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Abstract

* The L sub-shell intensity ratios, La/L;, Lo/Lp and L./L, are measured n elements Ta, W, Au, Hg, Pb and Bi using 2 MeV proton

projectiles With the theoretical L sub-shell ionization cross section values of RPWBA and ECPSSR theorics for 2 MeV protons and employing
different sets of experimental data for fluorescence yields, C-K transitions yields, the Lq/L;, Lo/Lg and Lo/L, intensity ratios are cstimated The
present experimental values are compared with the theoretical intensity ratios thus obtained. Considering the errors in both experimental and
theorctical intensity ratios, the present experimental ratios agree reasonably with the theoretical predictions based on the above two theoretical

approaches with combinations of differcnt availabie data bases.
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1. Introduction

The study of inner-shell ionization process by charged
particle bombardment is of importance to understand the
miechanism involved in ion-atom interaction process. The
present knowledge reveals that inner-shell ionization by
charged particle takes place by two processes : direct
ionization process and electron capture process. These two
processes are appropriate for certain range of the parameters
4)/Zy and V\/V, where Z; and Z; are the projectile and target
nuclear charges and ¥; and ¥, are the projectile velocity and
mean velocity of the target electrons respectively. For Z,/Z;
<1 and V)/V; > 1, the direct ionization process is the
dominant one and for Z, = Z, and V,/V; << 1, electron
capture process is predominant [1]. The cross sections by
direct ionization process are calculated by ECPSSR theory
[2] and RPWBA theory [3-6] derived from PWBA theory
[7]. The ECPSSR theory includes correction for particle
energy loss (E), Coulomb deflection of incident particle (C),
polarization and binding energies of the electrons in perturbed
Stationary state (PSS) and relativistic effect (R). Based on
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L X-ray intensity ratios 2 McV proton beam-Si(1.i) detector, ECPSSR and RPWBA theoretical predictions.

’

ECPSSR theory, the K and L shell ionization cross sections
were calculated and tabulated by Cohen and Harrigan [8].
Chen and Crasemann [9] have calculated the ionization cross
section for proton impact relativistically (R) with Dirac-
Hartree-Slater (DHS) wave functions, which include
corrections for binding energy, polarization and Coulomb
deflection (BC) [RPWBA-DHS-BC].

The measured K-shell ionization cross sections have
been well explained theoretically. However, the L sub-
shell ionization cross sections and the relative L X-ray
intensities for some heavy elements calculated on the basis
of ECPSSR theory show some discrepancies with the
experimental values [10-16]. Cohen [17,18] tried to explain
the discrepancy between experimental and theoretical
L-shell cross sections in terms of Coulomb effects and found
[19] that Coulomb deflection effects could not explain them.
Cohen [20] remarked that the discrepancy in L-shell cross
section may be reduced by choosing a proper combination
of fluorescence yields, C~-K transition yields and X-ray
transition rates.
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To convert the ionization cross sections to production
cross sections, an accurate knowledge of the fluorescence
yields (w,), C-K transition yields (f,) and X-ray transition
rates are nceded. For the K-shell process, the fluorescence
yield data of Krause [21] and the theoretical cmission rates
of Scofield [22] are considered to be the acceptable database.
But the situation is not clear for L X-rays because of the lack
of proper fluorescence yields and C- K transition yield data.
In the case of L X-rays, it is not possible to suggest any one
set of database, because of the non-availability of L X-ray
cross sections in different regions of the periodic table. The
experimental K and /. sub-shell fluorescence yields and L
shell C-K transition yiclds were compiled by Krause [21].
Cohen [20) suggested that the «, and f, values of Krause
form a good database with the experimental transition rates
of Salem er al [23]. Campbell [16] suggested that the cross
section tabulations of Chen and Crasemann [6] together with
the fluorescence yields, Coster-Kronig transitions of Chen et
al [24], and the emission rates of Scofield [22] also form a
self-consistent database.

The L X-ray production cross sections in Pb and Bi have
been calculated theoretically by Xu and Xu [25] using
ECPSSR and PRWBA-DHS-BC ionization cross sections
with different sets of w, and f, values. They have calculated
the ECPSSR ienization data using the fluorescence yield
data of Xu and Xu [25] and fits well with the experimental
data. Padhi et al [26] have measured the L X-ray production
cross sections and their relative intensities in eiements Pb
and Bi using proton beam. Their results indicate that the
measured relative intensities of Pb agree partly with the
theoretical ratios obtained from ECPSSR ionization cross
sections and decay yields data of Xu and Xu [25] and partly
with the results obtained using Krause decay yields data. In
the case of Bi, Padhi et al [26] have obtained good agreement
with the RPWBA-DHS-BC results in the entire energy
region. In the high energy region, their experimental values
show good agreement with the cross sections of ECPSSR
theory coupled with Krause decay yield data and in the low
energy region, with the ECPSSR cross section data coupled
with the decay yields of Xu and Xu [25]. Sow et al [27]
measured the X-ray production cross sections in some
medium Z elements with proton bombardment. Their L
X-ray production cross section data show a reasonable
agreement with the ECPSSR predictions. Their results indicate
that the theoretical values obtained using the fluorescent
yields and C-K data of Chen er al [24] give a better
agreement,

