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ABSTRACT

The bioclogical shield of a nuclear reactor is reguired
to attenuate both neutrons and gamma rays from the reactor
core. Generally, materials having high densities are used as
biological shield materials in a nuclear reactor. Concrete
has been widely used as shielding materials due to its
satisfacfory material strength .and good shielding
properties, The density of conventional ordinary concrete is
not adeguate for. a biolagical shield in a nuclear reactor.
Types of concrete possessing high density should be
developed in order to attenuate bhoth neutron and gammé
radiation emitted from the nuclear reactor. The heawvy
aggregates such as barite, magnetite, ilmenite, limonite
etc. have been widely used for preparing a high density
concrete for -bioleogical shield in a nuclear reactor. While
fabricating the high density concretes, due consideration
should be given to the local availability of the aggregates.
Since the magnetite and ilmenite aggreqates are available as
by products in the beach sand processing pilot plant at
Cox's Bazar of the Bangladesh Atomic Energy Commission, this
work was undertaken to design and fabricate high density
concrete shields indigenously with the objectlve of aveiding

costly imports and also to develop local know how.

In this study, high density concrete with and without
boron additives using ilmenite and magnetite sand have been

studied. For comparison, ordinary concrete with and without

boron additives have also been studied, In addition, mixed



concrete used in the biclegical shield of 3 MW TRIGA Mark-1I
research reactor of the Bangladesh Atomig Enérgy Commission
has been studied with and without boron additives for
comparison with thé other three types of concretes with and
wihtout boron additives. The density, compressive strength,
modulus of elasticity and splitting streﬂgth were measured
for these concretes. The densities of ilwenite and magnetite
concretes are found considerably higher than that of

ordinary concrete,

The nuclear parameters such as attenuation coefficient,
removal c¢ross secFiDn, half value thickness, and relaxation
length, which are of interest for reactor shielding have
been evaluated for these concretes with a spontaneocus
fission source [252Cf]. The investigation concerning the
attenuation properties reveals that the shielding properties
of boron loaded heavy concretes are better than those of
ordinary concretes and slightly better than those of heavy

concretes without koron additives,
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INTRODUCT ION

1.1 Scope and objectives

A nuclear reactor is a prolific source of potentially
danéerous radiation; it is unaveidably so, since most of the
radiation re}eased originates with the fission process
itself. In addition to the energetic neutrons and gamma rays
that are emitted simultaneously with the fission event, the
fission fragments formed are highly radicactive nuclides
that emit alpha, beta and gamma radiations. That nuclear
radiation can be injurious to man is beyond dispute. To
enable personnel to work in the vicinity of a reactor in
operation, it is necessary to attenuate this radiation in a
shield surrounding the core, so as to reduce the radiation
dogse to a tolerable level in the region beyond the shield.
The biclogical hazards of radiation ari;e from the fact that
the radiation interacts with human tissues, losing some of
its energy in the prnéess. This loss of energy is sufficient
to ionize atoms of cells, upsetting the del;cate chemical

eguilibrium of the cell and even causing its deathl.

The radiation must, therefore, be attenugated
sufficiently so that the residual radicactivity cannot
render permanent damage to the persons exposed to it, The
attenuation of this biolegically harmful ionizing radiatién
to an acceptable dose level, is usually achieved by

surrounding the reactor core with a sufficiently large mass



of suitable materials like Pb, Fe, etc. or high density
concrete, The main reactor shield used for this purpose is

frequently referred to as the biological shield?r3,

There are two general classes of radiations to be
considered in the design of biological shields of a reactor:
(1) primary radiation, and (2} secondary radiation. Primary
radiation is defined as the radiation that results from
nuclear fiss;ﬂn which includes - (i} charged particle
radiation, {i1i) gamma radié%ion from the decay of the
radigcactive fission products, and (iil) nevtron radiation,
Secondary radiation includes all other sources of radiation.
An important component of secondary radiation is the gamma
radiation generated in the shield materials themselwves, due
to the interaction of the primary neutrons wiﬁh the

materials of the shield,

The group of charged particles cansists of heavy,
positively charged particles, 1like alpha particles,
protons, deuteron, and the fission fragments, and the much
lighter beta particles. The presence of alpha pa;ticles
in nuclear reactors arises from the radicactive decay of the
fuel which consists of naturally radicactive materials.
Protons and deutercns are present in negligible numhbers
only, generally as the result of neutron reactions with the
nuclei of the moderator, coolant, and the surrounding air
as, for example, from the (n,p) reaﬁtion with 14H. The beta
particles originate from tﬂe decay of the radioactive

fission fragments which underge a series of consecutive



beta transformations, and from the radioisctopes that are
formed in the reactor as a result of neutren capture.
Electrons are also liberated through the interaction of
electremagnetic radiation i.e., gamma radiatiﬁn with atoms
and nuclei. The charged particles interact primarily with
the atomgs of matter as a whole, or with the atomic
electrons, and only very ihfrequent]y with the nuclei.
Nuclear collisions are rare and the probability of their
oocurrence is very small for the charged particles. Since
proten, alpha and beta particles are charged, they interact
with the electric field surrounding the atoms of the
shielding material and lose their energy considerably.
Generally, they do not constitute a separate shielding
preblem. The most important mode of interaction between
gamma radiation and matter which leads to a reducqinn of the
gamma ray energy is that between gamma radiation and the
electrons of the absorbking material. Although interactions
between gamma radiation and nuclei occur sometimes, the
fregqéncy of this occocurrence or the cross sections for these
processes are relatively small compared to those for the
electron interaction. Heutrons, on the other hand, cannot
interact electrically with atoms, since they are
.electrically neutral and, therefore lose energy only through

interactions with atomic nuclei.

Ionizing radiation produces ion pairs in its passage
through a substance, both directly and/or indirectly.

Cirectly ionizing particles are charged particles, such as



electron, proton and alpha partlecle, having sufficient
kinetic energy to produce ionization by ceollision.
Indirectly ionizing particles are uncharged particles, such
as neutrons and gamma rays, which can liberate directly
ionizing particles or initiate a nuclear transformation.
Thus neutrons and gamma rays can only cause ionlzations as a
result of seccendary processes. Althcough many types of-
nuclear particles are released directly and indirectly in
and arcound the reactor care, the essential shielding problem
is the attenuation of the penetrative fast neutrens and
gamma rays that are released in the reactor core and reactor
shield. In a nuclear reactor, even though the radicactivity
is primarily well contained within the core assembly,
penetrating radiations like neutrens and gamma Trays
constitute the major external exposure hazard to
gccupational workers, the population at large and the
related environment. The potential hazard exists not eonly
due tgo the primary radiaticns originating from the reactor
but also from secondary radiations such as capture gammas.
211 nuclear reactors, excepht those operating near zero power
level, are sources of intense neutron and gamma radiation*
and therefore, represent a seriocous health hazard to the

operating personnel and research workers.

“The total amount of activity? in curies contained within a
nuc lear reacter can be estimated by multiplying the thermal

power, P({in watts) by the factor 10. Thus, Alcuriles)=1l0xP,



Electronic equipment, which may be part of'thé reactor
instrumentation system, can be ceveraly damaged or rendered
unreliable by being exposed to a strong radiation field.
Therefo;e, instruments and other engineering equipments, may
also require to be shielded from the harmful effects of
nuclear radiation. In order to protect the occupationally
exposed personnel, the population at large, eguipmant %nd
the related environment from the deletericus effects of
ionizing radiations, it is méndatory to shield the reactor
assembly adeguately s0 as to reduce the radiqtion-level
within the permissible limit as recommended by the
international Commission on Radiclogical Frotection [ICRPIS.
Thus, the applicaticn of biological shielding arcound the
reactor assembly resolwves basicaly into the problem of
protection of radiation workers against gamma rays and

neutrons.

