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Measurement of probabilities for vacancy transfer from theK to L shell
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K- to L-shell vacancy transfer probabilities were measured for ten elements in the atomic ratige 93
Those measuring x-ray yields from targets excited by 59.5 and 122 keV incident photons, i.e., below and
above theK edge of elements, were detected with a high-resolutidhiSdetector. For comparison with
experimental results, theoretical calculations were made by using available data on radiative and radiationless
transitions. The radiative transitions of these elements were observed from the relativistic Hartree-Slater model
which was proposed by Scofie[ét. Data Nucl. Data Table44, 121 (1974]. The radiationless transitions
were observed from the Dirac-Hartree-Slater model which was proposed by Chen, Craseman, apat.Mark
Data Nucl. Data Table®4, 13 (1979]. The measured results were found to be in good agreement with
theoretically calculated values. The experimental and theoretical values were fitted versus atomiczcumber
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INTRODUCTION K edge and at the excitation energy aboveKhedge, where
the major contributior{f80-85% to L-shell vacancies comes
The accurate determination of characteristic x-ray fluoresfrom the decay ofK-shell vacancies. In their experiment,
cence cross sections, relative intensitiésL, M and other >°Fe and'®®Cd (photon energy 22.6 ke\annular photon
shell fluorescence vyields for elements are important becaus@urces were used for excitation below and above Khe
of their widespread use in the fields of atomic, moleculardge, respectively. In this study, we measukedo L -shell
and radiation physics and in nondestructive elemental analy{acancy _transfer probabilities for the atomic range
sis of materials, radiational photon sources of synchrotror{ 3=2=92. The®’Am (energy 59.5 key'and>'Co (energy
radiation. TheL x-ray production cross sections were mea- 122 k€V) low-energy annular radioisotope photon sources
sured experimentallj3—6]. Ertugrul, Dogan, and, Snsek[7]  Were used for'excnatlon below thé edge and above thi¢
measure - to L-shell radiative vacancy transfer probabili- edge, respectively. The measured values have been com-

ties for elements in the atomic range F2<92. The va- pared with the semiempirical values tabulated by Rao, Chen,

cancy transfers of inner shells by Coster-Kronig were meaf:lnd CrasemafiL2] and the theoretical values deduced using
sured forL x rays in heavy elements by Eriug [8]. Auger transition rate$2] and radiative x-ray emissiofi]

~ ) ; ) based on the relativistic Dirac-Hartree-SlateDHS) model.
Ertugul [9] measuredK« to L« intensity ratios and en- A )

hancement factors of vacancy transfer for lanthanides. Puri
et al.[10,11] have measurel- to L-shell andL- to M-shell EXPERIMENTAL PROCEDURE

vacancy transfer probabilities for elements in the atomic The experimental arrangement for the annular source ge-
range 3&Z=<42 and 18Z=<96, respectively. In addition, ometry in the direct excitation mode used in this study is
Puriet al.[11] have calculated values and fitted them versusshown in Fig. 1. In this arrangement low-energy photon
atomic numbeiZ values and fitted coefficients for vacancy ggyrces of4Am (100 mCj) and>'Co (100 mC) were used.
transfer probabilities oK to L;, K toL,, Kto Lz, KtoL  The energies of the primary photons are 59.5 and 122 keV
(averagg L; to M, L, to M, L3 to M shells. The values of  for 242aAm and®’Co, respectively. Spectroscopically pure tar-
the 7KL, (i=1,2,3 for elements in the atomic range gets of Ta(99%), W (99%), Au (99%), Hg(NO,), (99%),
20<Z<94 have been calculated by Rao, Chen, and CraseFl,O; (99%), PbO (99.95%, Bi,O; (99.98%, Th(NOj),
man[12]. In these calculations, the contributions due to Au-(99%), and(CH;COO0), UO,2H,0 (99%) of thickness rang-
ger and radiative transitions were derived using the bestng from 25.84 to 51.68 mg/cmhave been used for mea-
fitted experimental data on the fluorescence yields and thsurements. Th& x-ray spectra from various targets were
intensity ratios of different components ofKLX recorded using a 8ii) detectorf{full width at half maximum
(X=L,M,N...) Auger electrons an{ x rays currently avail- (FWHM)=160 eV at 5.96 keV, active ared 2.5 mnf, sen-
able. The data regardirnlg x-rays used in these evaluations sitive dept3.5 cm| coupled to a Nuclear Data multichannel
were reasonably reliable and in agreement with theoreticallpanalyzer(MCA) system(ND 66 B). Each target was excited
calculated values. and recorded for the time intervals ranging from 3 to 12 h. A
The method of Puret al.[10] is based on the number of typical L x-ray spectrum of HINO;), at 59.5 keV excitation
L x rays produced at the photon excitation energy below thenergy is shown in Fig. 2.
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FIG. 1. Experimental arrangement.

