Int. J. Chem. Technol. 2019, 3 (2), 101-112

DOI: http://dx.doi.org/10.32571/ijct.634210

Yilmaz and co-workers

E-ISSN:2602-277X

7450}

http://dergipark.org.tr/ijct

International Journal of Chemistry and Technology

Research Article

Variation of Coster-Kronig enhancement factors at different excitation energies of the
elements in the atomic number range 41 <Z <49

Rafet YILMAZY", Turgay OZMEN? Tahir CAKIR®

on the last page

!Department of Physics, Faculty of Science, Yuzuncu Yil University 65080, Van, Turkey,

?|nstitute of Sciences, Yuzuncu Yil University, 65080, Van, Turkey..

3Department of Biophysics, Faculty of Medical, Yuzuncu Yil University, 65080, Van, Turkey

Received: 17 October 2019; Revised: 11 November 2019; Accepted: 13 November 2019

*Corresponding author e-mail: ryilmaz@yyu.edu.tr

Citation: Yilmaz, R.; Ozmen, T.; Cakr, T. Int. J. Chem. Technol. 2019, 3 (2), 101-112. ‘

ABSTRACT

In this study, L X-ray fluorescence (XRF) cross-sections of
elements with atomic number 41 < Z < 49 were theoretically
calculated according to different excitation energies. Also, the
Coster-Kronig (CK) enhancement factors observed as a result of
the effect of non-irradiated Coster-Kronig transitions on L X-ray
fluorescence cross-sections were theoretically calculated at
different excitation energies. The change of both L XRF
fluorescence cross-sections and the Coster- Kronig enhancement
factors against energy were examined. The results obtained were
compared with the values in the literature.

Keywords: X-ray fluorescence cross-sections, Coster-Kronig
enhancement factors, cross-sections.

Atom numarasi 41 < Z <49 arasindaki
elementlerin farkli uyarma enerjilerinde
Coster-Kronig siddetlendirme faktorlerinin
degisimi
(074

Bu calismada, atom numarast 41 < Z < 49 arasindaki
elementlerin L X-igin1 floresans tesir kesitleri, farkli uyarma
enerjilerine gore teorik olarak hesaplanmigtir. Ayrica, 1s1masiz
Coster-Kronig gecislerinin L X 15m1 floresans tesir kesitleri
tizerindeki etkisinin sonucu olarak gozlenen Coster-Kronig
siddetlendirme faktorleri, farkli uyarma enerjilerinde teorik
olarak hesaplandi. Hem L X- 1g1m1 floresans kesitlerinin hem de
Coster-Kronig siddetlendirme faktorlerinin enerjiye karsi
degisimi incelendi. Elde edilen sonuglar literatiirdeki degerler ile
mukayese edildi.

Anahtar Kelimeler: X-Isin1 floresans tesir kesitleri, Coster-
Kronig siddetlendirme faktorleri, tesir kesitleri.

1. INTRODUCTION

X-ray fluorescence (XRF) cross-sections are of great
importance with the extensive use in the fields of
molecular, atomic, and radiation physics. Besides, in
photon-matter mutual effects of some materials, XRF
cross-sections have wide research fields. Especially, the
usage of some substances in the field of medicine
increases the importance of this work.

XRF cross-sections are identified as the result of
photoelectric cross-sections and fluorescence yields at
appropriate excitation energy. However, in the case of the

L shell, particularly the Ls; subshell X-ray lines, the
estimation of XRF cross-sections is not so straight
forward because of the possibility of Coster-Kronig (CK)
transitions. These transitions are non-radiative transitions.
These transitions from L; and L, to L; lead to an
additional gap in the L; subshell. The number of X-rays is
generated as a result of this increases." Rani and co-
workers have reported the effect of CK enhancement
factor on the XRF cross-sections.” There are many
researchers who have examined XRF cross-sections, CK
transitions; fluorescence yields for some elements.®**
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In recent years, Kumar and co-workers have investigated
the Sm element at different energies of 6.8, 7.4 and 8
keV." Oz and co-workers did the same work for some
elements in between Z = 66 and Z = 90."° Previously,
we have also done experimental and theoretical studies on
this topic for Yb, Lu, Os and pt.!’

This study presents originality because of the
investigation of the change of XRF cross sections and
CK enhancement factors at different excitation energies
of same elements in the atomic number range 41 < Z <
49. Herein, firstly, L-XRF cross-sections have been
calculated. Secondly, theoretical enhancement factors
have been calculated from the obtained values. Excitation
energies have been chosen according to the binding
energies of electrons.

