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The neutron shielding properties of a borated high density glass system was characterized ex-
perimentally. The total removal macroscopic cross-section of fast neutrons, slow neutrons as
well as the linear attenuation coefficient of total gamma rays, primary in addition to second-
ary, were measured experimentally under good geometric condition to characterize the atten-
uation properties of (75-x) B,0;-1Li,0-5Mg0O-5Zn0-14Na,0-xBaO glassy system. Slabs
of different thicknesses from the investigated glass system were exposed to a collimated beam
of neutrons emitted from 252Cf and 24! Am-Be neutron sources in order to measure the attenu-
ation properties of fast and slow neutrons as well as total gamma rays. Results confirmed that
barium borate glass was suitable for practical use in the field of radiation shielding.
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INTRODUCTION

Ionizing radiation has harmful effects on human
health and environment., The same applies to nuclear
technologies accompanied with several hazardous sit-
uations for living organisms. Therefore, it was neces-
sary to develop technologies for protecting against nu-
clear radiation [1, 2]. Hence, the shielding material
against nuclear radiation was born and attracted a
great deal of attention [3, 4]. The most important radia-
tions in the field of protective materials are neutrons
and gamma-rays because they are the most penetrating
for different materials [5]. The effectiveness of shield-
ing varies with the type and energy of radiation and
also according to the desired purpose of the shielding
[6]. Often a combination of three materials is desirable
that includes heavy materials, light materials, and neu-
tron-absorbing materials to omit the slow neutrons
through absorption of the neutron shield [7]. The
shielding of neutrons introduces many complications
because of a wide range of the energy that must be con-
sidered and the secondary production of gamma rays.
To choose neutron shielding materials, the most im-
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portant is to moderate the neutron to low energies,
where neutron can readily be captured in materials
with high absorption cross section [8, 9]. The most ef-
fective moderators are elements with low atomic num-
ber; and therefore hydrogen containing materials are
the major efficient components of most neutron
shields, such as water and paraffin. However, water
shields have the disadvantage of needing mainte-
nance; also, evaporation can lead to a potentially dan-
gerous loss of shielding effectiveness, while paraffin
is flammable. If the neutron energy is sufficiently
high, inelastic scattering with heavy nuclei can take
place in which the recoil nucleus is elevated to one of
its excited states during the collision. The nucleus
quickly de-excites; emitting a gamma ray, and the neu-
tron loses a greater fraction of its energy than it would
in an equivalent elastic collision [10-12]. Inelastic
scattering and the subsequent gamma ray emission
play an important role in the shielding of high-energy
neutrons. Materials with good inelastic scattering
properties are the heavy elements, such as iron and
lead, which used to offset this decrease in cross section
with increased neutron energy [13]. These materials
can cause a large change in neutron energy after colli-
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sion for high-energy neutrons, while they have a little
effect on the neutrons at lower energy, below 0.1 MeV
[14, 15]. The '°B is effective for absorbing epithermal
neutrons (energy range 0.1 eV to 10 eV), and was in-
cluded as a neutron absorber in various materials, e. g.
borated graphite, boron carbide, Boral, and boron ox-
ide [16, 17].

Present work was focused on the study of im-
pregnation of boron oxide in the glassy samples in ad-
dition to a study on the influence of barium in the form
of BaO (p = 5.73 gem™>) on the attenuation properties
of slow and fast neutrons as well as the total gamma
rays.

SAMPLES PREPARATION

Pure, commercially available, raw materials
were used to prepare a glassy system of the composite
(75-x) B,05-1Li,0-5Mg0-5Zn0-14Na,0-xBaO
(where x = 0, 10, 20, 30, 40, and 50 mol %) by the
melt-quenching technique with dimensions 4 cm x 4
cm and different thicknesses (0.6 cm-1.02 cm). The
dry powders were mixed, homogenized and then
melted at a temperature of 1000 °C for 4 hours in por-
celain crucibles. Once a homogeneous free bubble lig-
uid was obtained, it was poured into a stainless steel
mold and then annealed at a temperature of 400 °C for
4 hours to eliminate internal stress. Then the glass
samples were cooled down to room temperature.
Transparent and homogenous glass samples were ob-
tained. Finally glass slab samples as shown in fig. (1)
were polished until smooth surfaces were observed.

EXPERIMENTAL SET-UP

Fast neutron and total gamma ray
measurements

Measurements were carried out for the investi-
gated glassy barriers using a collimated beam of fast
neutrons and gamma rays emitted from 5 mCi 2>2Cf
source with neutron yield of 1.721-107 neutrons per
second. Special detector collimator was used to elimi-
nate the side scattered radiation to enhance the dis-

Figure 1. The prepared samples in bulk form
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Figure 2. Experimental layout

crimination capability. The neutron-gamma crystal
organic scintillation spectrometer with stilbene
scintillator of dimension 4 cm x 4 cm was used to mea-
sure the recoil proton and electron pulse amplitude dis-
tributions. Experimental layout of the measuring sys-
tem was presented in fig. (2). Fast neutron and total
gamma ray fluxes transmitted through different barri-
ers of glass samples under investigation were used to
perform the attenuation properties of such glass,
where the shielding parameters of fast neutrons and to-
tal gamma rays were obtained.