DATA ANALYSIS

The L-shell x-ray production cross section$') (i=1,2)
at excitation energies below and above #heedge of ele-
ments are given by Eq$l) and(2), respectively,

o=oMoL, 1)

2 2 2 —
o@=(o®+ 0@ n) oL, (2

whereo{) and o{" are the totalK- and L-shell ionization
cross sections, respectively. The numb@jsand (2) corre-

The experimental x-ray production cross sections,")
were evaluated using the relation

N
:IoGSiIBim-

X
gL

()
Using equalitieg1)—(3), the experimentaK- to L-shell va-
cancy transfer probabilityy, can be expressed as

1 (|0G)l :3(L1)
_ (1) (2)
— | —— Y =0 , 4
7KL U;(z) (|0G)2 ﬁf_z) L L 4

whereN; is the number of counts per unit time under the
photopeak corresponding to tHe x ray of the element,
(19G); is the intensity of the exciting radiation falling on the
area of the target sample visible to the detectois the
efficiency of the detector at the averdge-ray energy of the
element, andn is the mass per unit area of the element in the
target. Theg, is the self-absorption correction factor for the
incident photons and emittdd x-ray photons. The values of
B, have been calculated by using the following expression
obtained by assuming that the fluorescence x rays are inci-
dent normally on the detector:

. 1—exd (—1)(4inc SECH1+ pemt SECH,) ]t
(Minc S€CO1+ teme SEC )t

L , (5
where w;,. and uen are the absorption coefficients at the
incident and emitted x-ray photon energy. The values are
taken from the tables of Hubbell and SeltZ&8]. In their
tables, theu/p values are taken from the current photon in-
teraction database at the National Institute of Standards and
Technology is the thickness of the target in g/énand 6,
and 6, are the angles of incident photons and emitted x rays
with respect to the normal at the surface of the sample.
However, in the present work, the value of the factor

spond to excitation energies 59.5 and 122 keV, respectively0G¢i» Which contains terms related to the incident photon

i.e., below and above th€ edge of the elements, is the

flux, geometrical factor, and the absolute efficiency of the

value of theL-shell fluorescence yield that does not differ X-@y detector, was determinedo by coIIectingOMex-ray
significantly for moderately different distributions of initial SPectra of thin samples of k89.9%, ZnO, (99.9%, As;O,

L, subshell vacancies produced by excitation energies beloy?9-9%, SeQ (99%), SrCh:-6H,O (99%), ZrO, (99.9%,

and above th& edge of the elements.
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FIG. 2. L x-ray spectrum of Hg recorded by a(lSi) detector.

Mo (99.999, and PdCl (99%) in the same geometry in
which theL XRF cross sections were measured and using
the equation

NKa
BKamo-Ka ,

whereNy, , Bk., andey, have the same meaning as in Eq.
(3) except that they correspond kox rays instead of théth
group ofL x rays. In these calculations, the theoretical val-
ues of theK x-ray fluorescence cross sectiofis,) were
calculated using the equation

(6)

Ioe(‘::ka:

0ka=0k(E)okfka, (7)

where o« (E) is the K-shell photoionization cross sections
[14] for the ten elements at the excitation eneEgywy is the
K-shell fluorescence yield from the tables of Hubbsdllal.
[15], and fy, [16] is the fractional x-ray emission rate for
Ka x rays and is defined as

1+ <8
IKa

®

lkg) *
fKoz: ,
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wherel g/, is theK g to Ka x-ray intensity ratio. In this TABLE I. The comparison of experimental and theoretical re-
present work, experimentaj,, have been evaluated using sults forK- to L-shell vacancy transfer probability.

