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Measurement of probabilities for vacancy transfer from theK to L shell
of the elements 73<Z<92

M. Ertuğrul, O. Doğan, Ö. Şimşek, and Ü. Turgut
Atatürk University, K. K. Education Faculty, Department of Physics, 25240 Erzurum, Turkey
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K- to L-shell vacancy transfer probabilities were measured for ten elements in the atomic range 73<Z<92.
Those measuringL 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-resolution Si~Li ! detector. 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 Scofield@At. Data Nucl. Data Tables14, 121 ~1974!#. The radiationless transitions
were observed from the Dirac-Hartree-Slater model which was proposed by Chen, Craseman, and Mark@At.
Data Nucl. Data Tables24, 13 ~1979!#. The measured results were found to be in good agreement with
theoretically calculated values. The experimental and theoretical values were fitted versus atomic numberZ.
@S1050-2947~96!05712-5#
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INTRODUCTION

The accurate determination of characteristic x-ray fluor
cence cross sections, relative intensities,K, L, M and other
shell fluorescence yields for elements are important beca
of their widespread use in the fields of atomic, molecu
and radiation physics and in nondestructive elemental an
sis of materials, radiational photon sources of synchrot
radiation. TheL x-ray production cross sections were me
sured experimentally@3–6#. Ertuğrul, Doğan, and S¸ imşek @7#
measuredK- to L-shell radiative vacancy transfer probabi
ties for elements in the atomic range 72<Z<92. The va-
cancy transfers of inner shells by Coster-Kronig were m
sured for L x rays in heavy elements by Ertug˘rul @8#.
Ertuğrul @9# measuredKa to La intensity ratios and en
hancement factors of vacancy transfer for lanthanides.
et al. @10,11# have measuredK- to L-shell andL- toM -shell
vacancy transfer probabilities for elements in the atom
range 37<Z<42 and 18<Z<96, respectively. In addition
Puri et al. @11# have calculated values and fitted them vers
atomic numberZ values and fitted coefficients for vacanc
transfer probabilities ofK to L1, K to L2, K to L3, K to L
~average!, L1 to M , L2 to M , L3 to M shells. The values o
the hKLi

~i51,2,3! for elements in the atomic rang
20<Z<94 have been calculated by Rao, Chen, and Cra
man@12#. In these calculations, the contributions due to A
ger and radiative transitions were derived using the b
fitted experimental data on the fluorescence yields and
intensity ratios of different components ofKLX
~X5L,M ,N...! Auger electrons andK x rays currently avail-
able. The data regardingK x-rays used in these evaluation
were reasonably reliable and in agreement with theoretic
calculated values.

The method of Puriet al. @10# is based on the number o
L x rays produced at the photon excitation energy below
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K edge and at the excitation energy above theK edge, where
the major contribution~80–85%! to L-shell vacancies come
from the decay ofK-shell vacancies. In their experimen
55Fe and109Cd ~photon energy 22.6 keV! annular photon
sources were used for excitation below and above theK
edge, respectively. In this study, we measuredK- to L-shell
vacancy transfer probabilities for the atomic ran
73<Z<92. The241Am ~energy 59.5 keV! and57Co ~energy
122 keV! low-energy annular radioisotope photon sourc
were used for excitation below theK edge and above theK
edge, respectively. The measured values have been c
pared with the semiempirical values tabulated by Rao, Ch
and Craseman@12# and the theoretical values deduced usi
Auger transition rates@2# and radiative x-ray emission@1#
based on the relativistic Dirac-Hartree-Slater~RDHS! model.

EXPERIMENTAL PROCEDURE

The experimental arrangement for the annular source
ometry in the direct excitation mode used in this study
shown in Fig. 1. In this arrangement low-energy phot
sources of241Am ~100 mCi! and57Co ~100 mCi! were used.
The energies of the primary photons are 59.5 and 122 k
for 241Am and57Co, respectively. Spectroscopically pure ta
gets of Ta~99%!, W ~99%!, Au ~99%!, Hg~NO3!2 ~99%!,
Tl2O3 ~99%!, PbO ~99.95%!, Bi2O3 ~99.98%!, Th~NO3!2
~99%!, and~CH3COO!2 UO22H2O ~99%! of thickness rang-
ing from 25.84 to 51.68 mg/cm2, have been used for mea
surements. TheL x-ray spectra from various targets we
recorded using a Si~Li ! detector@full width at half maximum
~FWHM!5160 eV at 5.96 keV, active area512.5 mm2, sen-
sitive dept53.5 cm# coupled to a Nuclear Data multichann
analyzer~MCA! system~ND 66 B!. Each target was excited
and recorded for the time intervals ranging from 3 to 12 h
typical L x-ray spectrum of Hg~NO3!2 at 59.5 keV excitation
energy is shown in Fig. 2.
303 © 1997 The American Physical Society
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DATA ANALYSIS