2. THEORETICAL CALCULATIONS

In this study, the L XRF cross-sections are calculated
from the following equations.™

o =loy(fs+ ffn)+o, T +os]loFy (1)
O, =loy(fia+ 1) +o, T toslo, (2
o =00 F ,+ (0,f +0,)w, Fop+ [os + @

0, fp +0,(fis + fi, f5)] F3/5’

Where, 0,,0,and o, are photo ionization cross-
sections determined from the work of Scofield™ at proper

energies. @, @, and @, are fluorescence yields of
subshell. f;,, fi3 and fy; are the CK transition
probabilities. Fluorescence yield and CK transition

probabilities were obtained from the work of Krause.” Fij
(Fsu Fse F3s F2s Fyp) are the fractions of the radiation
width of the subshell L; (i = 1, 2 and 3). The F;; values are
givenin Table 1.

r?:(

eg. F,, 4)
Where, I is theoretically the total radiative transition
rate of the Lg. I 3, 1S the sum of the radiative transition

rates associated with filling the gaps in the L; shell. That
is;

I3, =F3(M1_|-3) )
I, :r3(M4_L3)+r3(M5_L3) (6)
Ly =T (N - L) + I (N, -L) + T, (N - L) + .

L(0,-L) + (0,0, L)
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F2ﬁ=F2(M4—L2)+F2(|\/|3—L2) (8)

1ﬂlﬂ:1—‘1(|\/|2’M3_L1)+F1(M41M5_|—1) 9)
Scofield calculated the radiative transition rates - Slater
theory for most elements.’** In the absence of the CK
transitions, the cross sections can be calculated from the
following equations.™

o, =0o,05F; (10)
o, =0;0;F;, (11)
Oy =010, Flﬁ + 0,0, Fzﬂ + 0,0, Fsﬁ (12)

Because the CK transitions exist, L XRF were
evaluated according to Equations 1-3. The CK
enhancement factors K (i=/{,oa;j=1,2) can be

calculated from the following equations.l&—”16

_ o (fs+f,f.)+0,f,+0,

Koo = (13)
()]
O3
. = o, o Fy +(o,f, +0,) o, Fap
5=
o, F,; +0,0,F,, + o,0,F;,
(14)

[os+o, T, +o,(fs + f, )], FB,B

O'la)lFlﬁ + 0,0, Fzﬁ + 0,0, Fgﬁ

In this study, the theoretical values of L XRF cross-
sections (Table 2-5), and enhancement factors (Tables 9
and 10) were calculated for close excitation energy to
absorption edge energy of the studied elements. Also, the
theoretical values of L XRF cross-sections (Table 6-8),
and enhancement factors (Tables 11 and 12) were
calculated for the greater excitation energy from the
absorption edge energy of the same elements.

3. RESULTS AND DISCUSSION

The L subshell X-ray fluorescence cross-sections
have been calculated from Equations (1-3) for close
excitation energy to absorption edge energy and the
greater from the absorption edge energy of studied
elements (Table 2-8). The enhancement factors have
been calculated theoretically from Equations (13) and
(14), and listed in Tables 9-12.
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Table 1. Theoretically calculated fractions of the radiation width
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Fraction of radiative widths

Element Fs Fs3a Fis Fas Fss
4Nb 0.035 0.934 0.862 0.941 0.028
“2Mo 0.035 0.926 0.857 0.877 0.029
BTe 0.034 0.918 0.853 0.924 0.044
4Ry 0.034 0.918 0.850 0.914 0.056
Rh 0.033 0.899 0.847 0.905 0.066
46p( 0.033 0.888 0.845 0.893 0.078
“ng 0.032 0.880 0.841 0.885 0.087
80 0.032 0.871 0.837 0.877 0.094
“n 0.032 0.865 0.832 0.839 0.101

Table 2. Ly XRF cross-sections (barns/atom) for 41 <Z <49
Element E (keV) Ol oL oL

4ND 2.386 7625.568 228.603 285.754
2)\10 2.539 7631.860 239.010 288.461
BTe 2.696 7594.797 364.020 281.288
4ny 2.858 7592.429 463.154 281.201
#5Rh 3.025 7406.914 543.777 271.888
46p 3.193 7179.044 630.591 266.788
“Tag 3.373 7143.136 706.196 252.413
8 3.560 7152.512 769.280 269.992
9 3.754 6961.347 812.827 257.528
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Table 3. Ly XRF cross-sections (barns/atom) according to the excitation energies of L,and L; for
41 <Z <49 (for close excitation energy to absorption edge energy)

Element E(keV) Ol oL oL
. éggg 5697.343 2839.378 213.497
: 4188.616 2456.635 157.044
2.648 6744.817 3342.646 254.933
Mo 3.000 5020.601 2827.232 187.736
2.818 6700.373 3683.536 248.159
“Tc 4.000 2640.682 1716.435 097.803
2.993 6690.843 3747.400 247.911
“Ru 4.000 3113.195 2058.982 115.303
3.174 6526.900 3714.000 239.585
Rh 4.000 3570.090 2428.620 131.048
3.356 6429.333 3843.551 238.830
“45pg 4.000 4100.701 2888.952 152.389
3.553 6292.457 3954.592 222.353
Ag 4.000 4683.993 3396.644 165.516
3.757 6966.109 4052.371 236.747
“®cd 4.022 5295.610 3918.681 200.637
. 3.970 6194.265 3941.396 229.152
4.244 5265.774 3925.979 194.688