The diztinction that is sometimes made in the role of
the bialcgica] shield, is between the neutron shield ‘and the
gamma ray shield. This distinction arises because of the
fundamental difference in the basic physical processes by
which the two species of radiation interact with matter. A
heavy material such as lead or iron, is a relatively good
absorber of gamma rays, but is much less effective against
neutrons with energies in the range of 1 ev to 1 MeV. By way
of contrast, a hydrogen-containing material such as water is
particularly effective in shielding agaiﬁst neutrons in this

energy range but is not particularly effective as an



attenuator of gamma rays. Concrete, which is an homogenecus
mixture of light and heavy nuclei that possesses the
essential characteristics for both neutreon and gamma ray
attenuation. It has sétisfactory mechanical and structural
properties, and it also involves relatively low
manufacturing as well as maintenance cost. Rlso the easy
process of construction makes concrete specially suitable
for radiation shielding. Hence, to day it is being widely
and extensively used as biclogical shield material. Since
the attenuation to he provided by the bioclogical ghield for
nuclear radiations is very large, a need to improve the
qﬁality and effectivenes of concrete as a radiatiqn shield
has always been felt. For protection mainly against gamma
radiations, 1t may be desirable to use heavy concretes with
densities of more than 2.3 gm!cmj, prepared from-heavy
aggregates of natural and/or artificial origin. For
protection against the simultaneous action of gamma and
neutron radiation, it may be advantageous to use heavy
concretes containing a large amount of bond or semi-bond
water bearing aggregates and/or boron bearing aggregateé. In
choosing the type of aggregates due consideration should be
given to the local availability of aggregates and thelr
characteristic propeties. Depending on the local aggregates
available, many combinations in concretes are possible, In
order to use locally available materials, é research and
development work was undertaken to deslgn and fabricate tﬂe
reactor biological concrete shield with1the objective of

avoiding costly imports and also to develop local know how,



1.2 Interaction of neutrons and gamma rays with matter

The kiological shield of a nuclear reactor is reguired
to attenuate both gamma rays and neutrcnslemerging from the
core., The energies of these radiations cover a wide range.
The interaction processes of neutrons and gamma rays with
matter are useful. in making preliminary estimates of-the
attenuation of neutrons and gamma rays by the shield, In

principle, the problem of reactor shielding has three

aspects:

{a} slowing down of fast neutrons:

{b} capture of the slowed down (or initially slow)
neutrons: and

{c} attenuation ofgamma radiation originated in
reactor including primary radiation from the core
and secondary radiation formed as a result of
various interaction between neutrons and nuclei of

the surrounding materials of the reactor core.

Processes by which fast neutrons and gamma radiations
are attenuated in a reactor shield are weli understood.
Generally, they are attenuated in the shield by their
intgraction with matter. In view of the many excellent.
treatments in existenceﬁﬂs, it is deemed unnecessary to
discuss the interaction of neutrons and gamma rays with
matter in detail here. A brief outline will be given here to

provide the varlous processes by which the neutrons and

gamma rays are attenuated in material. They are as follows:



fi) Intefactian of neutrons with matter; and

{il) Interaction of gamma rays with matter,
1.2.1 Interacticn of neutrons with matter

Neutrons may be either captured or scattered by nucleid,

with different probabilities for each constituent of the

shield. Scattering process may be either elastic or
inelastic and they may be isotropic or non-isotropic.
Elastic scattering, in which a neutron is deflected without
loss of energy except for the kinetiec energy which it
imparts to the recoiling nucleus. Inelastic scattering, in
which there is an interactilion between the nucleus and the
neutron resulting in the emission of a neutron with an
enerqgy different from that of the incident one. Capture, in
which a neutron is absorbed into a nucleus which then
undergoes some reaction {other than the re-emission of a
neutron), usually the emission of a photon. One of the
principal factors in neutron shielding is the reduction of
their energy. When the neutron energy has been brought down
to a8 value approaching thermal energies the capture
prebability increases rapidly and the neutrons will be
completely absorbed with the emission either of another
particle or of a gamma ra%. Elements of low mass number is
often used as the shield for slowing down neutrons of high
energy; the cross section for scattering is, however, small
-especially for elements of low mass number. Although
hydrogen alone (as water) could he used as a neutron shleld,

a2 shield consisting entirely of hydrogen in the form of



heavy water would be unsatisfactory. It will be advantageous
to utilize inelastic scattering by iﬁtroducing in element
{or elements) of moderate or high mass number. They do nat
decrease the neutron energy to an appreciable extent in
elastic collisions, but they are able to reduce the energies
of very fast neutrons as a result of inelastic scattering
collisions, However, a combination of a moderately heavy or
heavy element with hydrogen will effectively slow down
neutrons cof very high energies. A single inelastic_
scattering collision would decrease the neutron energy to
about 1 MeV or less, but subsequent ccllisicons would be
Elasgic in 'nature. Many such collisions would then be
necessary to reduce the neutron energy to a value at which
the capture cross section is significant. In the mean time,
the neutrons would have penetrated a considerable distance
into the shield. The next aspect of neutrcn shielding to
consider is the capture of neutrons after they have been
s8lowed down. Actually this is a relatively simple matter,
even thmugh the shield does not contain an element with a
large or fairly large cross section for the capture of slow
neutrons. In fact, it is generally accepted that in a shield
containing sufficient hydrogen, almost every neutron which
has suffered inelastic scattering may be regarded as
removed, since the probability of further slowing down and
subsequent capture is large. Concrete is useful for
permanant shields around neutron generator and reacters, and
heavy elements are sometimes included in the 'concrete

because of their inelastic properties. In all cases where
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large attenuaticns are necessary, the secondary gamma
radiation from inelastic scattering and capture processes
will become important and additional thickness may be
regquired to reéuce the gamma ray dose rate, Boron is
sometimes included in small proportions in shielding
materials because it has a high capture cross-~section and
the gamma radiation emitted is of low energy so that it is

easily attenuated.
1.2.2 Interaction of gamma rays with matter

There are three ways in which "gamma rays interact with
an absorbing material; the photoelectric effect, the Compton
effect,and pair production. These interactions wil now be

discussed briefly.
(i} The photoelectric effect:

In the photoelectric effect, a gamma-ray photon, with
energy greater than the binding energy of an orbital
electron in an atom interacts with the latter in such a way
that the whole of the gamma-ray energy is transferred to an
electron which is conseguently elected from the atom. The
probability_of this occurrence, and hence the wvalue of the
absorption coefficient, is greatést when the photon has just
enough energy to remove the electron from its orbit; below
this it cannot occocur and with increasing photon energy the
absorption coeffiéient falls fairly rapidly. The extent of
the photoelectric interaction depends on both the energy E

af the gamma radiaticon and the atomic number 2 of the
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absorbkbing material. As a rough approximation, the
probability of photoelectric interaction is given by

~— Constant x z7/E> . e . {1)
where n varies from about 3, for gamma rays of low energy,
to 5, for high energy gamma rays, It is apparent, therefore,
that the photoelectric effect increases with increasing
atomic numher of the absorber and with decreasing energy of
the gamma rays. In actual practice, it is found that
photoelectric absorption of gamma radiation is important
only for energies less than about 1 MeV, and then only for
absorbers of high atomic number. It is evident, from the
foregoing discussion, that the photcelectrice effect leads to
the virtually complete removal of the gamma-ray photon; it
may be replaced, to some extent, by x—fay photons of low
enerygy, but few of these escape as such from the absorbing

material.

iii) The Compton scattering:

