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2 Atatürk University, Faculty of Art and Science, Department of Physics, 25240 Erzurum, Turkey
3 Atatürk University, K.K. Education Faculty, Department of Physics Education, 25240 Erzurum, Turkey

Received 21 March 2002 / Received in final form 9 July 2002
Published online 12 November 2002 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2003

Abstract. K shell X-ray production cross-sections in the Ti, V, Cr, Mn, Fe, Co, Ni, and Cu in the molecules
were studied at 59.5 keV excitation energy by using a Si(Li) detector (FWHM = 155 eV at 5.96 keV). The
present results are compared with other theoretical values.
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1 Introduction

Precise determinations of the X-ray production cross-
sections are extremely important for atomic, molecular
and radiation physics. These cross-sections are broadly
used, for example, in methods of non-destructive analy-
sis of materials, basic studies of atomic process and dose
calculation in medical physics. In addition, comparison
of measured X-ray production cross-section with theo-
retical estimates provide a check on the validity of var-
ious physical parameters such as photoionisation cross-
sections, X-ray production yields and emission rates.

Experimental and theoretical emission lines and X-ray
production cross-sections rates have been reported by
different authors [1–10]. Mittra et al. have stimulated
their targets by charged ion projectiles [11]. Büyükkasap
measured alloying effect on X-ray production yield and
production cross-sections in CrxNi1−x and CrxAl1−x al-
loys [12]. The X-ray production cross-sections of bro-
mide and iodine compounds have been measured by
Küçükönder [13]. Some attempts have been made by us-
ing data on the structure of density of states in valence
band of the solids. Compounds of elements in the first
transitions series, which have unpaired electron in the 3d
shell, may be considered to have a complicated valence
band structure. The chemical state of 3d elements espe-
cially affects Kβ X-ray emission probabilities, because the
state of 3d elements is very sensitive to external influ-
ence (chemical environment) [14]. K X-rays (Kα and Kβ)
are depended on the physical and chemical environment
of the element in the sample. In the early studies of 3d
metal compounds [15] the influence of chemical effects has
shown differences in the Kβ-to-Kα X-ray intensity ratios
up to nearly 10%, L shell production yields and produc-
tion cross-sections [16] up to nearly 10–20%. Such chem-

ical effect can be caused either by varying the 3d elec-
tron population or by mixing of p states from the ligand
atoms with 3d states of the metal or both. The change
in the number of 3d electron population of the transition
metal atom in the chemical compound modifies 3p orbitals
much stronger than 2p orbitals, what must be followed by
substantial modification of Kβ transitions and almost no
modification of Kα transitions. An additional possible rea-
son for the chemical effect is the Coster-Kronig broading
of L2 level the width [17] and we have measured chemical
effect on enhancement of Coster-Kronig transitions of L3

X-rays [18].
In this work, K X-ray production cross-sections of com-

pounds containing Ti, V, Cr, Mn, Fe, Co, Ni, and Cu el-
ements were measured.

2 Experimental

Experimental measurements were carried out on the K
characteristic radiations of Ti, V, Cr, Mn, Fe, Co, Ni,
and Cu stimulated by 59.5 keV gamma photons of a
75 mCi 241Am source molecules. Powder samples were
sieved by a 400 mesh and supported on a mylar film at
≈ 2−4×10−3 g cm−2 thickness. The Si(Li) detector which
had 155 resolution eV at 5.9 keV and system 100 card with
pulse height analyser were used to count Kα and Kβ pho-
tons emitted from samples. The experimental set up and
K X-ray spectra of Cr are given in Figures 1 and 2, re-
spectively. As shown in Figure 1, the lead shield was used
to avoid the direct exposure of the detector to radiation
from the gamma ray source. Iron lining on its inner side
was used to avoid the Pb L X-rays. The aluminium lining
was used to collimate K X-rays from iron. The K shell
production cross-sections have been calculated using the
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Fig. 1. Experimental set-up.