The purpose of the present study is to measure the L X-
ray intensity ratios (ratios of production cross sections) in
elements Ta, W, Au, Pb and Bi with 2 MeV proton beam.
The results thus obtained are compared with the theoretical

intensity ratios calculated using ECPSSR and RPWBA.g(
jonization cross sections along with different sets of decay
yield data.

2. Experimental details

In the present work, proton beams of 2 MeV energy are useqd
to excite the samples. The pelletron accelerator facily
available at the Institute of Physics, Bhubaneswar is used fo;
these measurements. Out of the six elements selected for
measurement of L X-ray intensity ratios, the elements Ta, Ay
and Pb are prepared as thin foils. The other elements namely
W, Hg and Bi are taken in the form of chemical compounds
The targets are kept vertically in the scattering chamber a
an angle of 45° to the beam direction. A ladder arrangemen
is provided in the scattering chamber to keep four targets
at a time and bring the required target into the beam
position. An observation window is provided to the scattering
chamber. By viewing through this window, the target is
adjusted so that the proton beam falls centrally on the
required target.

The L X-rays emitted from the target are detected using
a high resolution Si(Li) detector. The detector is mounted at
an angle of 90° to the beam direction. The resolution of the
detector used in the present work is 160 eV FWHM at energy
of 5.9 keV. The L X-ray spectrum of Ta, W, Au, Hg, Pb and
Bi elements is recorded. The spectra are collected for
sufficiently long time so as to get good statistical accuracy
The L X-ray spectrum of Tantalum obtained in the present
work is shown in Figure 1. From the figure, it may be secn
that the different L X-ray components L, Lq, Ly and L arc
clearly separated.
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Figure 1. L X-ray spectrum of Tantalum with 2 MeV proton beam

3. Data analysis

When the projectile approaches close to the target nucleus,
the influence of nuclear forces can no longer be neglected
compared to the coulomb forces. The Rutherford cross
section can not then predict the elastic scattering cross
section [28,29]. Hence in the present work, instead of
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measuring the absolute L X-ray production cross sections,
| X-ray intensity ratios are measured so that the parameters
«ch as Rutherford scattering cross sections, back scattered
particles yield and solid angle cancel out. Shafroth [30] has
pointed out that from the experimental point of view, the
measurement of L X-ray intensity ratios eliminate many
uncertainties such as inhomogeneity of target thickness,
uncertainties in the geometry measurement and the ion
current. These L X-ray intensity ratios are the same as the
jatio of the corresponding L X-ray production cross sections.

From Figure 1, it may be seen that the L/, Lo, Lyand L,
X-ray components are clearly resolved. The areas under
different L X-ray components are estimated. From the
efficien¢y curve [31], the efficiency values corresponding to
the energies of different L X-ray components are taken and
used in converting the areas under different L X-ray
comporients to their corresponding intensities. These
intensitigs are corrected for self-absorption of the X-rays in
the target material. The corresponding mass attenuation
ints are taken from the tables of Storm and Israel

HHence, [32]. Figally, the intensity ratios L,/L;, Lo/Lg and Lo/L, are
I, oy evaluateﬁ for each element and the values thus obtained are
7:; = oL ¢)) given in Table 1.
Jable 1. Experimental and theorctical L X-ray intensity ratios
/R:;:-(; ‘ Experimental Theory
Present Other data RPWBA ECPSSR
7;" @&
1.k 2124411 18 1533, 21.58% — 21 39(X), 21.67(Y)
fatlp 1.81 £ 008 15235, 1.85% — 1 74(A), 1.78(B), 1 73(C), 1 77(D)
!l 1362+ 06 10.9835, 14 03% - 12.78(A), 13 66(B), 12.67(C), 13.33(C)
W
1,00 209011 21 0237(X), 21 3637(Y) 21 02(X), 21 36(Y) 21.02(X), 21 36(Y)