In Compton scattering the photon collides with a
loosely bound electron and loses some of its energy in
imparting momentum to the electron., The degraded photon and

the electron then move off at an angle to each other like

collisions between billiard balls. This part of the energy
of the photon is absorbed and the rest is scattered. Since
the Compton effect inveolves interaction between a photon and
an electron, its magnitude is dependent on the number of
orbital electrons in the atom of the absorber; this is same

as the atomic number. The Compton interaction is thus
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directly proporticnal to the atomic number of the absorber,
so that, like the photoelectric effect, it is more
significant for materials of high atomic number. As a very
rough approximation, the probability of Compton interactiecn
is given hy
M Constant x Z/E . e (2}

However, theré is a significant difference between the
photoelectric and Compton effects to which attention must be
drawn. The photoelectric effect is a true abscorption
process; that is to say, the photon is absorbed, as stated
above, In experiments made with & narrow beam and a
collimated detector the scattered radiaticn is lost from the
beam and so appears to be abksorbed and consequenﬁly the
effect of this scattering is-included in.the linear
absorption coefficient., Compton absorption is of importance

upto energies of several MeV.
(iii) The pair production:

Pair production occurs when a sufficiently energetic
photon passes close to the nucleus. The whole of the energy
af the photon is converted inte two electrons, one positive
and other negative. Since the mass energy equivalent of an
electron is 0.51 MeV, this effect can only occur with
photons having energy of 1.02 MeV and above. The excess
energy of the photon appears &s momentum of the electrons.
The positron has a very short life as it quickly combineas
with a negative electron and both are annihilated with the

emission of two 0.5%51 MeV photons. The extent of pair



Z OF ABSORBER

120

80

40

13

. Photo elactric
| affec! dominant

Polr Producton
domlinant ‘

Compton effect
dominant

ol N L L LT 1 1 Lieelis | f L yedilir 1

0.01 0.1 | tO 100
AV IN MeV

Fig. 1 The relative importance of the three
major types of gamma ray interactions.
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production by gamma radiation of energy E [in MeV)] is
related to the atomic number Z of tﬂe absorher. As a very
rough approximation, -the probability of pair production is
given by

M~ Constant = ZE [(E-1.02) . 4 - 13}

It therefore, increases withlthe ateomic number of +he
absorblng material and with increasing photon energy in
excess of 1.02 MeV, Since both the photoelectric and
Compton effects decrease with increasing gamma-ray enerdgy,
whereas pair production increases, it is evident that the
latter process will become of major importance at high
energies. For absorbers of high atomic number it becomes the
dominant type of interaction of gamma rays with energies in
excess of about 5 MeV., It is clear frem this section that
the total photon cross-section to be used in attenuation
calculations is given by the sum of the cross section for
photoelectric effect, Compton scattering effect, and pair
production, The relative importance of the three processes
described’ above for different absorber materials and gamma

ray energies is illustrated in Fig.l.
1.3 Definition of some nuclear parameters

To evaluate the effectiveness of any new shielding
material, the following nuclear parameters should be
measurad:

{i} Bttenuation coefficient (L );

{ii) Half-value thickness (HVT):
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{iii) Buildup factors {B);
[iv] Removal cross section [‘ZLR}; and

(vi Relaxation length (A ).

A brief desgcription of each term mentigned above and
their relationship is discussed below:

{i) Attenuation coefficient ([ J )

The most important quantity characterizinglthe
penetration and diffusion of gamma radiation in extended
media is the attenuation coefficient, Jh . This gquantity
depends on the photon energy E and on the atomic number Z of
the medium and may be defined as the probabhility per unit
path length that a phoéon will interact with the medium. The
fate #t which gamma rays are attenuated is determined
ﬁﬂfmarily by the atomic number and density of the shielding
material, and to a lesser extent by its geometrical
configuration. Consider a slab of material of a given/or
certain thickness located between a narrowly collimated beam
of gamma ray photons and a narrowly collimated detector, as
indicated in Fig.Z2z.”  The distinctive feature of a narrow
beam experiment (i.e., one having "good geometry') is that
only the photons-which traverse the specimen absorber
without experiencing an interaction of any kind, reaches the
detector; and scattered radiation, for example, is prevented
from reaching the detector. Assuming that the beam intensity
in;ident on the slab has the value Ilo), one obtains for the
intensity transmitted, I{t), through the slab the value1l

I{t} = I{c) e—pF _ s e e {4)
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where L is the narrow beam attenuation coefficient. In this

case the attenuation is found to be exponential.
{ii) Half-value thickness (HVT]

The abscrption effect of radiatian shielding materials
may be characterized, by their half-value thickness (HVT),
which is the thickness reguired to reduce the intensity to
oné-half. Similarly, the tenéh value thickness (TVT) is the
thickness reguired to reduce the intensity to one-tenth.
HVT, is generally obtained from the gréph by plotting the

transmitted intensity vs. thickness of the absorbing

materials,

{iii) Buildup factors

Y

Two of the three main processes, the phutﬂe}ectric
effect and pair production effectively represent pure
absorption of the gamma radiation. Furthermore, calculations
of the attenuation of gamma rays would be relatively simple
if the interaction processes were purely absorptive, i.e.,
if each collision resulted in the disappearance of a photon.
Onfortunately, gamma ray interaction processes are not
always completely absorptive, It is the existence of the
third process, Compton scattering, that complicates thé
issue. The scattered photons which are not counted in narrow
beam-geometry experiments still have to be reckoned withTin
shielding problems, However, in mast shielding arrangements
of practical importance, the point of interest (e.g., the

human body] will consist of, in additlion to the uncollidal
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component, a component congisting af:

{i} photens that have undergone scattering
interactions in the intervening medium, and
(1i) low intensity, subsidiary ra@iation released
locally in the intervening medium due to the
interactions between the socurce photons and the
medium.
Therefore, in the shielding arrangem?nts most frequently
enccunteredfin practice, it is the total radiation received
that is of interest; such arrangements are often described
as possgssing 'broad beam geometry', to distinguish them
from the well collimated (a good ygeometry) arrangement as
illustrated in Fig. 2a. A typical arranéement of source and
shield having broad beam gecmetry is shown schematically in
Fig.2b., When a broad beam of gamma photons passes through a
medium, varlous absorption and scattering processes cause a
decrease in the number of criginal photons present in the
beam as indicated in Fig.2b. Due to the interaction between
photon radiation and the absorbing materials secondary
radiation arises which must hot be neglected, since it may
cause considerable increase of the residual radiation
leaving the absorber, In such situaticn the simple
attenuation equation (4) no longer holds for the radiation
intensity behind a shield and a correction must be made for
the effect of scattered photons. It is convenient to
describe the difference between the results of measurements

in narrow and broad-beam cases by means of buildup factors.,
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In studying gamma ray attenuation through a medium (Fig.2b),
the concept of buildup factor is generally used. This is

defined as followsg:

Quantity of interest at-a point due to
the total number of particles

8 Quantity of interest at a point due
only to noninteracted particles

The 'quantity of interest' might be the number of
particles, their enerqgy, or the dose imparted by thém:
thereby giving rise to number, energy, and dose builldup
factors, respectively. Therefore, the corrected attenuation
equation (4] becomes