The L-shell x-ray production cross sectionss Lx
( i ) ~i51,2!

at excitation energies below and above theK edge of ele-
ments are given by Eqs.~1! and ~2!, respectively,

sLx
~x!5sL

~1!v̄L , ~1!

sLx
~2!5~sL

~2!1sk
~2!hKL!v̄L , ~2!

wheresK
( i ) ands L

( i ) are the totalK- and L-shell ionization
cross sections, respectively. The numbers~1! and ~2! corre-
spond to excitation energies 59.5 and 122 keV, respective
i.e., below and above theK edge of the elements.v̄L is the
value of theL-shell fluorescence yield that does not differ
significantly for moderately different distributions of initial
Li subshell vacancies produced by excitation energies belo
and above theK edge of the elements.

FIG. 1. Experimental arrangement.

FIG. 2. L x-ray spectrum of Hg recorded by a Si~Li ! detector.
ly,

w

The experimentalL x-ray production cross sections,s Lx
( i )

were evaluated using the relation

sL
x5

NLx
~ i !

I 0G« ib im
. ~3!

Using equalities~1!–~3!, the experimentalK- to L-shell va-
cancy transfer probabilityhKL can be expressed as

hKL5
1

sK
~2! F ~ I 0G!1

~ I 0G!2
bL

~1!

bL
~2! sL

~1!2sL
~2!G , ~4!

whereNi is the number of counts per unit time under t
photopeak corresponding to theL x ray of the element,
(I 0G) i is the intensity of the exciting radiation falling on th
area of the target sample visible to the detector,« is the
efficiency of the detector at the averageL x-ray energy of the
element, andm is the mass per unit area of the element in t
target. ThebL is the self-absorption correction factor for th
incident photons and emittedL x-ray photons. The values o
bL have been calculated by using the following express
obtained by assuming that the fluorescence x rays are
dent normally on the detector:

bL5
12exp@~21!~m inc secu11memt secu2!#t

~m inc secu11memt secu2!t
, ~5!

whereminc and memt are the absorption coefficients at th
incident and emitted x-ray photon energy. The values
taken from the tables of Hubbell and Seltzer@13#. In their
tables, them/r values are taken from the current photon i
teraction database at the National Institute of Standards
Technology.t is the thickness of the target in g/cm2, andu1
andu2 are the angles of incident photons and emitted x r
with respect to the normal at the surface of the sample.

However, in the present work, the value of the fac
I 0G« i , which contains terms related to the incident phot
flux, geometrical factor, and the absolute efficiency of t
x-ray detector, was determined by collecting theK x-ray
spectra of thin samples of Fe~99.9%!, ZnO2 ~99.9%!, As2O3
~99.9%!, SeO2 ~99%!, SrCl2•6H2O ~99%!, ZrO2 ~99.9%!,
Mo ~99.9%!, and Pd2Cl ~99%! in the same geometry in
which theL XRF cross sections were measured and us
the equation

I 0G«ka5
NKa

bKamsKa
, ~6!

whereNKa , bKa , and«Ka have the same meaning as in E
~3! except that they correspond toK x rays instead of thei th
group ofL x rays. In these calculations, the theoretical v
ues of theK x-ray fluorescence cross sections~sKa! were
calculated using the equation

sKa5sK~E!vK f Ka , ~7!

wheresK(E) is the K-shell photoionization cross section
@14# for the ten elements at the excitation energyE, vK is the
K-shell fluorescence yield from the tables of Hubbellet al.
@15#, and f Ka @16# is the fractional x-ray emission rate fo
Ka x rays and is defined as

f Ka5S 11
I Kb

I Ka
D 21

, ~8!
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whereI Kb/I Ka is theKb to Ka x-ray intensity ratio. In this
present work, experimentalhKL have been evaluated usin
Eq. ~4!. The values of theK- and L-shell photoionization
cross sections~sK

i ands L
i ! have been taken from the table

of Scofield@14#. The ratio (I 0G)1/(I 0G)2 was determined by
taking the x-ray spectra of thin sample Fe, ZnO2, As2O3,
SeO2, SrCl2•6H2O, ZrO2, Mo, and Pd2Cl excited by 59.5-
and 122-keV photons and using the equation

~ I 0G!1
~ I 0G!2

5
N1sKa

~2!