Eq. (4). The values of theK- and L-shell photoionization

cross sectiongol and ol ) have been taken from the tables 7L (T) 7 (T)
of Scofield[14]. The ratio (,G),/(1,G), was determined by Elements 7L (E) Ref. [12] Refs.[1,2]
taking the x-ray spectra of thin sample Fe, Zn@s,0;, 1, 0.829-0.002 0.829
SeQ, SrChL-6H,0, Zr0,, Mo,_and PdCI ex_C|ted by 59.5- W 0.855-0.004 0.821 0.827
and 122-keV photons and using the equation Re 0.904-0.005 0825
(1,G), Nl”% i(zc)k Au 0.815-0.008 0.816
= 0 9 Hg 0.815+0.008 0.809 0.813
(10G)2 Na0ka Bka Tl 0.795+0.009 0.812
where all the symbols have a similar meaning, as explaineﬁ_b 0.805-0.012 0.806 0.809
above, except that these correspond toKhehell instead of Bi 0.637+0.013 0.807
the L shell. The (,G),/(1,G), ratios are found as 857. Th 0.636-0.013 0.795 0.794
U 0.682+0.021 0.792 0.792

THEORETICAL K- TO L-SHELL VACANCY TRANSFER

PROBABILITIES . o . .
where I'g(KL;) is the radiative K-shell partial widths,

The probabilities for vacancy transfer frokr to L-shell  I'p(K—L;L;) andI',(K—L;X) are the radiationless partial
7KL, (i=1,2,3, is defined as the number of primary widths, andl'(K) is the totalK-level widths.
L;-subshell vacancies produced in the decay of krshell The K- to L-shell vacancy probabilities based on the

vacancy through radiative transition and through Auger tranRDHD model, 7, (RDHD), were evaluated using Egs.
sitions of the type —L;L; andK—L;X (X=M,N,O,...). (100—(13). In these evaluations, we used the RDHS model-

This definition excluded the; subshell vacancies produced basedK-shell radiative transition rates tabulated by Scofield
through a Coster-Kroning transition of the tyje—L;X. [1] and the Auger transition rates based on the RDHS model
The Coster-Kronig{CK) transitions do not change the total calculated by Chen, Craseman, and Mg2k

K- to L-shell vacancy transfer probability. Th@,q_i have

been evaluated using the following equations given by Rao

and co-workerg12]: RESULTS AND DISCUSSION
The measured values of the to L-shell vacancy transfer

1 .
L= o— [Tr(KL )+ 20 A(K L) +TA(K Ly) probability 7, for ten elements, namely, Ta, W, Re, Au,
T o R Th AT TR AL 2 Hg, Tl, Pb, Bi, Th, and U are listed in Table I. The overall

error in the measured values is estimated to be 8%. This error
+TA(K La)+T AKX 1 . . oo .
AlKLLg) FTAKL X, (10 5 attributed to the uncertainties in the different parameters
1 used to deducey, values, Eq(4); namely, the error in the
= To(K V42T (K, L)+TA(K, L area evaluation under tthex-ray peak(<5%), in the absorp-
KL F(K)[ R(KL) AL HEAKLL2) tion correction facton(<3%), in the (,G),/(1,G), factor

(=<4%), and other systematic errofs:4%,). The experimen-

FEAKL L) FTAKL X, (11 tal valuesz,, are compared with the calculated valueg,

1 (RDHS) and those tabulated by Rao, Chen, and Craseman

= Tuo(K: V42T a(K: L) 4T (K, L 7k (R) [12]. These values are found to be in good agreement
KL L'k [Te(key) AlKL b T TAlKL L) with both thezy, (R) values for the elements #Z<92. The

measured results show that thg, (R) values are quite reli-
able in the case of these elements. In this table, the calculated
kL Vvalues using Eqs(10)—(13) are also given. In these
X=M,N,0 calculations, the radiative transition rates are tabulated by
Scofield[1] and the radiationless transition rates are calcu-

FLAKL La) +TAKL X) ], (12

and lated by Chen, Craseman, and Mde. These values are
KL= 2 7k 13 asoin agreement with experimental results.
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