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K-SHELL X-RAY INTENSITY RATIOS AND VACANCY TRANSFERPROBABILITIES OF Pt, Au, AND Pb BY A SIMPLE METHODL. F. M. Anand a, S. B. Gudennavar a*, S. G. Bubbly a, B. R. Kerur baDepartment of Physi
s, Christ UniversityBangalore-560029, Karnataka, IndiabDepartment of Physi
s, Gulbarga UniversityGulbarga-585106, Karnataka, IndiaRe
eived January 8, 2014The K-shell X-ray intensity ratios, radiative and total va
an
y transfer probablities of platinum, gold, andlead are measured by employing the 2�-geometri
al 
on�guration and a weak gamma sour
e, a simple methodproposed previously by our group. The targets of Pt, Au, and Pb were ex
ited using 
-rays of weighted en-ergy 123:6 keV from a weak 57Co sour
e and the emitted K-shell X-rays were dete
ted using an HPGe X-raydete
tor spe
trometer 
oupled to a 16k multi
hannel analyzer. The measured values of these parameters are
ompared with the theoreti
al values and experimental data of other resear
hers, �nding a good agreement.Thus 2�-geometri
al 
on�guration method with a weak gamma sour
e 
an be alternative simple method tomeasure various atomi
 parameters in the �eld of X-ray spe
tros
opy.DOI: 10.7868/S00444510140900411. INTRODUCTIONThe a

urate values of K-shell X-ray intensity ra-tios, radiative and total va
an
y transfer probablitiesof elements are essential in the �elds of atomi
, mole
-ular, and nu
lear physi
s, and material s
ien
e [1�5℄.These X-ray �uores
en
e parameters are also importantin studies of the ele
tron 
apture pro
ess, internal 
on-version ele
tron pro
ess, photoele
tri
 e�e
t, and ra-diative and nonradiative probabilities [6�10℄. Over theyears, several resear
hers have measured K-shell X-rayintensity ratios and va
an
y transfer probabilities usingvarious methods and dete
tors [11�14℄. However, thesemethods involve 
ompli
ated single and double re�e
-tion geometries, whi
h require strong gamma sour
es ofthe order of 109 Bq or more. In this paper, we measurethese parameters for platinum, gold, and lead using asimple method proposed previously by our group [15�19℄, whi
h adopts a 2�-geometri
al 
on�guration andweak gamma sour
es.*E-mail: shivappa.b.gudennavar�
hristuniversity.in

2. THEORYThe total va
an
y transfer probability from the Kshell to Li shells of an atom is the sum of radiativeva
an
y transfer probability �KLi(R) and the nonra-diative va
an
y transfer probability �KLi(A):�KL = �KLi(R) + �KLi(A): (1)The K�Li radiative va
an
y transfer probability isgiven by �KLi(R) = !K I(KLi)IK(R) ; (2)where I(KLi) is the K�Li X-ray intensity, IK(R) isthe total intensity of K-shell X-rays, and !K is theK-shell X-ray �uores
en
e yield. Be
ause the K-to-L1radiative transition is forbidden, we have only K�L2and K�L3 transitions and the 
orresponding radiativeva
an
y transfer probabilities [1℄ are given by�KL2(R) = !K I(K�2)I(K�1) ����1+I(K�2)I(K�1)��1+I(K�)I(K�)���1 = !K I(K�2)IK(R) ; (3)448
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Dewar-30 liter LN2Fig. 1. Experimental arrangement: S � sour
e; T �target; D � HPGe dete
tor�KL3(R) = !K ��1 + I(K�2)I(K�1)��1 + I(K�)I(K�)���1 == !K I(K�1)IK(R) : (4)The probability for the radiative transfer of a va-
an
y from the K to M shell of an atom is given by�KM (R) = !K I(K�01)I(K�1) ����1+I(K�2)I(K�1)� �1+I(K�)I(K�)���1 = !K I(K�01)IK(R) ; (5)where I(K�01) = I(K�1) + I(K�3).The total va
an
y transfer probability from the Kshell to the L shell 
an be expressed in terms of theK-shell X-ray �uores
en
e yield !K and the K-shellX-ray intensity ratio I(K�)=I(K�) [20℄ as�KL = 2� !K1 + I(K�)=I(K�) : (6)The intensity ratio of 
hara
teristi
 X-rays of type i totype j is given byI(i)I(j) = I 0(i)"j�j exp(��xjwtw)I 0(j)"i�i exp(��xiwtw) ; (7)where I 0(i) and I 0(j) are the measured intensities ofK-shell X-rays of types i and j; i = K�2 , K�01 , K�, j == K�1 ;K�1 ;K�; "i and "j are e�
ien
ies of the dete
-tor forK-shell X-rays of types i and j; �i and �j are theself-attenuation 
orre
tion fa
tors for K-shell X-rays oftypes i and j in the target material and are 
al
ulatedusing Eq. (8); exp(��xiwtw) and exp(��xjwtw) are thedete
tor window attenuation 
orre
tion fa
tors for K-shell X-rays of types i and j; here �xiw and �xjw arethe mass attenuation 
oe�
ients [
m2/gm℄ of K-shell

