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ABSTRACT 

This work deals with the application of [MERCSF-N] computer program in calculating the macroscopic effective re- 
moval cross-section of fast neutrons, ΣR (cm−1), for two different boro phosphate glass systems: (0.5 - x) CdO-x 
Fe2O3-0.4 P2O5-0.1 B2O3 and (0.5 - x) B2O3-x Fe2O3-0.1 CdO-0.4 P2O5 (with 0.05 ≤ x ≤ 0.5 by mole), to realize from 
the role of iron in the attenuation process and hence the usefulness of the glass containing iron as neutrons shielding 
material. The effect of replacing cadmium and boron oxides by iron oxide has been analyzed which proved that iron is 
more efficient than cadmium in attenuating and removing fast neutrons and that the presence of small amounts of B2O3 
at least 0.1 mole fraction, with iron is needed to aid improving the removal cross-section of iron phosphate glasses. Ex- 
perimental IR results are developed and used to trace the structural change and confirm the role of iron in the removal 
cross section. 
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1. Introduction 

Phosphate glasses are technologically important materi- 
als because they generally have high thermal expansion 
coefficients, low transition temperatures and low prepa- 
ration temperatures [1,2]. These properties have made 
them ideal materials for fundamental studies. However, 
their poor chemical durability limits their diverse uses. 
Addition of different types of metal oxides like Fe2O3, to 
binary phosphate glasses [3,4] has been found to improve 
the chemical durability and the attenuation of fast neu- 
tron [5,6]. 

An essential step towards the solution to the neutron- 
shielding problem is the development of accurate da- 
tabase for effective fast neutrons removal cross-sec- 
tions of glass shield. The macroscopic effective fast neu-
trons removal cross-section, for simplicity removal 
cross-section, ΣR (cm−1), is the probability that a fast or 
fission-energy neutron undergoes a first collision, which 
removes it from the group of penetrating, uncollided 
neutrons [7]. The removal cross-section ΣR of a given 
material behaves formally as a macroscopic cross-sec- 
tion in determining neutron attenuation, but it is not a 
cross-section in the sense of representing the probabi- 
lity of a particular neutron-nucleus interaction. Since 
all interacttions tend to remove energy from the fast 

neutron beam, so as a result ΣR value is not too different 
from the total (scattering and capture) macroscopic 
cross-section ΣT (ΣT = NσnT) of the material, but is 
generally lower [8]. 

It was found that addition of iron to concrete is more 
effective than concrete alone and neutron dose attenua- 
tion can be achieved with thinner shielding [9]. So the 
main objective of this work is to investigate the role of: 1) 
replacing CdO by Fe2O3 in the glass system: (0.5 - x) 
CdO-x Fe2O3-0.4 P2O5-0.1 B2O3, (where x = 0.05, 0.1, 
0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5 by mole); 2) re- 
placing B2O3 by Fe2O3 in the glass system: (0.5 - x) 
B2O3-x Fe2O3-0.1 CdO-0.4 P2O5 glass system, (where x 
= 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5 by 
mole) on the fast neutron attenuation. 

Although ΣR (cm−1) is usually determined empirically, 
it can be derived from theoretical consideration. In this 
work, the MERCSF-N program has been computerized 
based on the required physical data of all periodic table 
elements and mass removal cross-sections ΣR/ρ (cm2·g−1) 
are calculated for the glasses of interest. 

IR (infrared) measurements of some iron concentra- 
tions in the first glass system are preformed to trace the 
structural changes which led to an improvement of the 
neutron removal cross section by iron. 
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2. Theory 

The removal cross-section for compounds may be calcu- 
lated from the value of ΣR or ΣR/ρ for various elements in 
the compounds or mixtures by the general formula 
[9,10]. 

R i i R i                  (1) 

where ρi and (ΣR/ρ)i are the partial density (the density as 
it appears in the mixture) and mass removal crosssection 
of the ith constituent, respectively. Based on Equation (1), 
the removal cross-section for any compound or compo- 
site can be found by the following technique: if a chemi- 
cal compound C having, for instance, the chemical for- 
mula Xi Yj Zk, where X, Y and Z are the chemical sym- 
bols of its elements and i, j and k are their fixed propor- 
tions by mass, then the compound molar mass MC will 
given [8] by: 

g molC X Y ZM M i M j M k          (2) 

where MX, MY and MZ are the atomic masses of the ele- 
ments X, Y and Z respectively. Hence the mass removal 
cross-section of the compound C, in cm2·g−1, can be cal- 
culated [8,9] by the following Equation (8): 
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The required physical constant data were compiled 
from the recommended information in the literature and 
stored as a data base file. The calculation can be achieved 
by accounting for the contribution of all composite ele- 
ments. 