Ay 1.68 £ 008 1.583(A), 161%7(B), 1.57°7(C), -

1 6237(D)
10 80V(A), 11.56¥7(B), 10.79%'(C).
11 57°%D), 10.383(E), 11.593(F)

L/, 1176+ 085

‘94\\1

1,11, 1959 £ 11 19.823%(X), 19.88%%(Y)

ly' Ly 180 + 009 1 774(A), 1.734%B), 1.56(C),
1.614(D), 1 77*(A), 1.88%°(B),
1.67%(C), 1.733%(D)

Lo/l 13.63 + 0.70 12.7049(A), 13.339(B), 10 3749(C),
11.984%(D), 13 15%%(A), 16.40%(B),
11.433%(C), 13.123%D)

sollg

Lall, 1942 + 1.1 e

Lallg 1.86 + 0.09 —

l'a”-r 1383 £ 0.7 -

uFb

LolLy 1852+ 1.0 18.9441(X), 18.974\(Y)

LalLy 1.82 £+ 0.09 1.724(A). 1.754(B). 1.614Y(G).
1.574(H)
1.8738(A), 1.923%(B), 1.81°%G),
1.713%H)

Lall, 1391 + 07 11.894(A), 12.704(B), 10.88%/(G),
10.4241(H), 13.723%(A), 14.59%(B),

12.18%(C), 12.973%(D)

1.62(A), 1.66(B). 160(C),
1 68(D)

11 39(A), 12 21(B), 11 22(C),

12.00(D), 11 32(E). 11 11(F)

19.82(X). 19.88(Y)

1 77(A). | 82(B), 1.64(C),
1 69(D)

12.75(A), 14.23(B), 11.28(C),

13 02(D)

1 75(A), 1 81(B), 1.73(C), 1.78(D)

12.91(A), 13 82(B), 12.70(C),
13 59(D), 12 80(E), 13.70(F)

19.82(X), 19 88(Y)
193(A), 199(B), 1 77(C). 1.90(D)

14 85(A), 17.18(B), 13.13(C),
15.18(D)

19 57(X), 21.07(Y)
1.99(A), 2.22(B), 1.85(1)
15.13(A), 17.81(B), 14.25(1)

18.94(X), 18.97(Y)
1.98(A), 2.04(B), 1.79(G), 1.84(H)

1 86(C), 1.91(D), 1.88()

15.56(A), 16.51(B), 12.88(G),
13.66(H), 13.71(C), 14.55(D),
14.49()
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Table 1. (Cont'd)

Z/Ratio Experimental Theory
Present Other data RPWBA ECPSSR
nBi
Lol 18431 1.0 18.6641(X), 18.694'(Y) 18 66(X), 18.69(Y) 18.66(X), 18.69(Y) e
LalLg 1.79 + 009 1 7541(A), 1 74%1(B), | 694\(E), 1.74(A), 1.81(B), 1.74(E), 1.91(A), 2.00(B), 1.92(E), 1.91(F)
1.76%(F), 1.654Y(G), 1.55*/(H) 1.72(F), 1.69(G), 1.62(H) 1.80(G), 1.79(H), 1.89()
Lall, 13.48 = 0.70 12 264'(A), 13.094}(B), 11.574(), 13.15(A), 13.97(B), 12.21(E), 15 72(A), 16.70(B), 14.56(E), 15.46(F),

13 2544(F), 11 29*Y(G), 10.69%!(H)

14.12(F), 11.67(G), 11.47(H)

12.90(G), 13.70(H), 14.70()

X . Campbell and Wang (34]

E . (Chen-Campbell) [24,34]
1 : (Krause-Salem) [21,29]

F + (Chen-Scoficld) [24,22]

The present [ X-ray intensity ratios are associated with
an overall uncertainty of about 5%. This error is calculated
by applying the method of propagation of individual errors
due to counting statistics, efficiency correction and self-
absorption correction.

4. Calculation of X-ray production cross section from
ionization cross section

The L X-ray production cross sections are obtained from
the ionization cross sections using the following relations
[26] :

o) =(Tfis + TS fas + O 12 foy + 05 ) 03 By,
o), = (C"mfls +O 12 S + 00 +O-L3)wJF;a » (2)
U{p =0,0,F, "‘(O'ufl:z """Lz)a’zeﬁ
+(°'L|ﬁ3 +0 3 i3 S3 +0 1000 +°'1.3)a’3F3p»
Oy =0 L@ Fy +(o iy +oy, Jo By

X _x _x X :
where c7,,07,,07 p and o 7y are the X-ray production

cross section of L), L, Ly and L, X-ray components
respectively, oy, 072 and a3 are the ionization cross
sections of Ly, L, and L3 sub-shells respectively. w,, w,
and «; are the corresponding sub-shell fluorescence yields
and f12, /23 and fi3 are the Coster-Kronig transition
probabilities.