X-rays of types i and j in the dete
tor window of thi
k-ness tw [g/
m2℄.Taking the isotropi
 emission of K-shell X-rays intoa

ount and re
alling that we measure the intensity ofall K-shell X-rays emerging from the target in all for-ward dire
tions, that is, emitting into a solid angle ofnearly 2� sr, we use the 
orre
tion fa
tor � withoutinvolving the s
attering angles:� = 1� exp [�(�i + �e)t℄(�i + �e)t ; (8)where t is the target thi
kness [g/
m2℄, and �i and�e are the respe
tive mass attenuation 
oe�
ients[
m2/gm℄ of in
ident and emitted K-shell X-rays in thetarget. These 
oe�
ients have been 
omputed usingWinX
om software [21℄. Following the target thi
kness
riterion in Ref. [2℄, we have found that the targets ofthe thi
kness with � values in the range 0:75 � � � 0:95are suitable for a

urate determination ofK-shell X-ray�uores
en
e parameters (for details, see Refs. [15�19℄).3. EXPERIMENTALThe s
hemati
 diagram of the experimental ar-rangement is shown in Fig. 1. In the present investiga-tion, we used an X-ray dete
tor spe
trometer 
onsist-ing of a HPGe dete
tor (a
tive area 500 mm2, 10 mmthi
k high-purity n-type germanium 
rystal, Be win-dow 0.6 mm in thi
kness) 
oupled to a 16k multi
han-nel analyzer (DSA-1000). The energy resolution of theHPGe dete
tor (Model: GL0510P, pro
ured from Can-berra USA) is 200 eV at 5.9 keV. The dead layer ofthe dete
tor is 0.7 mm. The distan
e from the 
ryo-stat window (Be) to the dete
tor material is 5 mm.The HPGe dete
tor is operational in the energy range3 to 500 keV. This dete
tor is 
ooled to 77 K using aliquid-nitrogen 
ryostat. The 
oolant liquid nitrogenis �lled in the 
ryostat through the inlet and the aires
apes from the outlet (Fig. 1). The spe
trometer is
alibrated and standardized using various gamma andX-ray sour
es.A 57Co radioa
tive sour
e with a strength of the or-der of 104 Bq is used as the ex
itation sour
e. We usedthe photon energy 123.6 keV, i. e., the weighted averageof 122 and 136 keV, in the 
al
ulation of mass attenua-tion 
oe�
ients �i, whi
h are required in the 
al
ula-tion of the self-attenuation 
orre
tion fa
tor �. Thetarget materials were pure elements (99.99%). Plat-inum was pro
ured in the form of thin foil of the re-quired thi
kness from Alfa Aesar A Johnson MattheyCompany UK, whereas high-purity gold and lead tar-gets were pur
hased from a lo
al 
ompany.3 ÆÝÒÔ, âûï. 3 (9) 449