N2sKa
~1!

bKa
~2!

bKa
~1! , ~9!

where all the symbols have a similar meaning, as explai
above, except that these correspond to theK shell instead of
theL shell. The (I 0G)1/(I 0G)2 ratios are found as 8567.

THEORETICAL K- TO L -SHELL VACANCY TRANSFER
PROBABILITIES

The probabilities for vacancy transfer fromK- to L-shell
hKLi

~i51,2,3!, is defined as the number of primar
Li-subshell vacancies produced in the decay of oneK-shell
vacancy through radiative transition and through Auger tr
sitions of the typesK2LiL j andK2LiX (X5M ,N,O,...).
This definition excluded theLi subshell vacancies produce
through a Coster-Kroning transition of the typeLi2L jX.
The Coster-Kronig~CK! transitions do not change the tot
K- to L-shell vacancy transfer probability. ThehKLi

have
been evaluated using the following equations given by R
and co-workers@12#:

hKL1
5

1

G~K !
@GR~KL1

!12GA~KL1
L1!1GA~KL1

L2!

1GA~KL1
L3!1GA~KL1

X!#, ~10!

hKL2
5

1

G~K !
@GR~KL2

!12GA~KL2
L2!1GA~KL2

L2!

1GA~KL1
L2!1GA~KL2

X!#, ~11!

hKL3
5

1

G~K !
@GR~KL3

!12GA~KL3
L3!1GA~KL2

L3!

1GA~KL1
L3!1GA~KL3

X!#, ~12!

X5M ,N,O

and
hKL5ShKLi

, ~13!
ta

P.
d

-

o

where GR(KLi) is the radiativeK-shell partial widths,
GA(K2LiL j ) andGA(K2LiX) are the radiationless partia
widths, andG(K) is the totalK-level widths.

The K- to L-shell vacancy probabilities based on th
RDHD model, hKL ~RDHD!, were evaluated using Eqs
~10!–~13!. In these evaluations, we used the RDHS mod
basedK-shell radiative transition rates tabulated by Scofie
@1# and the Auger transition rates based on the RDHS mo
calculated by Chen, Craseman, and Mark@2#.

RESULTS AND DISCUSSION

The measured values of theK- to L-shell vacancy transfe
probability hKL for ten elements, namely, Ta, W, Re, A
Hg, Tl, Pb, Bi, Th, and U are listed in Table I. The overa
error in the measured values is estimated to be 8%. This e
is attributed to the uncertainties in the different paramet
used to deducehKL values, Eq.~4!; namely, the error in the
area evaluation under theL x-ray peak~<5%!, in the absorp-
tion correction factor~<3%!, in the (I 0G)1/(I 0G)2 factor
~<4%!, and other systematic errors~<4%!. The experimen-
tal valueshKL are compared with the calculated values,hKL
~RDHS! and those tabulated by Rao, Chen, and Crasem
hKL~R! @12#. These values are found to be in good agreem
with both thehKL~R! values for the elements 73<Z<92. The
measured results show that thehKL~R! values are quite reli-
able in the case of these elements. In this table, the calcul
hKL values using Eqs.~10!–~13! are also given. In these
calculations, the radiative transition rates are tabulated
Scofield @1# and the radiationless transition rates are cal
lated by Chen, Craseman, and Mark@2#. These values are
also in agreement with experimental results.

TABLE I. The comparison of experimental and theoretical r
sults forK- to L-shell vacancy transfer probability.

Elements hKL(E)
hKL(T)
Ref. @12#

hKL(T)
Refs.@1,2#

Ta 0.82960.002 0.829
W 0.85560.004 0.821 0.827
Re 0.90460.005 0.825
Au 0.81560.008 0.816
Hg 0.81560.008 0.809 0.813
Tl 0.79560.009 0.812
Pb 0.80560.012 0.806 0.809
Bi 0.63760.013 0.807
Th 0.63660.013 0.795 0.794
U 0.68260.021 0.792 0.792
P.
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@7# M. Ertuğrul, O. Doğan, and O¨ . Simşek, Rad. Phys. Chem.~to
be published!.
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