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Abstract

K-shell fluorescence yields ωK were measured for the elements Ti, V, Cr, Fe, Co, Ni, Cu and F and Cl

compounds of these elements. Measurements were carried out at 10 keV excitation energy using secondary

excitation method. K x-rays emitted by samples were counted by a Si(Li) detector with 160 eV resolution

at 5.9 keV. Measurement of K-shell fluorescence yields ωK for these elements are compared with earlier

experimental results obtained by other methods.
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1. Introduction

The de-excitation of an atom with an inner-shell K vacancy can proceed either by the emission of an
X-ray photon or by the ejection of Auger electrons. The de-excitation of an atomic shell is characterized by them
fluorescence yields and is defined as the probability that a vacancy in the K-shell is filled through a radiative
transition.

K-shell fluorescence yields ωK are important for both basic and applied research. Measurements of
fluorescence yields for different elements at various photoionization energies fulfil important tasks in atomic,
molecular and radiation physics, elemental XRF analysis, medical research and irradiation processes. K shell
fluorescence yields for different elements have been investigated for many years and have been compiled [1–3].

Theoretical values of ωK were obtained in the region 4 ≤ Z ≤ 54 by McGuire [4, 5] and Walters and Bhalla
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[6] using the Hartree-Fock-Slater model. K-shell fluorescence yields of some elements were measured by using

59.54 keV γ -rays from a 100 mCi 241Am radioactive source [7–9]. Although K-shell fluorescence yields ωK

have typically been studied for pure elements, a small number of studies have been concerned with chemical
effects on K-shell fluorescence yield. X-ray emission spectra are influenced by the chemical combination of x-ray
emitting atoms with different ligands. In the earlier studies by this group we investigated chemical effects on
K-shell fluorescence yields [10, 11].

In the present investigation, the K-shell fluorescence yields for the elements Ti, V, Cr, Fe, Co, Ni, Cu,
and F and Cl compounds of these elements have been measured at 10 keV x-ray excitation energy using a
secondary excitation method.

2. Experimental

We have measured the K-shell fluorescence yields ωK for Ti, V, Cr, Fe, Co, Ni and Cu in TiF3 , TiF4 ,
VF3 , VCl3 , CrCl2 CrF2 , CoF2 , CoF3 , CoF2 .4H2O, CoCl2 , CoCl2 .6H2 O, NiF2 , NiF2 · · · 4H2 O, NiCl2 · · ·
6H2 O, NiCl2 · · · H2 O, NiCl2 , CuCl, CuCl2 · · · 2H2O, CuF2 , CuF2 · · · 3H2O. The samples were sufficiently
thin such that no significant correction to the data was required for the difference of self-absorption between
Kα and Kβ lines, but particle size corrections were nonetheless performed on the data. Powder samples

were prepared by supporting on scotch tape. The secondary excitation method was used. The point source

of 241Am (100 mCi) excites the K x-rays from secondary exciter. The secondary excitation source was pure

metal Ge (99.99%). The incident energies were calculated by taking the weighted average of Kα and Kβ x-ray

energies according to their intensity ratios [12]. The Si(Li) detector, which has a resolution of 160 eV at 5.9
keV, and an ND66B pulse height analyzer were used to acquire Kα and Kβ photons emitted from samples.
In order to determine how much Compton scattering photons contribute to the excitation of the sample, a
reference secondary exciting sample having the same scattering properties with the sample was used in the
same experimental conditions. Furthermore, the reference secondary exciting sample is so chosen only γ rays
scattered from it can excite the main sample but not its secondary x-rays. To minimize the effect of the unwilling
contribution of the Compton scattered photon, the peak area (originating from the scattered photons) obtained
from this sample subtracted from the Kα and Kβ peak areas of the main sample.

The experimental set-up is shown in Figure 1. As shown, the lead shield avoided the direct exposure of
the detector to radiation from the radioactive source. The angle of incident photons and emitted x-rays with
respect to the normal to the surface of the sample was 45◦ in the present set-up. A typical K x-ray spectrum
of NiCl2 · · · 2H2 O is shown in Figure 2.

3. Data analysis

3.1. Theoretical method

Theoretical values of the Kα and Kβ x-ray fluorescence cross-sections (σKα , σKβ ) have been calculated

using the relation,

σKα = σP
K(E)ωKfKα (1)

σKβ = σP
K(E)ωKfKβ , (2)

312
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Figure 1. Experimental set-up. Figure 2. K x-ray spectrum of NiCl2 · · · 2H2 O

where σP
K(E)is the K shell photoionization cross-section for the given element at excitation energy E , ωK is the

K shell fluorescence yield and fKα and fKβ are fractional x-ray emission rates for Kα and Kβ x-rays, defined
as

fKα = (1 + IKβ /IKα)−1 (3)

fKβ = (1 + IKα/IKβ)−1, (4)

where IKβ /IKα is the Kβ to Kα x-ray intensity ratio. In the present calculations, the values of σP
K(E)were

taken from Scofield [13] based on Hartree-Slater potential theory, and the values of ωK were taken from the

tables of Krause [14]. IKβ /IKα values based on relativistic Hartree-Slater theory were used for the evaluation

of theoretical K XRF cross-sections [15].