L. F. M. Anand, S. B. Gudennavar, S. G. Bubbly, B. R. Kerur ÆÝÒÔ, òîì 146, âûï. 3 (9), 2014Table 1. The measured values of K-shell X-ray intensity ratios for Pt, Au, and Pb along with the theoreti
al andothers' experimental valuesElement Parameter Present Theoreti
alvalues [23℄ Others'experimental Referen
esPlatinum(Z = 78) I(K�2)I(K�1) 0:597� 0:010 0.585 0.584 [11℄0:574� 0:026 [24℄0.583 [1℄0.563 [28℄I(K�01)I(K�1) 0:340� 0:010 0.328 0.322 [11℄0:328� 0:026 [24℄I(K�2)I(K�1) 0:108� 0:011 0.089 0.0896 [11℄0.084 [24℄I(K�)I(K�) 0:260� 0:006 0.263 0.259 [11℄0:2682� 0:005 [29℄0.275 [1℄Gold(Z = 79) I(K�2)I(K�1) 0:583� 0:011 0.588 0.618 [12℄0:591� 0:032 [24℄0:585� 0:004 [25℄0:584� 0:012 [30℄0:57� 0:03 [31℄0.585 [28℄I(K�01)I(K�1) 0:336� 0:011 0.329 0.357 [12℄0:333� 0:021 [24℄0:329� 0:003 [25℄0:333� 0:011 [30℄0:210� 0:02 [31℄I(K�2)I(K�1) 0:089� 0:015 0.091 0:091� 0:004 [24℄0:098� 0:005 [30℄0:11� 0:01 [31℄I(K�)I(K�) 0:264� 0:010 0.265 0.280 [12℄0:2680� 0:005 [29℄0:262� 0:003 [25℄0:210� 0:012 [30℄0:210� 0:03 [31℄The intensities of K-shell X-rays were measured asfollows. The �sour
e with ba
kground spe
trum� wasa
quired �rst, by pla
ing the sour
e on the fa
e of thedete
tor for the live time of 2000 s to minimize theun
ertainties in the results due to 
ounting statisti
s. The �transmitted spe
trum with ba
kground� was thena
quired by sandwi
hing the target between the sour
eand the dete
tor window. By subtra
ting the formerfrom the latter, we obtain a 
lean �uores
en
e K-shellX-ray spe
trum that 
orresponds to the target element450



ÆÝÒÔ, òîì 146, âûï. 3 (9), 2014 K-shell X-ray intensity ratios : : :Table 1Element Parameter Present Theoreti
alvalues [23℄ Others'experimental Referen
esLead(Z = 82) I(K�2)I(K�1) 0:596� 0:010 0.595 0:606� 0:042 [24℄0:594� 0:003 [25℄0:593� 0:019 [26℄0.592 [1℄0:589� 0:012 [30℄0:590� 0:03 [31℄0.596 [28℄I(K�01)I(K�1) 0:330� 0:008 0.334 0:296� 0:019 [24℄0:332� 0:002 [25℄0:343� 0:026 [26℄0:333� 0:011 [30℄I(K�2)I(K�1) 0:085� 0:01 0.096 0:087� 0:004 [24℄0:098� 0:005 [30℄0:11� 0:01 [31℄I(K�)I(K�) 0:262� 0:006 0.270 0.279 [1℄0:268� 0:003 [25℄0:275� 0:019 [26℄0:2822� 0:007 [29℄0:271� 0:011 [30℄0:207� 0:018 [31℄
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Fig. 2. K-shell X-ray �uores
en
e spe
trum of plati-num

under investigation (Fig. 2). Ea
h K-shell X-ray peakis �tted to a Gaussian distribution fun
tion using theORIGIN software for estimating the area under thepeak. The area under ea
h peak gives the intensityof the K-shell X-ray of a given type, whi
h is then
orre
ted for self-attenuation in the target, attenua-tion in the window of the dete
tor, e�
iently of thedete
tor, and the dead layer attenuation to obtain thetotal number of K-shell X-rays emitted into the for-ward hemisphere. The K-shell X-ray intensity ratiosand the radiative and the total va
an
y transfer proba-bilities were 
al
ulated using Eqs. (7) and (3)�(6). Theva
an
y transfer probabilities of the elements were 
al-
ulated using the K-shell X-ray �uores
en
e yield (!K)values from Hubbell tables [3℄, Krause [22℄, and Bam-bynek et al. [2℄. The experiment was repeated fourtimes for ea
h element and the weighted average of thefour trials has been presented.451 3*