3. Experimental 

Analytically pure grade chemicals were used to prepare 
the following glass samples according to the formula 
((0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 B2O3 by mole where 
x = 0, 0.05, 0.2). The batch mixtures were melted in por- 
celain crucibles at 1100˚C for two hours until homoge- 
neous glasses were obtained and then annealed in a 
separate annealing furnace at 250˚C and then slowly 
cooled to the room temperature to remove any internal 
stresses. The infrared absorption spectra of the glass sys- 
tem were measured at room temperature in the range 
2000 - 400 cm−1 by a Fourier Transform infrared spec- 
trometer (type Perken Elmer spec-trometer, model RTX, 
FTIR) using the KBr disc technique. 

4. Results and Discussion 

4.1. Infrared Analysis (IR) 

The infrared absorption spectra of the studied glass sam- 

ples show the presence of two broad bands. The broad 
bands as shown in Figure 1 and Table 1 are an overlap- 
ping of some individual bands with each other. Each in- 
dividual band is related to some type of vibration of a 
specific structural group. Therefore, it was necessary to 
use a deconvolution process [11] for separating these 
individual bands. Each individual band has its character- 
istic parameters such as its center (C), which is related to 
some type of vibration of a specific structural group, and 
its relative area (A), which is proportional to the concen- 
tration of this structural group. The deconvolution pa- 
rameters of the bands for the investigated glasses are 
given in Table 1. 

The two broad bands at 536 and 1018 cm−1 that ap- 
peared for the glass containing no Fe2O3 are assigned to 
the deformation vibrations of Phosphate groups [12,13]. 
The sub bands at 448, 551 cm−1, which appear in most 
binary and ternary phosphate glasses [14] are due to 
overlapping of CdO, harmonics of bending vibration of 
P-O linkages [15,16]. The absorption sub bands in the 
region 600 - 670 cm−1 may be due to the bending mode 
of PO4 units [17]. The sub bands in the region 810 - 920 
cm−1 is overlapping the asymmetric stretching vibration 
of P-O-P linkages and the symmetrical stretching vibra- 
tions of BO4 units [16,17]. The sub band around 1037 
cm−1 is attributed to the symmetric stretching vibration of 
the 3

4PO   tetrahedral (P-O ionic group) [18] and BO4 
units. The sub band at 1198 cm−1 is assigned to PO2 
asymmetric stretching vibration [17]. The sub bands at 
1345, 1451 cm−1 are assigned to the stretching vibrations 
of the B-O of trigonal (BO3)

3− units. The addition of  
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Figure 1. Infrared absorption spectra of the glass system 
((0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 B2O3 by mole where x = 
0, 0.05, 0.2). 
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Table 1. Deconvolution parameters of the IR spectra of the glass system (0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 B2O3 with x = 0, 
0.05, 0.2 by mole). C is the component band center and A is the relative area (%) of the component band. 

x 400 - 800 800 - 1300 1300 - 1600 

0 536  1018    

 C A C A C A C A C A C A C A C A 

0 448 9 551 2 601 6 664 9 
821 
919 

13
5 

1037 23 1198 16 
1345
1451

9 
8 

0.05 548  1028    

0.05 452 14 557 8 623 5 721 6 
849 
937 

11
6 

1018 12 1143 25 1448 13 

0.2  536  1050    

0.2 482 14 575 8 620 10 724 6 
849 
956 

11
11

1087 16 1230 11 1396 13 

 
Fe2O3 resulted in an increase in the bending vibrations of 
B-O linkages and stretching vibrations of the B-O of 
trigonal (BO3)

3− that increases ionic character, as ob- 
served from the appearance of sub bands around 720 
cm−1 and hence caused a shift of the band around 1018 
cm−1 to higher wave number at 1028 cm−1. This was at- 
tributed to [17] the entrance of Fe2O3 in interstitial posi- 
tion between P-O-P layers. The area of sub band around 
458 cm−1 increased on the addition of Fe2O3 on the ex- 
pense of CdO, which can be attributed to the presence of 
highly distorted FeO6 overlapping with CdO. This means 
that iron and cadmium ions act manly as a glass modifier 
where the Fe and Cd atoms are located in octahedral sites 
and they occupy the positions between P-O-P layers cre- 
ating non-bridging oxygen ions (NBOs) without change 
of the number of P=O bonds [16]. On the other hand the 
appearance of a sub band around 620 cm−1 associated 
with FeO4 in the glass containing Fe2O3 indicated that 
some Fe enter the glass network as a glass former. The 
appearance of the band at 1230 cm−1 corresponding to 
the asymmetric stretching of the double bonded oxygen 
vibrations for the glass containing 0.2 mole % Fe2O3, 
indicates that there is a chance for Fe to cause more P=O 
breakage and the formation of the P-O-Fe bonds [19, 
20]. 

