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Effective atomic number, electron density and kerma
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Abstract. An attempt has been made to estimate the effective atomic number, electron density
(0.001 to 10° MeV) and kerma (0.001 to 20 MeV) of gamma radiation for a wide range of oxides of
lanthanides using mass attenuation coefficient from WinXCom and mass energy absorption coef-
ficient from Hubbell and Seltzer. The values of these parameters have been found to change with
energy for different oxides of lanthanides. The lanthanide oxides find remarkable applications in the
field of medicine, biology, nuclear engineering and space technology. Nano-oxides of lanthanide
find applications in display and lighting industry.
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1. Introduction

Oxides of lanthanides have many applications in scientific, technological, medical and
commercial fields. Cerium oxide is widely used in automobile exhaust catalysts as oxy-
gen storage material. Due to its ability to take and release oxygen under oxidizing and
reducing conditions, it replaces silicon dioxide in electronic appliances. Dysprosium
oxide is used in cermets as nuclear reaction control rods. Erbium oxide is used as gate
dielectric in CMOS logic circuits. Europium oxide is used as an activating ion for colour
television phosphors, as control rods in the liquid metal fast breeder reactors and in vac-
uum deposition. Gadolinium oxide is used in making metal oxide semiconductor field
effect transistors. Holmium oxide is used in producing metal halide lamps and also as
an additive of various garnets. Lanthanum oxide is used as an ingredient in non-silica,
rare element optical glass with oxides of tungsten, tantalum and thorium. Also it is used
in X-ray image intensifying screens. Neodymium oxide is used in ceramic capacitors,
colour TV tubes, high-temperature glazes, colouring glasses, carbon-arc-light electrodes
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and vacuum deposition. Samarium oxide is used in optical and infrared absorbing glass to
absorb infrared radiation. It is also used as a neutron absorber in control rods for nuclear
power reactors. Ytterbium oxide is used in the manufacture of permanent magnet mate-
rials, glass, ceramic colouring agents and laser materials. Thulium oxide targets prepared
by the polymer-assisted deposition method are used to test the method’s feasibility for
nuclear science applications by irradiating heavy-ion beams. Oxides of lanthanides are
considered as better shielding materials to the exposure of gamma radiation. In this con-
nection, the parameters such as effective atomic number, electron density and kerma turn
out to be useful parameters.

Berger et al [1] developed XCOM for estimating mass attenuation coefficient and
photon interaction cross-section of any element, compound and mixture in the energy
range from 1 keV to 100 GeV. XCOM was transformed to the Windows platform by
Gerward et al [2] and this Windows version is called WinXCom. Manohara et al [3]
have estimated the effective atomic number and electron density of amino acid in the
energy range 1 keV-100 GeV using WinXCom program. Koutroubas [4] proposed a
new thin, low-cost, gamma radiation shielding material which is an industrial by-product
based on the study of high effective atomic number. Murty [5] reported the effective
atomic number in the energy region of absorption edge for W/Cu alloy. Duvauchelle et
al [6] have developed a new method for estimating effective atomic number for mixtures,
compounds and aqueous solutions using Rayleigh to Compton scattering ratio. Nayak
et al [7] have reported accurate values of effective atomic number for polymers, alloys,
compounds and elements at an energy of 59.54 keV. El-Kateb et al [8] have estimated
the total interaction cross-section and effective atomic number for alloys such as brass
(Cu/Zn). Gowda er al [9] studied the effective atomic numbers and electron densities
of amino acids and sugars in the energy range 30—1333 keV. Shivaramu [10] estimated
the effective atomic numbers for photon energy absorption and photon attenuation of tis-
sues from human organs. Bastug et al [11] measured the effective atomic number for
(PbO, Na;B407 - 10H,0) and (UO,(NO3), mixtures against changing contents of PbO,
Na;B407 - 10H,0 and UO,(NOs3); in the X-ray energy range from 25 to 58 keV. Singh et
al [12] have evaluated effective atomic numbers and effective electron densities for some
oxides of lanthanides, and alloys of lead and tin of known composition by scattering of
145 keV y-rays. Han et al [13] studied effective atomic numbers and electron densities
from mass attenuation coefficients of Ti,Co;_, and Co,Cu_, alloys. Kurudirek et al
[14] studied effective atomic numbers of various alloys for total photon interaction in the
energy region of 1 keV-100 GeV. Recently, several investigators have made extensive
effective atomic number and electron density studies in a variety of composite materials
such as biologically important materials, semiconductors, alloys, dosimetric compounds
and glasses. The electronic configuration of lanthanides is not known with certainty. The
usual configuration is 4 f"5d'6s2 or 4 f"+16s2. 5d and 4 f orbitals are so close in energy
that it is not always possible to decide whether an electron enters 4 f or 5d orbital. The
common oxidation state of lanthanides is 4+-3. Lanthanum shows +3 oxidation states due
to the loss of 6s and 5d electrons. La®* ion has xenon configuration which is more stable.
Similarly, gadolinium and lutetium exhibit only +3 oxidation state because removal of
three electrons gives the stable [Xe]4 f7 configuration for Gd** ion and [Xe]4 f'* config-
uration for Lu** ion which are in half filled and completely filled conditions. For these,
other oxidation states are not possible. Other lanthanides show +2 and +4 oxidation
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Table 1. Various standard values of elements and oxides of lanthanides.