L. F. M. Anand, S. B. Gudennavar, S. G. Bubbly, B. R. Kerur ÆÝÒÔ, òîì 146, âûï. 3 (9), 2014Table 2. The present experimental values of radiative and total va
an
y transfer probabilities for Pt, Au, and Pb alongwith the theoreti
al and others' experimental valuesParameter Using !Kfrom Hubbell [3℄ Using !Kfrom Bambyneket al. [2℄ Using !Kfrom Krause [22℄ Theory Others'experimentalPlatinum (Z = 78)�KL2(R) 0:282� 0:002 0:284� 0:014 0:283� 0:014 0.278 [10℄ ���KL3(R) 0:473� 0:003 0:477� 0:035 0:475� 0:035 0.477 [10℄ ���KM (R) 0:160� 0:001 0:161� 0:011 0:161� 0:011 �� ���KL 0:826� 0:009 0:820� 0:009 0:823� 0:009 0.819 [11℄ 0.808 [14℄0.819 [32℄ 0.883 [11℄0.813 [1℄ 0.817 [32℄Gold (Z = 79)�KL2(R) 0:285� 0:005 0:286� 0:019 0:286� 0:019 0.292 [23℄ 0:280� 0:005 [25℄�KL3(R) 0:480� 0:004 0:482� 0:012 0:482� 0:012 0.492 [23℄ 0:479� 0:008 [25℄�KM (R) 0:162� 0:004 0:163� 0:023 0:163� 0:023 �� ���KL 0:822� 0:010 0:818� 0:011 0:818� 0:011 0.811 [1℄ 0.812 [12℄0.816 [23℄ 0:821� 0:004 [33℄0.817 [20℄ 0:820� 0:024 [32℄0.815 [32℄ 0:815� 0:008 [27℄Lead (Z = 82)�KL2(R) 0:289� 0:002 0:292� 0:020 0:290� 0:020 0.293 [34℄ 0:283� 0:004 [25℄0.293 [23℄ 0:281� 0:022 [26℄0.281 [1℄�KL3(R) 0:483� 0:003 0:487� 0:009 0:485� 0:009 0.475 [34℄ 0:477� 0:006 [25℄0.493 [23℄ 0:474� 0:038 [26℄0.475 [1℄�KM (R) 0:171� 0:001 0:173� 0:013 0:172� 0:013 0.165 [23℄ 0:163� 0:009 [26℄�KL 0:821� 0:010 0:803� 0:008 0:807� 0:008 0.806 [1℄ 0:814� 0:006 [33℄0.809 [23℄ 0:809� 0:040 [32℄0.806 [34℄ 0:805� 0:012 [27℄0.811 [20℄0.810 [32℄�Values not available.4. RESULTS AND DISCUSSIONThe K-shell X-ray intensities for Pt, Au, and Pbhave been measured adopting the pro
edure explainedin the pre
eding se
tion. The K-shell X-ray intensityratios for these elements along with the theoreti
al val-ues of S
o�eld [23℄ and others' experimental values ob-
tained by adopting re�e
tion geometries are 
omparedin Table 1. From Table 1, we see that our results agreefairly well with the theoreti
al and others' experimen-tal values of K-shell X-ray intensity ratios of the el-ements investigated. The measured K-shell X-ray in-tensity ratios for these elements have a 2 to 3.8% un-
ertainty, whi
h 
omes from 
ounting statisti
s (less452