Slow neutron measurements

A collimated beam of neutrons emitted from
241 Am-Be source of activity 0.2 TBq and neutron yield
of (1.1-1.4)-107 neutrons per second was slowed
down, by a Perspex block, to measure the slow neutron
attenuation in the investigated glassy system. The
transmitted beam of neutrons was measured under a
good geometric condition using *He counter as shown
in fig. (3). The shielding parameters of slow neutrons
were deduced from the attenuation curves.

RESULTS AND DISCUSSION

Total removal macroscopic
cross-section of fast neutrons

The fast neutron spectra were measured behind
glass barriers of different thicknesses as given in fig.
(4). It is denoted from such figure that, the measured
transmitted fast neutron spectra have nearly the same
behavior behind all investigated barriers. It is worth to
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-0

He-3 detector
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Figure 3. Schematic diagram of slow neutron
measurements
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Figure 4. Fast neutron spectra behind different barriers of the investigated glass samples

mention that the neutron spectra initially emitted from
the irradiation cell does not show any sharp maxima or
minima, and therefore it is quite suitable to be used for
the determination of the investigated glass barriers
cross-sections by the transmission method. The figure
also showed that the flux decreased as the glass thick-
ness increased for the transmitted fast neutrons. The to-
tal integral fluxes for the region of neutron energies

from 1.4-8 MeV were used to perform the attenuation
relations of fast neutrons transmitted through the inves-
tigated glass barriers of thickness varying from 0 cmup
to 6.74 cm. The transmitted fast neutron flux through
glassy barriers was given as a function of barrier thick-
ness. Figure 5 showed the relation between total re-
moval macroscopic cross-sections (X) of fast neutrons,
which were deduced from the attenuation curves, and
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Figure 5. Variation of total removal macroscopic
cross-section of fast neutrons with Ba concentration in
glass samples

the mol percentage of barium in the glassy barriers. It
can be seen that, the value of ' did not show any appre-
ciable increase up to 20 mol% of barium concentration,
while at higher concentrations an appreciable increase
in X was observed. This could be attributed to the re-
moval of fast neutrons up to 20 mol% barium concen-
tration via inelastic scattering (n, n/y) which has not
provedwas not so effective. While for Ba concentra-
tions between 20 to 50 mol %, which is the maximum
concentration of our choice, the increment of Ba fol-
lows by a higher removal macroscopic cross-section for
fast neutrons via inelastic scattering process which may
be followed by radiation capture process for slow down
neutrons with boron nuclei. The half value thickness
(HVL) and relaxation length (1) for fast neutrons were
listed in tab. 1. Figure 5 and tab. 1 showed that, the at-
tenuation properties of fast neutron increased as the bar-
fum concentration increased up to 50 mol %.

Total removal macroscopic
cross-section of slow neutrons

The total removal macroscopic cross-sections of
slow neutrons (Xg), deduced from the attenuation
curves, were plotted versus boron concentration as
shown in fig. 6. It is clear that, the values of X in-
creased as the boron concentration i ncreased up to
75 mol %.

For slow neutrons, the half value thickness
(HVL) and relaxation length (1) were listed in tab. 2.
The obtained results showed that, the attenuation
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Figure 6. Total removal macroscopic cross-sections of
slow neutrons in glass samples

properties of slow neutron improved as the boron con-
centration increased.

Total linear attenuation coefficients

The obtained results for total gamma ray spectra,
primary in addition to secondary, transmitted through
different barriers of glass media, were given in fig. 7.
Such figure showed also the initial primary gamma
spectra emitted directly from the irradiation cell. The
total gamma ray spectra, transmitted through different
barriers of glass media, had an irregular pattern in
shapes and attenuation profile. However, the dis-
played spectra showed that, the total gamma flux was
not decreased regularly as the glass barriers increased.

Some peaks were observed at different gamma
photon energy in the spectra behind glass barriers.
Main peak was observed at photon energy 2.3 MeV in
all investigated samples. This peak was due to y-ray
initially emitted from 2°>Cf source. Another peak was
observed at photon energy of about 6.5 MeV in
samples with barium concentrations 10, 20, 30, and
40 mol %. This peak was due to the inelastic scattering
of fast neutrons with barium nuclei (n, n/y), which dis-
appeared at 50 mol % barium concentration; this may
be attributed to the barium concentration, high enough
to absorb secondary y-ray at such energy. Pronounced
peak was observed in the gamma spectra at photon
energy 4 MeV in samples with barium concentrations
40 and 50 mol %. Such peak may be due to gammarays
produced from radiative capture of slow neutrons by
boron nuclei in glass sample.