I{t) = I{c) B e =HE . e {5]
where the buildup factor, B, takes into account the increase
in radiation intensity gue to scattering within the
absorber, I{o}) 1s the initial intensity of the radiation
source, I1({t) is the attenuated intensity after passing
throughthe shielding materials of thickness ticm) and Jk is
the attenuation coefficient (em~1}. If all three types of
interaction of Qamma—fay photons with matter are included,
then
.ﬂ-=.ﬂpe vt ,ﬂpp . .. (6)

wheredﬂpe, M and,ﬂpp represent the attenuation coefficients
duze to photoelectric, the Compton effect, and pair
production, respectively. Usually, buildup factors1are given
at different relaxation lengths or attenuation units,
Jt. Like the attenuation coefficient, the value of the B
varies with absorbetbr material and radiation energy. It alsoc

varies with geometry of the source and depth of penetration

T
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in the absorbing medium. The total attenuaticn coefficient
is calculated for a given energy by _
‘ JL = 0.693/HVT . a e {7

where HVT is the half value thickness. In practical gamma
ray shielding calg¢ulation, the buildup factor is being
widely used "to determine the total effect of the radiation
at the point of interest. In principle the buildup factor
concept is5 also applicale to neutron attenuation, but in
practice it is found to be much less successful when applied
to nedtrons, and consequently it is much less important’a

concept in the context of neutron shielding calculation.
(iv) Removal cross sectiaon { Z_R)

The removal c¢ross section of a material as used in
shielding calculations, is the cross section which describes
the probability that a fast neutron will reach a given
detection point in a material without being abscrbed or
scattered out of the direct path, i.e,, if t is the
thickness of the material through which fast neutrons are
passing, then the ratic of the transmitted intensity, I(t)
to the incident intensity, I{o), is given by

ity = I(o) e ~2RE - (8)
where E-_—l?t is the macroscopic removal cross sectiqn for the

material.
(v} Relaxation length [‘h J

The relaxation length of any material is that thickness

of material in which the incident radiation diminishes to a



21

factor el

(i.e., 1/e =0.368) of its incident intensiéy,
where e is the base of natural logarithms. This factor 1is
also known as mean-free-pathimfp) which represents the
average distance travelled by a photon between successive
interactions., If I(t) is the radiaticn (neutron 0r'gamma
ray) intensity or related guantity at a depth t within a
shield, then the relaxation length 7\ . for the given

radiaticn and medium, is given by

1 =—_L_ Eii[t] [ {9]

Fal I(t) dt
at the point t. As defined in this manner, the relaxation
length may vary with the depth t within the shield. However,
it 1is often found that, owing to a combination of
circumsetances, the radiation intensity decreases 1in an
approximately exponential manner over a range of distances
within the shield: tﬁ remains constant ¢ver this range and
the flux at t can be represented by

L(t) = I(o) e "t/A S (10)
where I(o) is the flux at the origin of the t coordinate.
Comparison with the attenuation eguation for gamma rays {4)
and egquation for neutrons {8} shows the h is formally
equivalent to 1/ AL or le:R, respectively. Since the
relaxation length of a particular radiation in a given
material is eguivalent to the reciprocal of the attenuation
coefficient (for gamma rays) or the removal cross section
(for neutrons), the relaxation lengths (or thelr
reciprocais} provide a good means for c¢omparing the

shielding effectiveness of different materials.
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Many reseatch workers have tried in various ways to
determine the structural properties and nuclear parameters
+for different shielding wmaterials. To put things in
perspective, a critical review of the earlier work 1is

envisaged.
1.4 Review of earlier works

An excel lent review of the methods fﬂr.the preparations
of different types of concretes to he used in shielding
various nuclear instaliations and the data pertaining to
constituents and characteristic properties of the concretes

has been made by Hungerford et arl?,

schmidt!! has made an indepth review of fast neutron
(<15 MeV) transmission through concretes, This review
in¢ludes the details of different types of concrete and
their compositions used for the studies of transmittegd
spectra, dose rates and evaluation of relaxation lengths-

both experimental and computational,

In a review article, Egc:rr:n.rl2 has descriﬁed the
attenuvation of fast neutron through layers of different
shields., The shielding materials for which relaxation
lengths have been measured for neutrons and gamma rays are:
polyethylene, graphite, iron, lead and serpentine concrete.
Experiments have shown that the relaxation lengths of
neutrons and gamma radiation in serpentine concrete are

about 12 om and 15 cm respectively.
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Relaxétion lengths for fast neutron (>0.5 MeV), and
gamma rays, total dose rates, and bulildup factors relevant

to polymer-based concretes were measured by Eelayaknvl3.

The attenuation of fast neutrons in ilmenite concretes
has been studied by Adams and Lokanl?'15 The densities of
concretes studied wvaried from 2.4 to 3.8 qfcm3. No
comparison has been made between ordinary concrete and

ilmenite concrete.

The barium serpentine cement concrete used by
Voskrenesky et a1l® has a density of 4.6 to 4.75 g!cmE. They
have studied several engineering properties and relaxation

lengths in the shielding materials.

Veselkin et all? have studied the reactor neutron
transmission through 15 different concrete compositions,
These are; ordinary concretes (densities: 2,32, 2.35, 2.42
gfcﬁ3}, hydrate concretes (densities: 2.36, 2.41, 2.60,
2¢9ﬂ; 3.15%, 3.20 ngm3}, heavy concretes (densities: 3.1,
3.3, 5.9, 6.0 gfcm3}, serpentine concrete (density: 2.36_
g!cmB} and iron-serpentine concrete {(density: 3.6 QXCm3].
Dose buildup factors were measured as an index of shielding

preoperties.

Dubrovski et all® have studied the shielding properties
of stone concretes by measuring the relaxation lengths, and
they have established that the stone concretes {density:
2.38 gfcm3] are batter than the ordinary concretes {density:

2.2 gfcm3] from radiation shielding point of view.
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Transmitted spectra for neutrons through concrete,
water, paraffin, iron and boron-loaded polyethyléne have
been computed by Hakfa et 3119. They, however, did not
compare the relative efficiencies for different types of
¢oncretes. Transmission of  fission and reactor neutron
through several materials (water, iron, lead, concrate +
iron + boront has also been measured by Makra et alzﬂ.
Again, neo attempt seems to have been made by them for
comparing the relative efficiencies oflthese different types

of conecrete,

Szmendera et al?l have computed the total attenuation
neutron +gamma) for different types of concrete aggregates:
basalt - magnetite, barite - magnetite, serpentine - barite
and serpentine - magnetite, with the denéities ranging from

2.44 to 4.42 g/cme.

DikarvevZ? has studied the shielding properties of
concrete. He has measured the relaxaticon lengths of neutron
and gamma rays in ordinary and limonite concretes. His
investigation shows that for the given neutron and gamma ray

spectra, limonite concrete has better shielding properties

than cordinary concrete.

Vasilev et al?3 have studied the attenuation of reactor
radiations in serpentine sand. They have measured the
relaxation lengths of fast neutrons, thermal neutrons and
gamma rays in serpentine sand and compared their data with

the relaxation lengths of such radiations in serpentine
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concrete and iron-briguel les concrete. They have found that
the shielding properties of monolithic serpentine blocks are
considerably better than those of iron-briguelles and some

what better than those of serpentine concrete.

Attenuation of neutron and photons transmitted through
prdinary concrete were studied by Uwamine et al24. source
neutrons and photons were obtained from Californium-252
fission source. Relative shielding properties of amonia meta
tungsten for neutron and gamma rays from 252Cf fission

source have been studied by Senffle and Philbin?>.

Dose buildup factors for a plane non-directional source
of Co-60 were obtained experimentally for plane parallel
barriers compased, respectively, of water, ordinary concrete
and heavy caﬁcrete by Furuta et al26, They have measured the
dose buildup factors in water { f=1.0 g!cma}, graphite
{ £ =177 gfcm3], ordinary glass (_f=2.49 gfcm3], aluminium
{ -2 =2.75 g/ecm3), iron (P =7.B3 g/cm’) and lead {_P =11.3

gfcm3]. Similar study has also been performed by Tamura and

27

Tsurue using a Cs-137 source.

The broad beam attenuation coefficients of 4-32 MV
¥-rays in cordinary concrete, heavy concrete, iron and lead-

have been studied by Maruyama et alzs.