ÆÝÒÔ, òîì 146, âûï. 3 (9), 2014 K-shell X-ray intensity ratios : : :than 3%), the target thi
kness and self-attenuation
orre
tion fa
tor (1%), window attenuation 
orre
tion(less than 1%), and the dete
tion e�
ien
y of the de-te
tor (less than 1%). The I(K�2)=I(K�1) intensityratio for platinum di�ers by 1�2% with referen
e toS
o�eld [23℄, Cengiz et al. [11℄, and Apaydin et al. [24℄,by 0.5�3.5% with referen
e to S
o�eld [23℄, Cengiz etal. [12℄, Apaydin et al. [24℄, and Bennal et al. [25℄ forgold, and by 0.1�1% with referen
e to S
o�eld [23℄,Bennal et al. [25℄, Durak and Ozdemir [26℄, and Apay-din et al. [24℄ for lead. The I(K�01)=I(K�1) intensityratio di�ers by 1�2% with referen
e to the theoreti
alvalue of S
o�eld [23℄ for platinum, by 0.7�2% with re-feren
e to S
o�eld [23℄, Cengiz et al. [12℄, and Bennalet al. [25℄ for gold, and by 0.2�1.3% with referen
e toS
o�eld [23℄, Bennal et al. [25℄, and Durak and Ozdemir[26℄ for lead. The per
entage di�eren
e between thepresent work and the referen
es 
ited in Table 1 is assmall as 0.2 to 1.9% for the ratio I(K�2)=I(K�1). Sim-ilarly, there is a di�eren
e of 0.1�1.6% between ourmeasured I(K�)=I(K�) intensity ratios and the valuesfrom the referen
es 
ited in Table 1 for all the targetelements.The radiative and total va
an
y transfer probabil-ities for these elements have been determined usingthe experimentally measured K-shell X-ray intensityratios and the !K values taken from Hubbell tables [3℄,Krause [22℄, and Bambynek et al. [2℄. These resultsare presented in Table 3 along with the theoreti
al andothers' experimental values for 
omparison. It is foundthat the radiative va
an
y transfer probabilities deter-mined using the !K values from Hubbell tables [3℄ forplatinum di�er by 1.3�1.8% with referen
e to Cengizet al. [11℄, Apaydin et al. [24℄, Ertu�gral et al. [27℄, andthe theoreti
al estimation of Cengiz et al. [11℄, by 0.1�1.1% with referen
e to S
o�eld [23℄, S
hön�eld andJanÿen [20℄, Bennal et al. [25℄, Ertu�gral et al. [27℄, Cen-giz et al. [12℄, and Rao et al. [1℄ for gold, and by about1.6% for lead with referen
e to all the referen
es 
itedin Table 2. We note that the radiative va
an
y trans-fer probabilities deremnined using the !K values fromKrause [22℄ and Bambynek et al. [2℄ di�er by 0.1 to 2%from the radiative va
an
y transfer probabilities deter-mined using the !K values from Hubbell tables [3℄. The
al
ulated total va
an
y transfer probability values inthe present work using the K-shell X-ray �uores
en
eyield values from Hubbell tables [3℄ 
arry an un
er-tainty of 1�2% for all the elements. This un
ertaintyis again less than 2% when !K values for the 
al
u-lation of �KL are taken from Bambynek et al. [2℄ andit de
reases to 0.2% when !K values from Krause [22℄are used.