Sample Elements with Valence-shell Oxidation Molecular Mean atomic
No. atomic number configurations states  Oxides of lanthanides formula number

1 Cesg 472549 652 43,44  Cerium oxide Cer03 28

2 Dyse 4£10540 652 43,44 Dysprosium oxide Dy,03 31.2

3 Ergg 4712540 652 43 Erbium oxide Er 03 32

4 Eugs 417549 65> 42,43  Europium oxide Euy03 30

5 Gdgs 41754 652 43 Gadolinium oxide ~ Gd,O3 30.4

6 Hog7 411540 652 43 Holmium oxide Ho,0;3 31.6

7 Las; 4 fOSd Les2  +3 Lanthanum oxide LayO3 27.6

8 Lu7 4714540 652 43 Lutetium oxide Lu,03 33.2

9 Ndgo 44540 652 +2,43,+4 Neodymium oxide ~ NdpO3 28.8
10 Prso 473540 652 43,44  Praseodymium oxide PryO3 28.4
11 Sme) 47954%s2 42,43  Samarium oxide Smy03 29.6
12 Tbes 4£95d° 65> 43,44  Terbium oxide Tb,03 30.8
13 Tmeo 413549 652 42,43  Thullium oxide Tmy 03 32.4
14 Ybyg 414500 652 42,43  Ytterbium oxide Yb,03 32.8

states. But these states are less stable than 43 oxidation state. Different oxidation states
exhibited by lanthanides are indicated in table 1. In literature, there are very few reports
on the study of effective atomic number and electron density for oxides of lanthanides.
This prompted us to carry out this work. In the present work, the effective atomic num-
bers and electron densities have been computed for 14 oxides of lanthanides which are
shown in table 1 in the energy region of 0.001 MeV to 10° MeV using mass attenuation
coefficient values from WinXCom. The kerma relative to air has also been computed and
reported in the present work. All the estimated values are in good agreement with the
reported experimental data [12].

2. Estimation of parameters

2.1 Effective atomic number and electron density

The measured intensity I of the transmitted X-ray or y-ray through a layer of material
of thickness x is related to the incident intensity I according to the inverse exponential
power law that is usually referred to as Beer—Lambert law.

I = lpe ™ = Joe™ /P, (1)

where 1 is the mass per unit area (g/cm?) and (@/ p) is the photon mass attenuation coef-
ficient (cm?/g). For a chemical compound or mixture, the total photon mass attenuation
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coefficient (u/p)
program [2].

w w
- — i — , 2
(Io>comp IZQ) (,O)i ( )

where (1/p); and w; are respectively the photon mass attenuation coefficient and weight
fraction of the ith constituent element present in the given compound. The total cross-
section (o) and different partial cross-sections are related by the relation

comp Nas been estimated by the following ‘mixture rule” with WinXCom

O = Ocoh + Oincoh + T + K + Oph,n, 3)

where o.on and oiycon are coherent and incoherent scattering cross-sections, respectively.
T is the atomic photoelectric cross-section, « is the positron electron pair production
cross-section and oy, is the photonuclear cross-section. The effective molecular cross-
section (o) is estimated using the values of mass attenuation coefficients (it/0)comp bY
the following relation:

J’liAi
o = <ﬁ> IVLLY “)
o comp N

where N is the Avogadro’s number, n; and A; are the total number of atoms and atomic
weight of the ith element in a molecule respectively. The effective atomic cross-section
(0,) and effective molecular cross-section (oy,) are related by the following equation:

Om

_Zi”i.