Broerse and Werven?? have measured the absorption
characteristics of various materials for 3 MeV and 15 MeV
neutron. Attenuation curves are reported for water,

concrete, paraffin and borated laminated wood,



26

S5hielding characteristics of concrete with iron
{,f=2.25 g!cmj} has been studied with fission source by
Palfalvi’®, Polyethylene with 1% by weight boron has alsco

heen used as the shielding material.

Attenuation of 14 MeV neutrons in shields of concrete
and paraffin wax has been studied by Bozyap and Day31.
Removal cross sections and buildup factors were measured

using a different attenuation model.

Experimental attenuaticn curves have been measured for
uncellimated bremsstrahlung radiation, incident on ilmanite-
loaded concretes of density 2,88, 3.85% and 4.33 g!cm3 by

Lokan et a132.

Gamma ray buildup factors in ordinary concretes have
been measured by Eisenhauer et al33 and Busain et al-% using
point isotropic 80¢o source. Harris et al3® have studied
shielding characteristics of ordinary concrete haviqq

density of 2.25 g/cmd.

Megahid et al3® nhave measured the attenuation and
distribution of gamma ray doses in a multilayered shield
consisting of water, iron and ordinary concfete. The
relaxation length of gamma rays in ordinary concrete was
evaluated. They have also measured the attenuation of
reactor thermal neutronrs in a bulk shield of ordinary
concrete. In addition the thermal neutron relaxation lengths
in ordinary concrete were derived for disc collimated beam

and infinite plane mono directional sources.
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Attenuation characteristics of 6.2 MeV source photons -
penetrating concrete, iron and lead shields have been
studied by Bishop and Marafie3’., They have measured the

exposure buildup factors.

Attenuation of 14 MeV neutrons freom a point source in
concrete shields {(density: 2.3 gfcmB} has been studied by

Rob=sen and Kr00n38.

The relative effectiveness for varying hydrogen
contents 1n concretes have been computed by Belayakov et
al3?. concretes of density 2 to 2.4 g!cm3 and concrete with

.organic substances (polymer - cement and polymer) have been

considered,

The attenuation of fast neutrons and gamma rays through
shields have been reported for magnetite concretes, jilmenite
concretes, serpentine concretes and ordinary ccﬁcretes by
several author54dh45. They have measured the dose buildup

factors, relaxation lengths, linear attenuation coefficient.

The use of suitable additives in concrete is encouraged
to enhance the shielding properties. The only additive used
in concrete is boron either in elemental form or in other
forms such as

1} boron-bearing aggregate like colemanite;

ii) pyrex glass ground to sand;

1ii) boric acid, borohydriées or complex borates

dissolved in mix water {(water used for casting

concretaes); and
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iv) boren in cementing agent.

Since the presence of boron retards the setting prccéss
of concrete, general ly very good care has to be takeh in the
preparation of concrete by confining the amcunt of boron to
about one percent. To enhance the shielding capabilities and
suppress the unwanted capture gammas, boron is used in

adggregates containing a large amount of bond or semi-bond

water.

The use of boron or its compounds in concretes, the
preparation and prﬁperties of such concretes have been
thoroughly reviewed by Hungerford et allﬂ. The properties of
boeron and boron coﬁpounds have also been reviewed by
Akerhielm?9, Hungerfnrdd? has described the borated

materials used in Enrico Fermi Reactor bioclogical shield.

Broader et 3143; have studied the shielding properties
of borated-heat resistant chromite concretes, They estimated
the neutron and gamma dose rate relaxation lengths aé a
function of shield thickness. Broader et al%? also studied
the shielding properties of concretes containing boron. They
used concretes of densities 1.8 and 2.2 g!cm3. They have
also investigated concretes of diffgrent densities (2.3 to
4.2 gfcm3} containing diff?rent weight fractions of boron
and mesasured ,the relaxation lengths and dose buildup

factors.

The shielding properties of borated concretes have also

been measured by Dubrovski et al-?, They concluded that
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having more than 15 kg!m3 of boron in concrete does not
produce any additional effectiveness. Further, boron is lessl
effective in denser concretes. They also found that boraticon
iz most effective in heat resistant non-hydrogenecus

concretes.

Vegelkin et a151, have studied the effect of boron and
iron as additives on concretes and the relevant shielding
properties for reacter neutrons., They used 20 kg!m3 of boron
carbide in ordinary concrete {(density 2.36 gfcmal and 72

kgfm3 of boron. carbide in serpentine concrete (3.36 gfcmBJ.

Kelly52 and Quetier Mcnique53 have described the use of

neutron absorbing materials in their review.

Mashkovich and Tsypinﬁ4 have discussed the present
trend towards experimentallshielding research, Petrove2® has
discussed the possibility of applying an experimental method
for optimisation of multilayered biolcgical shields. They
concluded that the method provides one with a careful tool
for transforming the results of simvulating experiments into
practical design of physiéal facilities, Petrove>® has aliso
described the optimisation of two - layered - shield for

gamma and neutron shielding based on computaticons.

1.5 The present work

The Bangladesh Atomic Enerygy Comission has recently
commissioned its lst 3MW(t) TRIGA Mark-II research reactor

at the Atemic Energy Research Establishment (AERE), Savar
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and the proposed nuclear power reactdy at Rooppur, Pabha is
likely to be implemented in near future. The potential
hazard associated with nuclear installations due to ionizing
radiaticns has already been mentimneé. In nuclear reactors,
adeqﬁate shielding is applied to attenuate the intensity of
emitted radiations considerably. The biclogical shield of a
nuclear reactor is required to attenuate both gamma rays and
neutrons emerging from the core. The energies of these
radiations cover a wide range. Generally, materials having
high densities are used as shielding materials. The present
literature review reveals the different types of concretes
considered for biclogical shielding of reactors. Heavy
concrete with density greater than that of ordinary concrete
{density: 2.3 gfcm3} is suitable for reactor biological
shield. High density may be obtained in concretes by the use
of the following aggregates: parite, magnetite, ilmenite,
hematite, limonite, steel punchings or schot,
ferrophesphorus. The high density aggregates will. improve
both the neutrons and the gamma ray shielding effectiveness
of concretes, Aggregates contalning a large amount of bond
or semi-bond water and/or boron contents improve neutron
shielding effectiveness, Boreon increases the neutron
shielding effectiveness of concretes and also acts as a
suppressor of secondary (capture) gamma rays. The presence
of heavy constituents and hydrogeﬁ [mix® water) in the
concretes provides for an adequate solution for the problem

of attenuating gamma rays and fast neutrons. However, in
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order to capture thermal neutrons without the ensuing-
production of hard (penetrating} gamma rays, use must hbe
made of elements with a very large neutron cross ééction
with the accompanying emission of only soft gamma rays which
are readily absorbed within the 5hielﬁ. Boron, containing

1GE iz such an element. For use in concretes the

isotope
boraon compounds must bhe added to the cther constituents to
increase the probability of neutron capture. A proportion of
0.9 to 1% of boron in relation to the volume of the concrete
is recommended by several authorsl?, According to some
auvthors, increasing the boron content beyond 1.5% does not
result in any increase in the effectivenass of shielding., On
the contrary it creates setting problems for the concretes.