Table 4. L, XRF cross-sections (barns/atom) for 41 < Z < 49 (for close excitation energy to absorption

edge energy)

Element E(keV) Oly oL oL
4IND 2.674 6108.629 2851.708 228.886
2\o 2.648 7257.042 3388.869 274.294
BTc 2.818 7220.373 3708.668 267.266
“Ru 2.993 7224.441 3779.950 267.495
“Rh 3.174 7053.793 3822.853 258.752
46pq 3.356 6942.178 3885.831 257.212
YAg 3.553 6809.397 4005.698 281.943
8o 3.757 6768.870 4108.506 256.397
“In 3.970 6706.630 4241.221 248.106
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Table 5. L; XRF cross-sections (barns/atom) for 41 < Z < 49 ( for close excitation energy to absorption

edge energy)

Element E(keV) Ol oL oL
4ND 3.000 5316.673 2607.498 199.289
“2Mo 3.000 6244.808 3021.255 233.355
B¢ 4.000 6223.393 3708.668 128.708
“Ru 4.000 4070.968 2222.024 150.701
Rh 4.000 4620.362 2621.057 169.577
46p 4.000 5260.494 3117.180 195.211
YAg 4.000 5940.055 3662.148 179.088
480 4.022 6659.311 4060.067 252.200

O 4.244 6653.893 4001.221 246.155

Table 6. Ly XRF cross-sections (barns/atom) according to the excitation energies of L,and L, for 41 <Z <49
(for the greater excitation energy from the absorption edge energy)

Element E(keV) OLy oLp oL

s1Nb 2.695 5583.339 2787.361 209.225
4.000 1894.626 1164.554 070.997

Mo 2.844 5706.678 2796.619 215.695
4.000 2252.623 1273.443 085.142

®T¢ 3.000 5782.665 3126.733 214.172
5.000 1408.542 0965.655 052.168

“Ru 3.201 5708.729 3156.636 211.434
5.000 1663.671 1152.588 061.617

Rh 3.388 5586.511 3211.117 205.066
5.000 1913.325 1359.586 070.233

“pg 3.605 5408.541 3392.380 201.222
5.000 2200.314 1613.727 081.768

Ag 3.780 5422.560 3407.000 197.184
5.000 2511.400 1921.502 091.270

480y 4.000 5370.237 3493.566 203.464
5.000 2919.386 2264.099 110.600

“In 4.000 6082.060 3991.672 225.004
6.000 2019.948 1639.340 074.726
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Table 7. L, XRF cross-sections (barns/atom) for 41 < Z < 49 (for the greater excitation energy from

the absorption edge energy)

Element E(keV) Ol oLp oy
NP 2.695 5887.238 2799.469 224.289
“2Mo 2.844 6130.816 2809.902 232.519
BTe 3.000 6223.393 3147.858 230.449
“Ru 3.201 6157.500 3184.012 228.137
“SRh 3.388 6032.992 3243.895 221.266
46p 3.605 5846.604 3430.553 217.010
“Iag 3.780 5867.911 3451.123 213.353
8By 4.000 5818.940 3542.788 220.351

O 4.000 6598.061 4040.626 244.262

Table 8. Ly XRF cross-sections (barns/atom) for 41 < Z < 49 (for the greater excitation energy from

the absorption edge energy)

Element E(keV) Ol oLp oL
4ND 4.000 2533.348 1268.200 094.924
2Mo 4.000 2985.482 1384.233 112.813
BTe 5.000 1942.690 1054.580 071.940
4“4y 5.000 2273.575 1259.831 084.169
RN 5.000 2579.149 1485.808 094.604
46p( 5.000 2940.096 1766.050 104.826
YAg 5.000 3325.721 2098.281 120.842
80y 5.000 3838.101 2453.548 145.329

“n 6.000 2726.847 1813.878 100.877
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Table 9. K;-K 41 ; K12 - K, CK enhancement factors for 41 < Z < 49 (for close excitation
energy to absorption edge energy)

E(keV) Ka1-Ky E(keV) Koo -K12
Element

(for Ly) (for Ly)
4N 2.674 1.072 3.000 1.269
Mo 2.648 1.075 3.000 1.243
B 2.818 1.077 4.000 1.316
484 2.993 1.079 4.000 1.307
4R 3.174 1.080 4.000 1.294
46p 3.356 1.079 4.000 1.282
“ag 3.553 1.082 4.000 1.268
480y 3.757 1.083 4.022 1.257
49 3.970 1.082 4.244 1.263