 
Fig. 2. Characteristic X-ray spectra of Cr.

following equation

σKi =
NKi

I0GεKi βKitKi

(1)

where NKi is the intensity observed for the Ki X-ray line
of the element (i = α, β), I0 is the intensity of excit-
ing radiation, G is the geometry factor, tKi is the mass
of the element in the sample (g cm−2), βKi is the target
self-absorption correction factor for both the incident and
emitted radiation, and εKi is the detection efficiency of
the detector at the energy of Ki X-rays. Since the self-
absorption effect and detector efficiency effect are differ-
ent for different energy. The corrections for these effects
were made on measured values in equation (1).

I0Gε values in the present experimental set-up were
determined in a separate experiment. Target of pure ele-
ments with atomic numbers 22 ≤ Z ≤ 48 emitting fluo-
rescent X-rays in energy range 4.5–26 keV were irradiated
using the same geometry and the fluorescent X-rays were
counted. I0Gε values for the present set up were therefore
determined by the following equation

I0GεKi =
NKi

σKi βKi tKi

(2)

where σKi is the σKα or σKβ
production cross-sections.

The self-absorption correction factor has been calculated
by using the following expression obtained by assuming
the incidence angle of the fluorescent X-rays subtended
by detector to be approximately 90◦

βKi =
1 − exp

[
(−1)

(
µinc

cosφ
+ µemt

)
tKi

]
(

µinc

cosφ
+ µemt

)
tKi

(3)

where µinc (cm−2g) and µemt (cm−2g) are the mass ab-
sorption coefficient [19] at the incident photon energy and
fluorescent X-ray energy of the sample. φ has been calcu-
lated by using the following expression [20]

cosϕ =
ι

[ι2 + 0.25(R0 + R1)2]1/2
(4)

where ι is the distance from the source to the sample, R0

and R1 the internal and external diameters of radioisotope
source. φ has been calculated as 21◦. In addition, we have
also checked the angle, from the shift in energy of the
incoherent scattered peak from the coherent peak using
by Compton scattering formula.

3 Results and discussion

The obtained experimental and theoretical results are
given in Table 1 as K shell production cross-sections.
The errors in the experimental K-shell production cross-
sections are estimated to be 6–12%. This error arises from
uncertainties in the various parameters used to calculate
the K production cross-sections, including errors due to
peak area evaluation (<4%), I0Gε factor (3%), target
thickness measurements (≈ 3%) and absorption factor
(≈ 2%). All errors were computed according to the classi-
cal rules of the error propagation and the resultant error
is quoted on the measured production yields.

Outermost electrons participate in electron transitions
from upper shell to K shell and are also emitted as Auger
electrons. Auger process involves a radiationless transi-
tion. In this transition, instead of the emission of Kα

and Kβ lines in electronic transition from the L, M, N, ...
shells to the K shell, the energy of transition is taken up
to eject a second outer or outmost shell (L, M, N, ...) elec-
tron. Thus the Auger yield strongly depends on situations
of outermost electrons. As seen from Table 1, even though
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Table 1. K shell production cross-sections (barns/atom).

there is not any systematic relation between K shell X-ray
production cross-sections and the formal oxidation num-
ber of the element in the compound, there is a decrease
in the K shell X-ray production cross-section as the ox-
idation number increases. The reason for this decrease
may be due to the molecular structure of the samples.
The molecules have different bond energies and different
interatomic bond distances between ligands and central
atom. Different interatomic bond distances cause differ-
ent interaction between ligands and central atoms. These

effects play an important role in K X-ray emission. An in-
crease in K X-ray cross-sections is observed with increas-
ing interatomic distances. Chemical bonding type (ionic,
metallic, covalent) affects the K X-ray production cross-
sections. The individual characteristics of the structure of
molecules, complexes and crystals (polarity, valancy and
electronegativity of atoms, coordination number, ionici-
ties of covalent bond etc.) mainly affect the K X-ray pro-
duction cross-sections. A change in chemical bond leads
to a change in its valence electron density. The electron
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density decreases or increases depend on type of bonding
with adjacent atoms in a the molecule or crystal.

From Table 1, it can be seen that the present data
are in agreement, within the experimental uncertainties,
with the theoretical values of K shell production cross-
sections calculated by Scofield [21] for the 3d elements.
It is concluded that the experimental K shell production
cross-section values measured in this work are in good
agreement with the theoretical results for all 3d elements.
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