Boron may be added to ordinary concrete and high density
concretes in a variety of ways to enhance the thermal
attenuating properties of the concrete and tc suppress
secondary dgamma ray genergticn. Boron-10, because of
its large thermal-neutron capture cross-section fdﬂﬂp barn)
competes quite successfully with other elements in capturing
neutrons when added to concrete even in small guantities,

108(n, alpha}’Li, which emits a 0.49 MeV

The reaction 1is
capture éamma—ray. This low energy gamma-ray is easily
absorbed in the concrete. The detailed literature survey
raveals that in the past decade extensive research was
carried out on heavy concretes using two or more
combinaticons of magnetite, ilmenite, limonite, hematite,

bryte, etc., and the resultant aggregates were successfully

applied teo shield the nuclear installations. The shielding
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performance depends on the properties of component
substances; and by a suitable choice of constituents it is
possible to aptimize the shielding characteristics for
various types of radiation. The present study was undertaken
to design and fabricate concrete shields indigencusly with
the objective of avoiding costly imports and also to develop
local know how. Such a study should be of particular
interest to Bangladesh because of the availability of
magnetite and ilmenite as by-products in the beach sand
processing pilot plant at Cox's Bazar., It may be mentioned
"here that concrete shields using magnetite sand from Cox's
Bazar have been studied, designed and fabricated by Ahmed et
a1>7138 for possible use as the bicological radiaticon shield.
They have measured only point isotropic gamma ray [EﬂCc]
buildup factors in two aggregates concrete shield {density:
2,72 g/cm?), The concrete slabs used by them were made of
cement, mixed sand and stone c¢hips In the ratio of 1:2:2
{mixed sand composed of magnetite and Sylhe? sand in the
ratio of 3:2). In order to use concretes prepared from
locally available materials as a reactor biological shield,
the detailed research and development works on thé
evaluation of structural and nuclear shielding properties of
concretes undertaken, This thesis describes the

investigation carried out Eertaining to
{1} fabrication of concrete shielding by milxing
magnatite, ilmenite, stone and Sylhet gand in
standard proportion with and without boron

L)

additives;
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(2) evaluation of physical and structural properties
of the concrete; and
{3} evaluation of the radiation shielding properties

of the dnncretes.

In chapter 2, the fabrication of concretes of different

types are described. Several physical and structural

properties were also evaluated for these concretes.

The experimental method used in this study is described
in chapter 3. The chapter 4 indicates the experimental
results ebtained in the present investigation. The summary
and conclusion of the whole study as well as future research

programme are given in chapter 5.



34
CHAPTER 2

FABRICATION AND EVALUATION OF STRUCTURAL
PROPERTIES OF CONCRETES

2.1 Introduction

Concrete is an inexpensive, easlily handléd material.
Nuclear properties of concretes may be enhanced by using
gpecial aggregates, adding heavy metals to the mix or boron
additives to it. Any concrete with a water content of ~~ 5%
makes a good neutron shield and the use of boron and heavy
aggregates enhances the neutron-shielding properties of
concrete. The standard composition (mixing ratie) of
ordinary concrete with a conventional method of preparation
is 1 part cement: 2 parts sand: 4 parts rock aggregate by
volume. These ratios vary for special and high-density
concretes according to need. Variation of size of the.
aggregate and the sand particles as well as the mix
prupértions will produce wvariations in appearance, density,
and strength properties. Use of special aggregates, sand,
-Ccerments, or additives to the mix water may enhance both the

physical as well as nuclear properties of the concrete.

The bicleogical shield concrete must provide the desired
primary shielding against the penetrating radiations and
also possess the adeguate load bearing characteristics.
Thus, for any new type of concrete to gualify itself as
bioleogical shield its structural properties as well as

nuclear properties should fulfill the established criteria
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aﬁd its preoperties can be changed to suit special needs.
There are several properties of interest which one must
consider while utilizing concretes for radiation shielding
purposes. The desired physical and mechanical preperties
include: {1) density; (2) compressive strength; (3) thermal
conductivity; (4) hydrogen content; and (5) rate of
dehydration with temperature and aging. The nuclear
parameters of interest are: (1) gamma-ray attenuatiocon
coefficient which governs the characteristic relaxation {or
e-folding) length and half wvalue thickness {(HVT) in thé
material; (2) removal cross secéian which governs the
characteristic neutron relaxation length in the material;
and (3) the hydrogen content which makes possikle the
slowdown of fast neufrﬂnﬁ té lower energies. The thermal
neutron attenuvation properties should be increased to the
maximum attainable and the production of capture hard gamma
rays should be suppressed as much as possible. To achleve it
the concrete may be loaded with boron-containing materials.
The fabrication of concretes shield with and without
additives and evaluation of their structural properties are
described in this chapter. In this study, boron in the form
of boric acid [H3ED3] is added (1% by vacl.) in the concrete

shield to enhance the neutron shielding effectiveness.
2.2 Fabrication of concretes

Concrete is artificial brick manufactured from - a
mixture of binding inert materials in combination with

water. Concrete is considered as a chemically combined mass



K3

where inert material acts as a filler and the binding
material acts as a binder. The inertlmaterials used in
cancrete are termed as 'aggregates' and are used in concrete
to give strength to it. Usually they are graded caarsé and
fine. The aggregates give volume to the concrete, around the
surface of which the binding materials adheres in the form
of a thin £ilm. In nuclear application use of high density
aggregates increases the density of the concrete, an
important consideration for shielding. Certain aggregates
may increase the fixed-water content in the concrete,
another property desirable from a nuclear view-point.
Impurities in the aggregates or other ingredients in
concrete may seriously affect the setting, aging, physical
and nuclear properties of concretes: undesirable minerals
produce deleteriocus effects on the setting characteristics,
which in turn affects the aging and strength properties,
Debrish and dirt particles in unwashed aggregate may cause
concrete to crgck upon setting and crumble with age; gas
pockets formed by too great a heat generation during the
setting process may create voids which weaken the concrete
and decrease its shielding value, It is important that no
velids be formed in the pouring of concrete shields. Proper
consistency will aid in eliminating this problem, Thus, the
homogenelty and c¢onsistency should be maintained. The
proportion of water in the mix is vital to its consistency.
A good concrete shield should have a slump of around 10 to

15 ¢m. In theory, the voids in the coarse aggqregates are
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filled up with fine aggregates and again the voids in the
fine aggregates are filled up with the binding materials.
Finally, the binding material, as the name implies, binds
the individual units of aggregates into a solid mass in

presence of water.

Concrete 1s usually prepared by thoroughly mixing
portland cement, sand and.stone chips. The casting of the
mixture is done in a mould of desired shape and size and

allowed to hydrate or cure in a humid atomosphere. After a

28 day cure, the concrete reaches about 80 to 90% of its

ultimate strength., Concrete at this point contains ~~3.5% by
welght of bend or .hydrated water and -~ 1,5% by weight of free
water. In this study, concrete slabs with and without boron
additives with different composition were prepared in the
concrete laboratory, Depﬁrtment of Civil Engineering,
Bangladesh University of Engineering and Technology (BUET).
The ﬁmerican Society of Testing Materials {ASTHJE’g prﬁcedure
was followed fér making the concrete slabs, The concrete
slabs were made with cement, sand and stone chips in the
ratio of 1:2:3 by volume. In addition, identical type
xcnncrete slabs used in the reactor biological shield of 3MW
TRIGA Mark-I1I research reactor was also made with cement,
sand {20% ordinary Sylhet sand + 40% ilmenite sand + 40%
magnaetite sand) and stone chips in the ratioc of 36:100:100

by volume. The detailed composition of cement, sand and

stone chips are given in Table 1. From the prepared mixture,

twenty slabs each having dimension of 12.5cm % 25cm x 12.5cm

w |}
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were fabricated for radiation shielding studies. In
addition, nine solid cylindrical (15 cm dia.x 30 ¢m length)
slabs were made and their structural properties were studied
in the concrete laboratory at BUET. The basic properties of
the aggregate used for the preparation of concretes and the
chemical analysis of sand are shown in Tables 2 and 3

respectively.
2.3 Structural properties of concrete

There are several physical and structural properties of
interest which one should consider while evaluating the use

of concretes for radiation shieldingEg'El.
2.3.1 Density:

The density of & concrete plays a vital part in its
nuclear performance, because it is a measure of the atomic
concentration of the constituent eiements: High density is =z
desirable property for stopping both gamma rays and
neutrons. The greater is the density of the material the
more will be the number oé nuclear interactions and hence it
becomes more effective in absorbing radiation. The density
may be increased by use of heavier aggregates. The density
0f a given mix formula may be increased a few percent by
addition of heavy aggregates to the normal mix without

affecting the properties of the resultant concrete,

[y T

-
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Table 1

Summary of concrete compositions

Type of
Concrate

Symbol

- o T . —— T — S —————

Course
aggregates
{Stone chips}

Cemant

Mix ratio

Sand

by volume

Boron
additives
% by
volume

Ordinary
concreta

Boron-
loaded
Ordinary
concrete

Ilmenite
concrete

Baron-
loaded
ilmenite
concrete

Magnetite
concrete

Boron-
1caded
magnetite
COncrete

Ilmenite-
Magnetite
—ordinary
mixed
Concrete

Boron-
lcaded
ilmenite-—

magnetite-

ordinary
mixed
concrete

01

01B

I1

I11B

M1

MLlE

IMO1

IMOLB

e

L1

10Q=*

1G60*

100

1900

*Ilmenite sand

Sylhet

{erdinary)

40%; Magnetite sand

sand =

20%

40% ¢
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Table 2

Basic properties of aggregate

Properties Fine aggregate Course aggregate
Sylhet Ilmenite‘Magnetite White Black

Finness modulus 2,84 D.74 .68 - -

Bulk gnit welght 1554 2563 2563 1538 1602

(kg/m~)

Bulk specific

gravity{S.5.0D. 2.54 4.78 4.55 2.54 2.B6

basis) .

Absmrption (%)

{oven dry basis) 1.52 0.10 0.46 0.49 0.34

Effective

absorption (%) 1,00 0.04 0.38 0.47 0.33
Takle 3

Chemical analysis of sand

Name of =and Organic content Chloride content
{3) (%}

Sylhet sand 0.60 -

Ilmenite sand ¢.09 0.06

Magnetite sand 0.21 0.07
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The overall density of concretes varies from 1.3 gfcm3 for
certain aggregate to 4.8 gfcm3 for certain steel-loaded iron

pre—-aggregate cuncreteslu.

2,3,2 Compressive strength:

Compressive strength is of paramount importance since
most of the concrete Ehiela constitute the entire structural
assembly. Preservation of individual shield integrity over
its expected lifetime ig, therefore, essential. Froper use
of aggregates can enhance the strength of concrete., For
neutron shielding, where a high water content is desirable,
strength may have to be sacrificed to some extent in corder
to obtain the desired water content. A recommended mixing
ratio of the dry ingredients for a high-strength portland
concrete is )1 cement: 2 sand: 4 aggregate by volume with a
water—-cement ratio of 0.53 by weight. This formula will
produce a concrete with compressive strength 1lying hetween
210 kg.fcm2 and 420 kg.«"cm2 under properly controlled curing
conditions, The increasing cement content will tend to
increase the strength of concrete, while increasing the
water content will tend to decrease its strength. For heavy
and other special concretes the desirable water-cement ratio
may be less than 0.53. Furthermore, curing or proper aging
¢f concrete is important both from nuclear as weil as
structural points of view. A 2B day aging periocd under moist
conditicns will develop the maximum ﬁtrength

characteristics®0-61
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2.3.3 Thermal conductivity:

Tﬁermal conductivity is the rate at which heat passes
through cm-cube of a material when there is a unit
temperature difference between the two faces of the
material. The thermal conductivity of ordinary concrete
varies between 0.0008 to 0.004 cal/s-cm-°C, depending on the

mix. In general, heavy aggregates added to-ordinary concrete

10

has a conductivity of around 0,004 cal/s-cm-"C.

2.3.4 Hydrogen content:

Hydrogen cccurs in concrete mainly in the form of fixed
water and small amounts of organic impurities. The main
shielding effectiveness of concrete for neutrons is due to

the water content of concretelﬂ.
2.3.5 Dehydration:

Ordinary concrete will retain its water content for a
long peried of time. Dehydration is so slow at ordinary
temperature that many concrete still retain half of their
original water content after a periocd of 20 to 30 years.
Heat and radiation rapidly accelerate the dehydration
process. At temperature above 200°F dehydration is

noticeable, and above 600°F it becomes very rapidlﬁ.

The densities and compressive strength including
tensile strength and modulus of elasticity were determined
with cylindrical shaped slabs of 15 ¢m dia. X 30 em length

in the laboratory. For each type of measurement, a minimum
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of three saméles were fabricated. The above properties were
evalanated using conventional technigues prescribed by ASTH.
211 properties were evaluated for all types of concretes
after 2B days curing. The results are summarised in Table 4,
More detailed information abhout aggregate, cement, concretes

and their relevant properties are found elsewhere”?-61,

Table 4

Structural and physical properties of 30 cm =% 15 cm dia.
cylinder concrete aged 28 days

Type of Density Compresslive Modulus of Splitting

concrete strength elasticity tensile
3 2 2 strengEh

{g/cm”) (kg/cm®) {kg/cm“} ikg/cm<)

o1 2.33 315.00 27.09 x 104 27.86
01B 2,24 256,90 22,87 x 104 21.56
1 2.88 217.70 22.47 = 104 16.10
I1B 2.78 190, 40 20,63 x 104 12.60
M1 2.82 211.54 19.39 x 104 25.48
M1B 2.72 198.21 17.52 = 104 21,08
IMO1 2,75 238,01 33.85 x 10? 33.35

IMOLB 2.69 232,80 27.44 x 104 . 30.12
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CHAPTER 3

EXPERIMENTAL METHOD
3.1 Experimental arrangement

Even 1if the thecretical understanding of shield
behaviour are sufficiently accurate and extensive to allow
detailed calculation of reactor shield design, cCcommon
prudence would require the experimental determination of
shield behaviour prior to reactor shield design. Therefore,
it is understandable that measurements of the shielding
properties of matter in the bulk have provided the most
important basis for the study of neutron and gamma ray
attenuation, The method used for the detection of neutron
and gamma radiation are almost exclusively based on the
ionization produced by particles in their passage through
matter. In éhe interacticon of gamma radiation with matter,
2lectrons are produced, which in their turn produce
ionization effects that can be detected. Similarly, neutrons
are detected through nuclear reaction which result in
energetic charged particles (such as proteons, alphas and so
forth)l that reveal their presence hy icnization thef
produce, The experimental arrangement for the measurement of
attenuation of radiations (both neutrons and gamma rays)
consists of a radiation source, a detection system and slabs
of the material Heing investigated. A detection system can
be considered to be made up of two parts:la detecter and a
recording system. The interaction of the radiation with the

system takes place in the detector. The recording system
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receives the output from the deteﬁtor and after
amplification and subseguent discrimination records the
number of events. A block diagram of the experimental
arrangement for the attenuation measurements is shown in
Fig. 3a. In cur experiment, the bhrocad beam geometry was
employed in order to include the maximum amount of scattered
radiation in the transmitted beam, A BFy gas proporticnal
detector was used to monitor neutron components, while a Nal
(Tl) scintillation detector was used to monitor gamma ray
components in this study. The distance between the source
and the detector was 110 com. The incident neutron or gamma-
ray intensity was first measured without any concrete slab
hetween the source and the detector. Then the first slab of
the shielding material was placed nearest to the detector
and the transmitted intensity was measured by the detector.
The next slabs were successively introduced in front of the
slabs already placed, 1In this way the shielding thickness
was increased, while the detector remained in_the same
position. The measurements were repeated for the addition of
each 5 cm thick slab of concrete up to a-maximum of 100 ¢m
{totalling 20 identical slalg. The output from the detector
waslfed into the counting system. Figure 3b is a schematic
diagram of the counting system. The detalled description of
the radiation source and the detectors used in the shielding
experiments are furnished in the sections 3.2, 3.3 and 3.4.