Table 10. Kp1 . Kgp CK enhancement factors for 41 < Z < 49 (for close excitation energy to
absorption edge energy)

E(keV K E(keV K
Flement (f(()r Lz)) " (f(()r Ll)) &
4Nb 2.674 1.004 3.000 1.061
“2Mo 2.648 1.013 3.000 1.068
BT 2.818 1.007 4.000 1.080
“Ry 2.993 1.008 4.000 1.081
Rh 3.174 1.020 4.000 1.079
46p(q 3.356 1.011 4.000 1.079
“Ag 3.553 1.012 4.000 1.078
80 3.757 1.013 4.022 1.076
“n 3.970 1.019 4.244 1.076
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Table 11. K- K g1, K)2 - K5 CK enhancement factors for 41 < Z < 49 (for the greater
excitation energy from the absorption edge energy)

E(keV) E(keV)
Element Ko1-Kp, K,, -Ki2
(for L) (for L,)
4Np 2.695 1.072 4.000 1.337
Mo 2.844 1.078 4.000 1.325
BTe 3.000 1.076 5.000 1.379
4Ry 3.201 1.079 5.000 1.366
4Rh 3.388 1.079 5.000 1.347
46pg 3.605 1.080 5.000 1.336
“Tag 3.780 1.082 5.000 1.324
8 4.000 1.083 5.000 1.314
9N 4.000 1.085 6.000 1.349

Table 12.x g1, K g CK enhancement factors for 41 <Z < 49 (for the greater excitation
energy from the absorption edge energy)

Element EkeV) o = (keV) w2
(for L) (for Ly)
4Np 2.695 1.004 4.000 1.132
“2Mo 2.844 1.005 4.000 1.087
8BTe 3.000 1.006 5.000 1.091
“py 3.201 1.008 5.000 1.093
SRR 3.388 1.010 5.000 1.092
46p 3.605 1.011 5.000 1.094
“ng 3.780 1.012 5.000 1.092
80y 4.000 1.014 5.000 1.084
“n 4.000 1.012 6.000 1.106

The graphs_ of enhancing factors versus atomic number until 8.3% for ,, , until 31.6% for ,,, until 1.9% for
are shown in Figures 1-4. In this study, the results were ’

0 0 -
theoretically until 8.3% for x, , until 31.6% for x,, Kpy» until 8% for x4, , for close excitation energy to

absorption edge energy.
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Figure 1. K'al, K., K'|1 , K12 versus atomic number (for close excitation energy to absorption edge energy).
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Figure 2. Kp1» Ky Versus atomic number (for close excitation energy to absorption edge energy)
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Figure3. K 1,K,,, K, ,K,, versus atomic number (for the greater excitation energy from the absorption edge energy).
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Figure 4. K g1, Ko Versus atomic number (for the greater excitation energy from the absorption edge energy).
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Also, for the greater excitation energy from the absorption
edge energy, in the present work, the results were

theoretically until 8.5% for x, , 37.9% for K, upto
8.5% for of x7,, and upto 37.9% for x,, ,until 1.4%

51 until 10.6% for « ;.

As seen above, both L XRF cross-sections and CK
enhancement factor values have been found to vary
according to different excitation energies. L XRF cross-
section values decrease, for the greater excitation energy
from the absorption edge energy. However, CK
enhancement factors increase. This means that it has
increased due to gaps caused by CK transitions. In
general, L X-ray cross-section values were found to be
more efficient in close excitation energy the absorption
side.

Rani and co-workers reported that the effect of on
X-ray cross-sections and the CK transitions is up to 65%,
experimentally up to 24% for Sb element , theoretically
up to 21%. Oz and co-workers reported theoretically up to
30%, experimentally up to 24% for some elements in the
atomic number range 66-90."%*°

As can be seen from this study, due to CK transitions,
there is an enhancement up to 2-38%. Also, it appears that
the X-ray fluorescence cross-sections decrease despite
increasing CK enhancement factors for the greater
excitation energy from the absorption edge energy.
Therefore, the compatibility of the excitation energy and
the binding energy is important for efficiency. Thus, it
must be taken into account in quantative X-ray
fluorescence cross-sections.

for Kk

4. CONCLUSIONS

In the present study, the CK enhancement factors due to
the effect of CK transitions on L XRF cross sections are
studied theoretically at different excitation energies. The
results of the study can be summarized as follows.

When the excitation energy is greater than the
bonding energy of the electron, XRF cross-sections
values decrease, but CK enhancement factors
increase.

When the excitation energy is close to bonding
energy of the electron, CK enhancement factors
increase but, XRF cross-sections values decrease.
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