3.2. Experimental

The K x-ray fluorescence cross-sections have been measured using the relation

σKi =
NKi

I0Gεiβit
(5)

where NKi is the intensity observed for the K i−th x-ray line of each given element, Io is the intensity of
exciting radiation, G is the geometry factor, t is the mass thickness of the element in the sample (in units of

g•cm−2), β i is the target self absorption correction factor, correction factor (both for the incident and emitted

radiation) and ε i is the detection efficiency of the detector at the energy of Ki x-rays.

Values of Io Gε in the present experimental set-up were determined in a separate experiment. Targets
of pure elements, having physical cross-section areas similar to those used in the main experiment, with atomic
number 22 ≤ Z ≤ 29, emitting fluorescent x-rays in the energy range 5.5–8.7 keV, were irradiated in the same
geometry, and from which the emitted fluorescence x-rays were counted. Io Gε value for the present set up were
determined by the following relationship [16–18],

I0Gε =
NKi

σKiβimi
(6)
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where NKi is the number of Kα and Kβ x-rays recorded under the Kα or Kβ peaks; σ Ki is the σKα or σKβ

fluorescence cross-section.
The self-absorption correction factor β for both the incident and emitted radiation was calculated by

using the expression

β=
1 − exp [−(μinc/ cos θ1 + μemt/ cos θ2)t]

(μinc/ cos θ1 + μemt/ cos θ2)t
, (7)

where μ inc (cm2 g−1) and μ emt (cm2 g−1) are the mass absorption coefficients [19], and t is the mass thickness

of the target (g•cm−2). The angles of incident photons and emitted x-rays with respect to the normal at the

surface of the sample (θ 1 and θ 2) were both equal to 45◦ in the present set-up.

Table 1. K shell fluorescence yields for Ti, V, Cr, Fe, Co, Ni and Cu elements and their halogen compunds.

Compound
Present

Bambynek [1] Krause [14] Hubbell [2] Durak [7] Şimşek [3]
work

22Ti 0.173 ± 0.005 0.219 0.214 0.208 0.214
TiF3 0.182 ± 0.005
TiF4 0.203 ± 0.006
23V 0.202 ± 0.006 0.249 0.243 0.249 0.240
VF3 0.106 ± 0.003
VF4 0.153 ± 0.005
24Cr 0.221 ± 0.007 0.281 0.275 0.286 0.291
CrF2 0.248 ± 0.007
CrF3 0.186 ± 0.006
26Fe 0.270 ± 0.008 0.347 0.340 0.336 0.330 0.331
FeF2 0.132 ± 0.004
FeF3 0.144 ± 0.004

FeF3 · · · 4H2O 0.192 ± 0.006
27Co 0.286 ± 0.009 0.381 0.373 0.382 0.355
CoF2 0.290 ± 0.009
CoF3 0.297 ± 0.009

CoF2 · · · 4H2O 0.293 ± 0.009
CoCl2 0.279 ± 0.008

CoCl2 · · · 6H2O 0.282 ± 0.005
28Ni 0.322 ± 0.008 0.414 0.406 0.410 0.412 0.448
NiF2 0.335 ± 0.010

NiF2 · · · 4H2O 0.337 ± 0.010
NiCl2 0.324 ± 0.010

NiCl2 · · · H2O 0.328 ± 0.010
NiCl2 · · · 6H2O 0.327 ± 0.010

29Cu 0.350 ± 0.011 0.446 0.440 0.442 0.412 0.455
CuF2 0.359 ± 0.011

CuF2 · · · 3H2O 0.369 ± 0.011
CuCl 0.344 ± 0.010

CuCl2 · · · 2H2O 0.356 ± 0.011
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4. Results and discussion

The measured K-shell fluorescence yields ωK are presented in Table 1 and compared with available
literature experimental results. The over all errors in the experimental determination of the Kα and Kβ

XRF cross-sections are estimated as 2.5–3% and are due to counting statistics, background determination,
self-absorption correction and I0Gε determination.

Chemical effects on K-shell fluorescence yields ωK of the element under investigation depend on the
chemical environment because of the partially filled 3d subshell of first transition elements. The individual
characteristics of the structure of molecules, complexes, and crystals mainly affect the energy position of the
Kα line. Actually, an atom in a molecule or crystal differs from the free atom. Participation of the atom in
a chemical bond leads to a change in its electron density, and the valence electron density is changed to an
especially high degree. This can be described most simply and graphically using the idea of effective charge.
The electron density decreases or increases depending on the type of bonding with adjacent atoms in a molecule

or crystal. The lattice energy is 2769, 5870, 2878, 5991, 2709, 2845, 6111, 2753, 2774 kj mol−1 for FeF2 , FeF3 ,
CoF2 CoF3 , CoCl2 , NiF2 , NiF3 , NiCl2 , CuCl2 , respectively . It is clear from these results that the bond
lenght in the CoF2 , CoCl2NiF2 , NiCl2 ,CuCl2 are shorter than the bond length in CoF3 , NiF3 , CuF2 [20].
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