Here, F,, represents 7,/7,. For example F3, = 53//13
where 73 is the theoretical total radiative transition rate of
the L; shell and 53, is the sum of the radiative transition rates
which contribute to the L, lines associated with the hole
filling in the L3 sub-shell that is, ’

T3g = 13(My — L3) + 73(Ms — L3) where 13(M, — L) is
the radiative transition rate from the Afy shell to the L,
shell.

Y : Scofield (X-ray emission rates) {22]
A : (Krause-Campbell) [21,34] B - (Krause-Scofield) [21,22] C - (Wemer-Campbell) [33,34]
G - (Xu-Xu, Krause-Campbell) [25,21,34] H: (Xu-Xu, Krause-Scoficld) [25,21.22)

D : (Wemer-Scoficld) [33,22]

For elements Ta, W, Au, Hg, Pb and Bi, the theoretical
intensity ratios L,/L;, Lo/Lgand L./L,are calculated from the
ionization cross sections due to ECPSSR theory [8] and
RPWBA theory [6] at 2 MeV proton energy. These intensity
ratios are calculated using the above formula, together with
different data bases [fluorescence yields '@/, C-K transition
yields ¢, and emission rates ‘z']. The fluorescence yiclds
data of Krause [21], Werner and Jitschin [33], Chen er a/
[24], Xu and Xu [25] and the C-K decay yields of Krause
[21], Werner and Jitschin [33] and Chen et al [24] are taken.
The X-ray emission rates are taken from the tables of
Scofield [22] and Campbell and Wang [34]. The fluorescence
yields and C—K transition yields data due to different authors
used in the present calculations are shown in Table 2. The
theoretical intensity ratios thus obtained due to combinations
of different databases and different cross section values are
given in Table 1.

5. Results and discussion

The L X-ray production cross section ratios L,/L;, Lo/Ls
and Lj/L, obtained in the present work in Ta, W, Au, Hg,
Pb and Bi due to 2 MeV proton bombardment are shown in
Table 1 along with the experimental uncertainties. In the
same table, the intensity ratios calculated from the
experimental cross section values due to different authors are
also given.

LJL; intensity ratio :

The L,/L,; intensity ratios are independent of ionization cross
section values, fluorescence yield values and C-K transition
yields. This ratio depends only on X-ray transition rates.
These ratios for elements Ta, W, Au, Hg, Pb and Bi ar¢
calculated with the theoretical transition rates due to Scofield
[22] as well as Campbell and Wang [34]. The L /L, intensity
ratios obtained in the present work for the above elements
are compared with the theoretical ratios computed from
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e

1able 2. Fluorescence yield and C-K decay yicld data of different authors

Authet @ ® @ iz Jis S
1a73)

nrause [21] 0.137 0.258 0243 018 0.28 0.134
werner and Jitschin [33] 0128 0.243 0.222 0104 0.339 0111
W(T4) :

prause [21] 0.147 0.270 0255 017 0.28 0.133
wemner and Jitschin [33] 0.130 0274 0245 % 0.102 0.325 0106
Chen of al [24] 0137 0290 0.264 ; 0.185 0.350 0139
A7) ]

wrause [21] 0107 0334 0320 014 0.53 0.122
wemer and Jitschin [33] 0.137 0364 0.207 0047 0.582 0101
He(80)

Krause [21] 0107 0.347 0333 0.13 056 0.120
Chen et al |24] 0.082 0.368 0320 0069 0.705 0127
PhigM)

hrause [21] 0.112 0373 0.360 012 0.58 0.11
Werner and Jitschin [33) 0.145 0408 0.346 0.040 0.661 0091
\u and Xu [25]) 0.135 0405 0.326 - - -
Bi&3)

nrause [21] 0.117 0.387 0.373 01l 0.58 0.113
Chen er al [24]) 0.099 0.410 0354 0.055 0.7 012
\u and Xu |25] 0138 0428 0340 - - -

Seofield and Campbell and Wang transitions rates and found
reasonable agreement within experimental uncertainties.
I'rom the table, it is seen that the L,/L, intensity ratios due
10 Scofield and Campbell and Wang transition rates differ
by less than 1%.