Similarly, electronic cross-section (o.) is given by the following equation:

1 JiAi\ (1
%=y 2 (50) (%), @

where A; and f; = n;/ ), n; are the atomic number and fractional abundance of the
constituent element.
Effective atomic number (Zg) is the ratio of the atomic and electronic cross-sections.

Oa
Zett = —. (7
O

€

®)

Oa

The electron density (N,)) is the number of electrons per unit mass and is closely related
to the effective atomic number. The electron density for a compound is given by

(1) P)comp Zeft
Oa ’

N = (®)

2.2 Kerma

Kerma (K,) has been estimated using the known mass energy absorption coefficient of
the compound (ten/ ) comp and mass energy absorption coefficient values of air (ien/ )
with the following expression:

. (Men/:o)comp

2 = . 9
(I’Len/lo)air ( )
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(ten/ p) of both compound and air are estimated using the following relation:

(ten/P) = Y @i (then/P); - (10)

The values of mass energy absorption coefficient of the ith element, (iten/p);, at various
energies are taken from Hubbell and Seltzer [15].

3. Results and discussion

The variations of Z.g and N, are shown in figures 1 and 2. It can be seen that the varia-
tions of Z.g and N with energy are approximately similar for all the oxides of lanthanides
studied. The values of Z.i and N steadily increase up to 0.01 MeV, remain constant up
to 0.1 MeV, then they steadily decrease up to 1 MeV, then increase sharply up to 100 MeV,
after which they almost remain constant up to 10° MeV. The Z.¢ and N, values show a
broad peak and a maximum value at 0.01 MeV and minima at 1 MeV for all oxides of
lanthanides. The variation of Z. with energy may be attributed to the relative domination
of the partial processes, viz. photoelectric effect, coherent scattering, incoherent scatter-
ing and pair production [10]. At low energies the photoelectric effect is dominant and
hence Z.g for the photon absorption is mainly described by Z.g for this partial process.
Similarly, at higher energies the contribution due to scattering and pair production process
will be more in comparison with photoelectric effect and this will have its effect on Z
for photon absorption. Hence at low energies, where photoelectric effect dominates, Z¢

Lot
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Figure 1. Energy dependence of Z. for total photon interaction with coherent
scattering (labels 1-14 refer to the compounds shown in table 1, in the same order).
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Figure 2. Energy dependence of N for total photon interaction (with coherent
scattering).

value is more and at higher energies, where the scattering and pair production process
dominate, the Z.g value is less. Therefore, Z.g for photon energy absorption varies from
a higher value at lower energies to a lower value at higher energies with a peak due to
photoelectric effect around the K-absorption edge of the high-Z constituent of the com-
pound studied, depending on the relative domination of one y -ray process over the other.
Almost similar behaviour is seen in the variation of N, as a function of energy. Table
2 shows the present values of Z.; compared to the experimental results at 145 keV of
previous workers [12] which shows a good agreement between them.

The K, values estimated using expression (9) are plotted as a function of energy in fig-
ure 3. The K, values show a peak due to the photoelectric effect around the K-absorption
edge of the high-Z constituent of the compound. The K, values also show a broad peak
around 0.06 MeV for all oxides of lanthanides. From figure 3 it may be seen that the vari-
ation of K, with energy below the K-absorption edge of high-Z element present in the

Table 2. Theoretical and experimental values of Z.g, for 145 keV photon energy.

Oxides Experimental values Theoretical values Present work
of lanthanides [12] [12] (theoretical values)
LayO3 522+£1.2 53.4 49.2

Pr, O3 548 £1.0 55.4 51.5
Euy03 575+ 1.1 59.4 56.0
Gdy03 60.8 £ 1.0 60.4 57.1

TbyO3 62.2 £+ 0.9 61.3 58.2
Dy;,03 63.9+0.9 62.3 59.3
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Figure 3. Energy dependence of the kerma.

compound, is not uniform because of the nonuniform variation of (u.,/p) at a particular
energy.

4. Conclusions

We reported new data on Z.; and N, in the energy region of 0.001 to 10° MeV and on
K, in the energy region 0.001 to 20 MeV for selected pure oxides of lanthanides. It is
expected that these new data are useful in the field of radiation shielding. Also, to the best
of the knowledge of the authors, these data are the first of these kind estimated for a wide
energy range.
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