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Vacancy Transfer Probabilities from K to L Shell
for Low Atomic Number Elements at 5.96 keV
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Vacancy transfer probabilities from K to L shell were measured using IKβ/IKα intensity ratios for six elements
in the atomic region 16 ≤ Z ≤ 22. The K X-rays from the targets excited by 5.96 keV (1.85 GBq 55Fe filtered
annular source) incident photon were obtained using a high resolution PGT model Si(Li) detector. Theoretical
values were calculated using radiative and radiationless transition rates of these elements. The measured values of
ηKL were compared with the theoretical ones. Reasonable agreement was typically obtained between present and
theoretical values.

PACS numbers: 32.80.−t, 33.20.Rm

1. Introduction

When an atomic shell/subshell has been ionized, a va-
cancy is created in an inner shell (e.g. the K shell). This
vacancy is filled up by an electron coming from some
higher shell. It is excited through radiative or radiation-
less (Auger) transitions. K to L shell vacancy transfer
probability is defined as the number of L shell vacancies
produced in the decay of one K shell vacancy through
radiative or Auger transitions. A knowledge of average
vacancy distributions is important for the study of such
processes as nuclear electron capture, internal conversion
of γ-rays, photoelectric effect and generally, whenever
primary vacancies produced in the shell must be distin-
guished from multiple ionization due to the decay of inner
vacancy [1].

Recently, there were several works on L X-ray intensity
ratio [2–3], K, L and M X-ray production cross-sections
[4–8], Coster–Kronig transitions probabilities [9–10] and
chemical effect [11] for many elements using EDXRF
spectrometry.

K to L shell vacancy transfer probabilities were mea-
sured in the atomic region 37 ≤ Z ≤ 42 at 5.96 keV and
22.6 keV energies by Puri et al. [12]. In addition to this,
Puri et al. [13] evaluated the probabilities gηKL, ηLM and
ηKM for elements in the atomic number region 18 ≤ Z ≤
96. Ertuğral et al. measured K to L shell vacancy trans-
fer probabilities using intensity ratios of Kα and Lx total
X-rays [1] and IKβ/IKα intensity ratios [14–15] for some
elements in different atomic regions. Rao et al. [16] have
calculated the values of ηKLi (i = 1, 2, 3) for elements in
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the atomic range 20 ≤ Z ≤ 94. In these calculations, the
contributions due to Auger and radiative transitions were
derived using the best fitted experimental data on the
fluorescence yields and intensity ratios of different com-
ponents of KLX (X = L; M; N, etc.) Auger electrons and
K X-rays available in those dates. Schönfeld and Janßen
[17] reported K to L shell vacancy transfer probabilities
for elements in the range 11 ≤ Z ≤ 100 using experimen-
tal and theoretical values of K-shell fluorescence yield,
mean L-shell yield, ratios of X-ray emission probabilities,
ratios of emission probabilities of Auger electrons and the
vacancy transfer coefficient collected from literature.

A systematic study of K to L and M shells vacancy
transfer probabilities measured for different elements in
the atomic range 52 ≤ Z ≤ 92 as a function of incident
photon energy has previously been undertaken [18–22].

To the best of our knowledge there are no reports
regarding the measurements of experimental vacancy
transfer probabilities of K to L shell in the low atomic
number elements.

In the present work, we report the measurement of va-
cancy transfer probabilities from K to L shell for S, Cl,
K, Ca, Sc and Ti using IKβ/IKα intensity ratios. The
targets were excited with 5.96 keV photons 55Fe source.
Finally, the measured values of ηKL were compared with
all available data and the theoretical values deduced us-
ing the calculated radiative and radiationless transitions
rates.

2. Experimental procedure and calculations

The experimental set-up, as described earlier (Apay-
din et al. [8]), consists of a Si (Li) detector, a 55Fe ra-
dioisotope source and a target. In this work, the studied
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elements were S, Cl, K, Ca, Sc and Ti. The purity of
commercially obtained materials was better than 99%.
Powder samples were sieved to 400 mesh size and pal-
letized to thickness ranging from 15 to 37 mg cm−2. The
samples were irradiated by 5.96 keV photons emitted by
an annular 1.85 GBq 55Fe radioactive source. The in-
cident beam and fluorescence X-rays emitted from the
target were detected and analyzed with a Si (Li) detec-
tor (FWHM = 160 eV at 5.96 keV, active area = 13 mm2,
thickness = 3 mm and Be window thickness = 30 mm).
The output from the preamplifier, with pulse pile-up re-
jection capability, was fed to a multi-channel analyzer
interfaced with a personal computer provided with suit-
able software for data acquisition and peak analysis. The
live time was selected to be 5000 s for all elements. The
samples were placed at a 45◦ angle with respect to the
direct beam and fluorescent X-rays emitted in a 90◦ di-
rection towards the detector. Figure 1 shows a typical K
X-ray spectrum for S.

Fig. 1. Typical K X-ray spectrum for S.

