions for all
the elements under study at all projectile energies. Also,
from Table 2, it is seen that the same intensity ratios re-
ported by other earlier authors are also lower than the
theoretical values for all elements at all projectile energies.

5.3 Lβ/Lγ intensity ratios

The Lβ/Lγ intensity ratios obtained in the present work
for the elements under study at different proton energies
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Fig. 2. L X-ray intensity ratios in different elements at proton energies 1–5 MeV.
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are given in Table 3 along with the corresponding theoret-
ical values and the values reported by previous authors.
The Lβ/Lγ intensity ratios obtained in the present experi-
ment are plotted against projectile energies and are shown
in Figure 2. The present Lβ/Lγ intensity ratios are in good
agreement with the data reported by many of the ear-
lier authors within experimental uncertainties. However,
as seen from Figure 2 and from Table 3, it is evident that
the present Lβ/Lγ intensity ratios and many of the values
reported by earlier authors are systematically lower than
the theoretical intensity ratios for all the elements under
study at all projectile energies. The deviation decreases as
projectile energy increases.

6 Possible multiple ionization effects

In the present work, the experimental intensity ratios
Lα/Lβ and Lβ/Lγ are lower than theoretical ECPSSR
and ECPSSR-UA predictions, particularly at low ener-
gies. This deviation may be explained in terms of possible
multiple ionization effects.

In charged particle collision, multiple ionization effects
are predominant, which can be observed by changes in the
X-ray energies and intensity ratios of different X-ray com-
ponents. In K shell ionization process, simultaneous va-
cancies produced in L shell alter the screening of nuclear
charge felt by the transition electrons from M, N, O. . .
shells. This results in an increase in the K X-ray energies
and Kβ/Kα intensity ratios. Such energy shifts in K X-ray
components and increase in Kβ/Kα intensity ratios are ob-
served by Li et al. [52] and Ramachandra Rao et al. [53].
Similarly, such energy shifts in different L X-ray compo-
nents are observed by Szokefalvi-Nagy et al. [43]. Here it
is remarked that the multiple ionization effects are to be
observed only in the intensity ratios of those X-ray com-
ponents for which the final state of the transition electrons
is the same.

The observation of multiple ionization effects during
L shell ionization process is possible from the following
intensity ratios

[Lβ1(M4 → L2)] to [Lγ1(N4 → L2) + Lγ5(N1 → L2)
+ Lγ6(O4 → L2) + Lγ8(O1 → L2)]

(1)
[Lβ4(M2 → L1) + Lβ3(M3 → L1) + Lβ9,10(M4,5 → L1)]

to [Lγ2(N2 → L1) + Lγ3(N3 → L1)
+ Lγ11(N5, O2 → L1)] (2)

[Lα2(M4 → L3) + Lα1(M5 → L3)]
to [Lβ2(N5 → L3) + Lβ5(O4,5 → L3)

+ Lβ6(N1 → L3) + Lβ7(O1 → L3) + Lβ15(N5 → L3)].
(3)

In the present work, since Si(Li) detector is employed for
X-ray measurement, owing to its poor resolution, the Lβ

and Lγ X-ray components are not resolved. Hence, to ob-
serve multiple ionization effects we could only consider
the total intensity ratios of Lβ/Lγ and Lα/Lβ instead of

Lβ1/Lγ1,5,6,8 and Lα/Lβ2,5,6,7,15 respectively. This is jus-
tified since in both cases, the change in relative intensi-
ties of the components due to multiple ionization will be
reflected in the total intensity ratios also as the relative
intensities of the components are of appreciable magni-
tude. Between these two sets of relative intensities, the
relative magnitude of Lβ1/Lγ1,5,6,8 with respect to Lβ/Lγ

is much larger when compared to the relative magnitude
of Lα/Lβ2,5,6,7,15 with respect to Lα/Lβ and hence the
changes in relative intensity due to multiple ionization are
reflected more strongly in the former ratio.

If there is considerable multiple ionization with simul-
taneous vacancies in M shell, the transition rates of Lβ1

X-ray component decreases while the transition rates of
Lγ1,5,6,8 increases. Hence, the ratio Lβ1/Lγ1,5,6,8 decreases
compared with that due to normally excited atoms. Simi-
larly, the transition rates of the L X-ray components (Lα)
arising due to the transfer of electrons from M shell to
L shell also decrease while the transition rates of the L
X-ray components (Lβ2,5,6,7,15) arising due to the transfer
of electrons from N and O to L shell increase. As a result,
the intensity ratios Lα/Lβ2,5,6,7,15 decrease compared with
the same ratios in the absence of multiple ionization.

In the present work, the experimental Lβ/Lγ and
Lα/Lβ intensity ratios are compared with ECPSSR and
ECPSSR-UA theoretical predictions. The theoretical in-
tensity ratios of different L X-ray components are same as
the ratios of the corresponding production cross-sections.
The theoretical production cross-sections are evaluated
from the theoretical ionization cross-sections employ-
ing different atomic parameters corresponding to single
hole values without considering the effect of multiple
ionization.

From a comparison of the present Lβ/Lγ and Lα/Lβ

intensity ratios with theoretical ECPSSR predictions, it is
observed that at low projectile energies, the experimental
intensity ratios are lower than the theoretical values. This
discrepancy may be attributed to multiple ionization ef-
fects, which are not taken into consideration in the theory.
The small difference between experimental and theoreti-
cal intensity ratios may be due to low multiply ionization
effects caused by proton bombardment. As the projectile
energy increases, the deviation between theory and exper-
iment gradually decreases. This trend may be explained in
terms of the lowering of multiple ionization with increase
in projectile energy as the deviation is caused by multiple
ionization.

7 Conclusions

The Lα/Ll, Lβ/Lγ and Lα/Lβ intensity ratios are mea-
sured in the elements Hf, Ta, Re, Ir, Pt, Au and Pb at
proton energies from 1 to 5 MeV. The experimental in-
tensity ratios are compared with the theoretical intensity
ratios calculated by using ECPSSR and ECPSSR-UA ion-
ization cross-sections. These intensity ratios are in agree-
ment with the values due to earlier authors. The present
Lα/Ll intensity ratios are in good agreement with theoret-
ical values while the present Lβ/Lγ and Lα/Lβ intensity
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ratios are consistently lower than the theoretical values.
This deviation may be attributed to multiple ionization
effects in M, N and O shells.
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