4.2. The Mass Removal Cross-Section, ΣR/ρ, for 
the Two Glass Systems 

By aiding of the previously mentioned mathematical 
treatment, the MERCSF-N program was modified to cal- 
culate the mass removal cross-sections of the mentioned 
glass systems. .The description and validation, as well as, 
the use of the MERCSF-N program have been described 
[21]. The definition of the ΣR in accordance with Equa- 
tion (1) is dependent on the elemental composition of a 
shielding material. The calculated values of ΣR/ρ for the 
glass containing (0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 
B2O3, are found to increase with increasing Fe2O3 as 
shown in Figure 2 and Table 2. This indicates that the  

mass removal cross-section of Fe2O3 is higher than each 
of the removal cross-section of CdO as well as the in- 
crease in the value of the total molar mass of the glass on 
increasing Fe2O3 mole fraction on expense of CdO. This 
increase in the neutron removal cross section as Fe2O3 
increase is consistent with the IR results which indicate 
that as Fe2O3 increase the amount of iron which inter the 
glass network as glass former increase. This iron glass 
former was shown [6] to improve the removal cross sec- 
tion for fast neutrons by the breakage of P-O-P bonds 
and formation of P-O-Fe bonds. So Fe2O3 play an im- 
portant role for improving the ΣR/ρ values and requires a 
lower size in the shield design. 

For the glass system: (0.5 - x) B2O3-x Fe2O3-0.4 P2O5- 
0.1 CdO, the ΣR/ρ values showed, to some extend, similar 
behavior as the first system; i.e. it increased as shown in 
Figure 3 and Table 2, which proves once more the ca-
pability of iron for attenuating neutrons. This behavior 
can be attributed to that the increase in the value of the 
ΣR/ρ of Fe2O3 is greater than each of the value of the ΣR/ρ 
of B2O3 as well as the increase in the value of the total 
molar mass of the glass on increasing Fe2O3 mole frac-
tion on expense of B2O3. The observed differences are 
the some what higher values of ΣR/ρ for the glasses con-
taining up to 0.35 mol fraction of Fe2O3 than the glasses 
containing the same amount of Fe2O3 in the first system, 
and that this difference in the value of the ΣR/ρ between 
the two systems decrease as the B2O3 content decreased 
as observed in Table 2. On the other hand the glasses 
containing 0.45 and 0.50 Fe2O3 in this system have lower 
ΣR/ρ than the corresponding ones in the first system, 
which retain 0.1 B2O3. These results indicated that: 1) 
iron is more efficient than cadmium in removing fast 
neutrons; 2) the presence of suitable amount of B2O3 (at 
least 0.1 mol fraction) in phosphate glass shield contain- 
ing iron is necessary for moderating the energy of the 
neutrons, so aids in improving the removal cross section 
of iron in phosphate glass shield. These results can be 
understand from the obtained structural properties (IR) 
which showed that addition of 0.05 mole % Fe2O3 aids  
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Figure 2. The mass removal cross-section ΣR/ρ for glass system (0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 B2O3. 
 

Table 2. The calculated values for the glass molar mass, MC, and the mass removal cross-section, ΣR/ρ, for the two glass sys- 
tems. 

(0.5 - x) CdO-x Fe2O3-0.4 P2O5-0.1 B2O3 (0.5 - x) B2O3-x Fe2O3-0.4 P2O5-0.1 CdO 
x (mol fraction) 

MC (g/mol) ΣR/ρ (cm2·g−1) MC (g/mol) ΣR/ρ (cm2·g−1) 

0 104.40 0.0258 127.91 0.0272 

0.05 108.93 0.0263 129.46 0.0275 

0.10 113.44 0.0268 131.03 0.0277 

0.15 117.94 0.0273 132.62 0.0280 

0.20 122.44 0.0277 134.22 0.0282 

0.25 126.95 0.0281 135.71 0.0285 

0.30 131.45 0.0285 137.30 0.0287 

0.35 135.95 0.0289 138.90 0.0290 

0.40 140.46 0.0292 140.46 0.0292 

0.45 144.96 0.0295 142.02 0.0294 

0.50 149.45 0.0298 143.60 0.0296 

 

 

Figure 3. The mass removal cross-section ΣR/ρ for glass system (0.5 - x) B2O3-x Fe2O3-0.4 P2O5-0.1 CdO. 
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change in the bending vibrations of the boron atoms and 
hence enabled more collision and elastic scattering of 
neutrons by boron. 

5. Conclusions 

Iron is more efficient than cadmium in attenuating and 
removing fast neutrons. The presence of small amounts 
of B2O3 at least 0.10 mol fractions with iron is needed to 
aid and improve the removal cross-section of the iron 
phosphate glass, which indicates that Fe2O3 is more effi- 
cient for the lower energy range of fast neutrons than the 
higher energy range. 

Glasses are potential candidates for neutron shielding 
materials. Higher values of ΣR/ρ with adding Fe2O3 to the 
two glass systems indicate that iron plays a very important 
role in the process of attenuation of neutrons. It reduces 
the required thickness of the shield design and therefore, 
permits low cost shield. 
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