Table 1. Calculated radiation parameters of fast neutrons for glass samples under investigation

Parameter Ba =0 [mol %] | Ba=10 [mol %] | Ba =20 [mol %] | Ba =30 [mol %] | Ba =40 [mol %] | Ba =50 [mol %]
HVL [cm] 15.04 14.12 11.75 5.32 4.18 3.84
Afem™] 21.69 20.37 16.95 7.68 6.04 5.54

Table 2. Radiation attenuation parameters of slow

neutrons for glass samples under investigation

Parameter B =25[mol %] | B=35[mol %] | B=45[mol %] | B=55[mol %] | B=65[mol %] | B =75 [mol %]
HVL [cm] 11.79 9.37 7.28 5.48 4.63 3.62
A fem™] 17.01 13.51 10.50 791 6.68 522
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Figure 7. Total gamma ray spectra behind different barriers

The attenuation relations for integral flux of total
gamma rays, (in the energy range from 0.407 to
7.19 MeV) measured behind the investigated glass
barriers, were used to derive the total linear attenua-
tion coefficients [117, cm™'] and were plotted as a func-
tion of barium concentration, as shown in fig. 8. up of
y-rays showed a very slight increase with barium con-
centration up to 20 mol %. This can be attributed to

balance between the absorption term and the new pro-
duced y-rays term. While an appreciable increase in zi
was observed at higher concentrations up to 50 mol %,
which meant that the absorption term exceeded the
production term. Strange result was obtained at bar-
ium concentration 40 mol %.

The half value thickness (HVL) and relaxation
length (1) for total gamma rays were listed in tab. 3.



A. A. Saeed, et al.: Neutron Shielding Properties of a Borated High-Density ..
Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 2, pp. 120-126

125

Table 3. Radiation parameters of total gamma rays for glass samples under investigation

Parameter Ba =0 [mol %] | Ba= 10 [mol %] | Ba= 20 [mol %] | Ba =30 [mol %] | Ba =40 [mol %] | Ba = 50 [mol %]
HVL [cm] 10.16 12.06 09.55 05.68 12.16 05.05
A fem™] 14.66 17.39 13.77 08.20 17.54 07.28
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Amm Aopanax CAU, Paex Moxamen EJI A 3J/IU, Moxamen Maxmyn EJI-OKP,
A Moxu6 Aoy EJI-A3M, Jaxuja Xamau EJIBAIIAP, Moxamen Haced Xacan KOMCAH,
Barmu Axmen KAHCYX, Axmen Pega EJI-CEPCHU

CBOJCTBA CTAKJTA BUCOKE I'YCTUHE TPETUPAHOT
BOPOM Y 3AHIITUTU O HEYTPOHCKOI 3PAYEIBA

ExcnepumenTanHo cy ofpebeHa 3alITHTHA CBOjCTBA CTaKja BHCOKE I'YCTHHE TPETUPAHOT
60pOoM Off HEyTPOHCKOT 3padema. Pagu KapakTepusanuje aTeHyallMOHHX CBOjcTaBa CHCTeMa CTakja
(75-x) B,0;-1Li,0-5MgO-5Zn0-14Na,0-xBa0, y ycinoBuma fo0pe reomeTpuje Mepemwa, ogpebenu cy
VKYIIHA MaKpOCKOIICKM e(hWKacHH TMpEeceK 3a yKiIamame Op3WX W CIOpUX HEYTPOHA WM JIMHEApPHH
Koe(uIMjeHT cnabiberba YKYIHOT raMa 3padycka, IpuMapHor U ceKyHpapHor. Kako 6u ce m3aMepuia
aTeHyalroHa CBOjCTBa Op3UX U CIIOPUX HEYTPOHA U YKYITHOT raMa 3paveha, Iove pa3InduTuX AeOJbrHa
MCIIUTUBAHOT CTaKJa M3jaraHe Cy KOJNMMHCAHOM CHOMY HEyTPOHA €MUTOBAaHHX M3 u3Bopa >2Cf u
241 Am-Be. PesynTaTn noTBphyjy /1a je cTakyio ca 6apujyMOM i 60POM IIOTOJIHO 3a IPAKTHYHY NPUMEHY Y
00JIaCTH 3alITHTE Off 3pavucha.

Kwyune peuu: 3auminiuitinu maitiepujan, 6p3u Heyiipot, cilopu HeyiipoH, epukacHu ipecex 3a
YKAQrbarbe, 2ama 3paderse