Lo/Lg intensity ratio :

The Lo/Lgintensity ratios are calculated using the experimental
cross section values of some of the earlier authors [35-41]
with different data bases. The Lo/Lp intensity ratios thus
f)btained due to earlier authors are compared with the
intensity ratios obtained in the present work. It is found that
the earlier experimental intensity ratios obtained with the
data bases [Krause-Scofield] and [Krause-Campbell] are in
goc_)d agreement with the present experimental intensity
ratios within experimental uncertainties. The L /Ly intensity
ratios are also calculated using the theoretical cross sections
V.alues due to PWBA as well as ECPSSR theories employing
dlffe.rent data bases. The theoretical intensity ratios thus
::’tamed are compared with the intensity ratios obtained in

€ present work. It is found that the theoretical intensity
;‘g(':_s due to RPWBA along with the databases [Krause-
o ‘eld] and [Krause-Campbell] are in agreement within

Perimental uncertainties. On the other hand, the LoLg

intensity ratios due to the cross section values of ECPSSR
theory along with data bases [Krause-Scofield] and [Krause-
campbell] are slightly higher than the present experimental
values.
Lo/L, intensity ratio :
The L,/L, intensity ratios are also computed from the
experimental L-shell ionization cross section due to some of
the earlier authors [35-41] employing different data bases.
These intensity ratios obtained with data bases [Krause-
Scofield] and [Krause-Campbell] are in agreement with the
present intensity ratios within experimental uncertainty limits.
From the table, it is seen that the L,/L, intensity ratios
obtained with the theoretical cross section values of RPWBA
along with the data bases of [Krause-Scofield] and [Krause-
Campbell] and [Werner-Scofield] are in agreement with the
present experimental values. On the other hand, the intensity
ratios obtained due to ECPSSR cross section values along
with the data bases [Wemer-Campbell], [Xu, Xu, Krause-
Scofield] show agreement with the present experimental
intensity ratios. ‘

It is important to note that the theoretical intensity ratios
obtained from the theoretical ionization cross sections are
associated with uncertainties, which arises due to the
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uncertainties in the experimental fluorescence yields and
C-K transition yields. If the uncertainties in both experimental
and theoretical intensity ratios are considered, agreement
between the experimental intensity ratios and the theoretical
intensity ratios due to any of the databases is observed.

In the present work, since the L X-ray intensity ratios are
measured only at 2 MeV proton energy, it is not possible to
study the variation of these ratios with proton energy. Many
of the earlier authors reported the data in the graphical form
and a critical comparison between the experimental and the
theoretical values is not possible. In the present work,
therefore, the experimental and theoretical intensity ratios
are presented in the tabular form.

Multiple ionization causes the fluorescence yields to
increase. The fluorescence yields of multiply ionized atoms
may be calculated if the exact configuration of the electrons
and the vacancies in the target atom is known. Ramachandra
Rao et al [42] have estimated the K-fluorescence yields due
to multiply ionized atoms by using heavy ions as projectiles.
Study of multiple ionization effects on L X-rays is more
difficult to analyze [43,44]. This is because the satellite
peaks produced by the vacancies in M and N shells are
closely spaced that even crystal spectrometer cannot resolve
them completely.

For light ions, the effect of multiple ionization is negligible.
Fortner et al [45] have calculated the L-shell fluorescence
yields in copper for different M-shell vacancies using the
method developed by McGuire [46]. They have concluded
that the L-shell fluorescence yields may be affected from the
single hole values only when more than five multiple
vacancies in the M-shell are produced. This is possible only
when heavy ions are used as projectiles. In the present work,
since protons are used as projectiles, multiple ionization
effects may be neglected. Hence, the use of single hole
fluorescence yields values and C-K transitions rates to
convert the theoretical L-shell ionization cross sections to
production cross sections is justifiable.

5. Conclusion

The experimental L X-ray intensity ratios obtained in the
present work in the elements Ta, W, Au, Hg, Pb and Bi are
compared with the intensity ratios calculated by using the
experimental L X-ray ionization cross sections due to earlier
authors and also with the theoretical cross sections of
PWBA and ECPSSR theories along with different sets of
d!ta bases : fluorescence yields, C—K decay yields and L X-
ray emission rates. The following conclusions are arrived
at :

1. The difference in the L,/L; intensity ratios which are
calculated using the emission rates of Scofield [22] and
of Campbell and Wang [34] is less than 1%.

2. For all the elements under study, the L,/Lg and L,,/L,
intensity ratios obtained in the present work are in
agreement with the previous experimental intensity ratjog
and the theoretical intensity ratios due to RPWBA g
ECPSSR theories which are calculated using the day,
bases [Krause-Scofield] and [Krause-Campbell] withiy
the experimental uncertainties. However, if th
uncertainties in the theoretical intensity ratios are ajg,
considered, then there is agreement between the presey
experimental ratios and the theoretical ratios that ar
calculated with any of the databases.
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