The present study shows that the simple 2�-geo-metri
al 
on�guration method with an HPGe dete
torand a weak radioa
tive sour
e 
an be an alternativesimple method for the measurement of K-shell X-rayintensity ratios and the K�Li and K�M radiative andtotal va
an
y transfer probabilities of elements. To thebest of our knowledge, the radiative va
an
y transferprobabilities (�KL2(R), �KL3(R), and �KM (R)) forplatinum are reported for the �rst time.The authors a
knowledge the help re
eived fromA. Manjunath, Department of Physi
s, Gulbarga Uni-versity, and M. T. Rameshan, Christ University, in 
on-du
ting the experiments.REFERENCES1. P. V. Rao, M. H. Chen, and B. Crasemann, Phys. Rev.A 5, 997 (1972).2. W. Bambynek, B. Crasemann, R. W. Fink et al., Rev.Mod. Phys. 44, 716 (1972).3. J. H. Hubbell, NISTIR, 89 (1989).4. G. R. La
han
e and F. Claisse, Quantitative X-rayFluores
en
e Analysis: Theory and Appli
ation, Wiley,New York (1995).5. U. Bergmann, P. Glatzel, F. deGroot, and S. P. Cra-mer, J. Amer. Chem. So
. 121, 4926 (1999).6. J. P. Hurley and J. M. Ferguson, Nu
l. Phys. 27, 75(1961).7. H. Primako� and F. T. Porter, Phys. Rev. 89, 930(1953).8. T. Mukoyama, K. Tanigu
hi, and H. Ada
hi, Adv.Quantum. Chem. 37, 139 (2000).9. E. Arndt, G. Brunner, and E. Hartmann, J. Phys.B 15, 887 (1982).10. N. V. Rao, S. B. Reddy, and D. L. Sastry, Nuovo Cim.97, 1 (1987).11. E. Cengiz, E. T�ra³o�glu, G. Apaydin et al., Radiat.Phys. Chem. 80, 328 (2011).12. E. Cengiz, E. T�ra³o�glu, V. Aylik
i, and G. Apaydin,Radiat. Phys. Chem. 79, 809 (2010).13. T. L. Hopman, C. M. Heirwegh, J. L. Campbell et al.,X-ray Spe
trom. 41, 164 (2012).14. G. Apaydin and E. T�ra³o�glu, Radiat. Phys. Chem. 81,1593 (2012).453



L. F. M. Anand, S. B. Gudennavar, S. G. Bubbly, B. R. Kerur ÆÝÒÔ, òîì 146, âûï. 3 (9), 201415. L. D. Horakeri, B. Hanumaiah, and S. R. Thontadarya,X-ray Spe
trom. 26, 69 (1997).16. L. D. Horakeri, B. Hanumaiah, and S. R. Thontadarya,X-ray Spe
trom. 27, 344 (1998).17. S. B. Gudennavar, N. M. Badiger, S. R. Thontadarya,and B. Hanumaiah, Radiat. Phys. Chem. 68, 721(2003).18. S. B. Gudennavar, N. M. Badiger, S. R. Thontadarya,and B. Hanumaiah, Radiat. Phys. Chem. 68, 745(2003).19. L. D. Horakeri, S. G. Bubbly, and S. B. Gudennavar,Radiat. Phys. Chem. 80, 626 (2011).20. E. S
hön�eld and H. Janÿen, Nu
l. Instr. Meth. A 369,527 (1996).21. M. J. Berger, J. H. Hubbell, S. M. Seltzer etal., XCOM: Photon Cross Se
tion Database (version1.3), National Institute of Standards and Te
hnology,Gaithersburg MD (2005).22. M. O. Krause, J. Phys. Chem. Ref. Data (USA) 8, 307(1979).23. J. H. S
o�eld, At. Data Nu
l. Data Tab. 14, 121(1974).

24. G. Apaydin, V. Aylik
i, E. Cengiz et al., Radiat. Phys.Chem. 77, 923 (2008).25. A. S. Bennal and N. M. Badiger, Nu
l. Instr. Meth.B 247, 161 (2006).26. R. Durak and Y. Ozdemir, J. Phys. B 31, 3575 (1998).27. M. Ertu�gral, O. Dogan, O. �imsek et al., Phys. Rev. A55, 303 (1997).28. G. C. Nelson and B. G. Saunders, Phys. Rev. 188, 108(1969).29. B. Ertu�gral, G. Apaydin, U. Cevik et al., Radiat. Phys.Chem. 76, 15 (2007).30. J. H. M
Crary, L. V. Singman, L. H. Ziegler et al.,Phys. Rev. A 4, 1745 (1971).31. A. G. de Pinho, Phys. Rev. A 3, 905 (1971).32. B. Ertu�gral, G. Apaydin, H. Baltas et al., Spe
tro
him-i
a A
ta B 60, 519 (2005).33. A. S. Bennal, K. M. Niranjan, and N. M. Badiger, J.Quant. Spe
tros
. Radiat. Transfer 111, 1363 (2010).34. M. R. Khan and M. Karimi,X-ray Spe
trom. 9, 32(1980).

454