The experimental K to L total vacancy transfer prob-
abilities ηKL were evaluated from [17]

ηKL =
2− ωK

1 + (IKβ/IKα)
, (1)

where ωK is the fluorescence yield of the K shell [23] and
IKβ/IKα is the intensity ratio of the K X-rays. We used
the following equations to calculate the IKβ/IKα intensity
ratio

IKβ

IKα
=

NKβ

NKα

βKα

βKβ

εKα

εKβ
, (2)

where NKβ and NKα are the net counts under the Kβ

and Kα peaks, βKβ and βKα are the self-absorption cor-
rection factor for energies of Kβ and Kα peaks. The self
absorption correction factor β at the excitation energy
was calculated with the following equation

β =
1− exp (− (µinc/ sin θ + µemt/ sinφ) t)

(µinc/ sin θ + µemt/ sin φ) t
, (3)

where µinc and µemt are the total mass absorption co-
efficients (from XCOM [24]) of the target material at

the incident photon energy and emitted average Kα and
Kβ X-ray energies [25], t is the thickness of the target
in g cm−2, θ and φ are the angles of incident photon and
emitted X-rays with respect to the normal at the surface
of the sample, respectively.

εKβ and εKα are the detector efficiencies at the ener-
gies of the Kx X-ray energies; which were evaluated by
the equation

εKi =
NKi

I0GβKimiσKi
, (4)

where NKi and βKi have the same meaning as in Eq. (2).
The term Io is the intensity of exciting radiation, G is
the geometry factor, mi is the mass of the element in the
sample in g cm−1. Absolute efficiency ε of the X-ray de-
tector was obtained by using Eq. (4). Kα and Kβ X-ray
peak of Al, Si, P, S, K, Ca and Sc elements were collected
for this measurement by using compounds of these ele-
ments at the same condition for the intensity ratio mea-
surements. This measurement was also explained in one
of our previous papers [8].

The term σKi represents the K X-ray fluorescence cross
sections and is given as

σKi = σP
KωKfKi , (5)

where σP
K is the K shell photoionization cross section [26]

and fKi is the fractional X-ray emission rate [27].
Theoretical calculations were made according to a pre-

vious paper [1].

3. Results and discussion
The measured values of the K to L shell vacancy trans-

fer probability, ηKL, for 6 elements namely, S, Cl, K, Ca,
Sc and Ti, are listed in the Table. This experimental
values ηKL are compared with the theoretical values cal-
culated by Rao et al. [16].

Our experimental values were then fitted to a third-
-order polynomial as a function of atomic number Z
(ΣAnZn) and fitted values of the K to L shell vacancy
transfer probability listed in the Table. These values are
plotted as a function of the atomic number in Fig. 2. Fit-
ted coefficients are also presented in Fig. 2. Using these
fitted values, the required experimental K to L shell va-
cancy transfer probability for individual elements can be
obtained for comparison and the fit will be valid in the
atomic range 16 ≤ Z ≤ 22.

The experimental results alongside with the theoreti-
cally calculated values and semiempirical values are rep-
resented graphically as vacancy transfer probabilities ver-
sus atomic numbers in Fig. 2. In the theoretically cal-
culated values, the radiative transition rates were taken
from [28] and the radiationless (Auger) transition rates
were taken from [29].

In this study, the overall uncertainties in the present
measurements is estimated to be less than 5–8%. This
is attributed to the uncertainties in different parameters
used to deduce ηKL values; namely, that in the area eval-
uation under the Kα and Kβ X-ray peak (< 3%), in the
absorption correction factor ratio (< 2%), the product
I0Gε (3%) and the other contributions (< 2%).
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Fig. 2. ηKL as a function of atomic number Z.

It can be seen from the Table and Fig. 2, that
our measured values are in good agreement, within

the experimental uncertainties, with the calculated
theoretical values for the elements 16 ≤ Z ≤ 22. The
experimental values are generally lower than theoretical
results. One of the reasons for this may be chemical
effect that occurred because of their compound struc-
ture. As one would expect that besides the K X-rays
and the secondary electrons from the high Z element
can enhance the K X-ray yields of the low Z elements,
more photons and electrons such as the Compton
electrons and the Compton scattering photons may be
energetically possible to ionize the K-shell electrons of
the lower Z elements but not enough to ionize the higher
Z ones. The agreement between the present results and
theoretical predictions are within the range 0.5–1.5% for
the K to L shell vacancy transfer probability. As the
present measurement was carried out in air, Ar K lines
were observed in almost all of spectra. The K lines for
present elements separated from the Ar K lines and so,
for these targets, there was no problem in evaluating the
peak integral of the K X-ray lines.

TABLE
Comparison of experimental and theoretical results for K to L shell vacancy transfer probabilities.

Elements
ηKL

Present exp. Fitted exp.
values

Theoretical
values

Other theoretical values
Ref. [16]

16S 1.812± 0.054 1.819 1.803 –
17Cl 1.777± 0.053 1.765 1.766 –
18Ar – 1.717 1.729 –
19 K 1.669± 0.050 1.674 1.692 –
20Ca 1.632± 0.049 1.635 1.656 1.595
21Sc 1.602± 0.048 1.602 1.620 –
22Ti 1.574± 0.047 1.573 1.584 1.548

According to earlier methods [3–14], it is necessary
to measure L X-ray production cross-sections at above
and below energies from K shell binding energy. For
the Si (Li) or Ge (Li) spectrometer, it is not possible
to determine L X-ray line intensities for the low atomic
number elements because of detector efficiency. Present
method allowed us to measure K to L shell vacancy trans-
fer probabilities for low atomic number elements, since we
can measure K X-ray intensity for these elements using
a Si (Li) detector.

Due to the absence of experimental data in the liter-
ature, our experimental values could not be compared
with the other experimental values.

In conclusion, the present good agreement with the
theoretical values leads to the conclusion that the present
method will be beneficial for determining of vacancy
transfer probability in the low atomic number and satis-
factory for many other applications employing the fun-
damental parameter approach.
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