Some of the electronics assoclated with the counting system

are described below.
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Preamplifier

The output of the detector appears as a pulse of
voltage or charge which is s¢ small that it is practically
impossible to deal with the signal pulses without an
amplification step. Therefore, the first element in a s8ignal
processing chain is often a preamplifier, provided as an
interface between the detector and the pulse processing and
aﬁalysing electronics that follow. From the stand-point of
signal-to-noise ratio, it is always preferable to minimize
the capacitative leoading on the detector, and therefore long
interconnect;ng cables between the detector and preamplifier
should be avoided as much as possible. The preamplifier
should, therefore, be located as close as possible to the
detector. Another function of the preamplifier is to quickly
terminate the capacitance, and therefore to maximize the
signal-to-noise ratio. It also serves as an impedence
matcher, presenting a high impedence te the detector to
minimize loading, while providing a low impedence oﬁtput to
drive succeédiﬁg ccmﬁﬂnents. The preamplifier conventionally
provides no pulse shaping and its ocutput is a linear tail
pulse. The rise time of the output pulse is kept as short as
possible, consistent with the charge collection time in the

detector itself.

The signal processing section of preamplifiers intended
for either solid-state diode detectors or gas-filled
iecnization or proporticnal counters #s guite similar,

However, preamplifier intended for properticonal counter
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applications must be designed to withstand several thousand
volts, whereas solid-state detectors seldom require bias
supplies of more than & few hundred volts. Preamplifiers
intended for scintillation counters are usually guite
different. Because the signal level from a photomultiplier
(PM) tube is rather high, the gain and noise specifications
of a scintillation preamplifier is different from those used
with proportional counter. Although it is gquite possible to
use a scintillaticn counter without a preamplifier in many
applications, it is convenient to include a preamplifier
simply to avoid the charges which can occcur in the tine
constant of the equivalent anode circuit of the PM tube if
it is connected directly to a linear amplifier or cother

measuring circuits.

The preamplifier is also normally used to supply bias
voltage to the detector. Arrangements can always be made to
supply wvoltage to,the detector independent af the
preamplifier, but it is usually convenient to do so through
the preamplifiex. A signal cable between the preamplifier
and deﬁector provides hoth the voltage to the detector and

the signai pulse to the input of the preamplifier.

-

Most preamplifiers in use teoday are charge sensitive,
and provide an cutput pulse with an amplitude propertional
to the integrated charge cutput from the detector. Canberra
Model 2001l preamplifier was used in our experiment. Its
salient features are as follows:

O Low nolse-better than 600 eV

il
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¢ ° ldeal for high rate "f—ray counting applications
o Charge—sensitive

o First rise time~better than 40 nsec

o Pocle/zero cancelled unipolar ocutput pulse

o Gain stability-better than + 0.005%
High-voltage supplies {(E.H.T. supply)

All radiation detectors reguire the application of an
external high voltage for their proper operation. This
voltage is conventicnally called "detector bias", and high-
voltage supplies used for this purpose are often called
detector biaé supplies. Some characteristics of detector
bias supplies which can be impertant in specific-

applications are:

(v} The maximum {and minimum} voltage level and its
polarity;

o The maximum current -available from the supply:

o The degree of regulation against lnng—tefm drifts

due to'changes in temperature or power line
voltage; and

o The degree of filtéering provided to eliminate
ripple at power line freguency or other low-

frequency noise.

The seophistication required of the bias supply varies
greatly with the detector type., Typical scintillation high-
voltage supplier must be capable of providing up to 3000

volts with a current of a few mlliamperes. The output must
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also be well regulated to prevent gain shifts in the PM tube
due to drifts in the high-voltage level. Bias supplies for
proportional counters must also supply relatively high
voltages, but the current demands are considerably less.
Howevér, the degree of regulation and filtering is again

important because any high voltage fluctuations appear

superimposed on the signal.

Canberra Model 3102 High voltage power supply was used
in this study. It's nolse and ripple characteristics make it
suitable for operation with a wide variety of detectors. By
design, the Model 3102 can supply all types of detactor

requiring 2 XV or less. It's salient features are as

follows:
) Regulated 0 to + 2000 VDC, 2 mA ouput
o Noise and ripple <2 n¥V peak to peak
Q Overload and short circﬁit protected

Linear amplifer

The linear amplifier accepts input pulses, often of
elther polarity, and shapes them into linear pulses with
standard polarity and 'span~width. They are designed to bel
capable of amplifying ﬁulses with rise time of the order of
10”8 second. The amplification factor or galin regquired
varies over a wide range, but is typically between 100 and
50000, The gain is normaliy adustable over a Qide range
through a combination of coarse and fine centrels, A good

amplifier should have low input noise.
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Canberra Model 2012 amplifier was selected for the
present study. It has all the characteristiés necessary to
make it useful with scintillation detector and proportional
counters, Its salient features include‘hiéh gain, low noise,
selectable time constants, and count rate optimization. The
gain range, temperature stability and non-linearity
specifications make this Model 2021 to be suitable for many

applications requiring long counting times.
Differential discriminator (single channel analyser)

In order to count pulses properly, the shaped linear
pulse must be converted into logic pulses. A differential
discriminator or single channel analyzer (SCA} produces a
logic pulse only if the amplitude of the input linear pulse
lies between two levels. The action of the unit is therefore
to select a band of amplitudes or 'windgw' in which the
input amplitude must fall in order to produce an output
pulse. In counting systems, the SCA can serve to select only
a limited range of amplitudes from all of those generated by
the detector. This is governed by the lower level
discriminatér (LLD} and upper level discriminator (ULD). The
discrimination level! is normally adustable by a front-panel
contrel. In many counting situations, the LLD and ULD are
chosen to exclude very small noise pulses at the lower end
angd very large pulses beyond the range of interest at the
upper end so that the maximum sensitvity for counting
detector pulses of all sizes is realized. A Canberra Model

2030 SCA was selected for this study.
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Scalars or counters

As the final step in a counting system, the logic
pulses must be accumulated and their number recorded cver a
fixed period of time by a timer, The function of a timer is
simply to start and stop the accumulation period for an
electronic counter or other recording device. The device
used for this purpose may be a simple digital register which
is incremented by one count each time a logic pulse is
presented to its input. In nuclear pulse counting

applications such devices are often called scalars.

Canberra Model 20717 Dual counter/timer was chosen for
the present study. The Canberra Model 2071a& Dual
counter/timer provides, twe eight decade counter, a crystal
time base, and presetting logic. Normal operation is as a
preset timer and event counter. The Model 2071A accommodates
input counting rates of 100 million counts per second {100
MHZ) for negétive inputs and 25 million counts per secaond

{25 MHZ) for positive inputs,
3.2 Radiation source

Since reactor shielding involves the attenuation of
fast neutrons and gamma radiations, the experiment was
carried out using a 232¢cf fission source which emits both
fission neutrens and fission gamma rays. The 2520f gource is
being widely used in studies of shielding propertieszs. The
strength of the source used in this study was 2 it g on

November 20, 1985, This source was chosen because of its
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fission yield being identical to the fission yield of 2335y
which undergoes nuclear fission with thermal neuvtrons in a

reactor GOI‘E3

. A prical fission yield distribution for both
252¢c¢ and 23%y is shown in figure 4. The average neutron
encerygy of the fission spectrum due to 2520f has a mean value
of 2.3 MeV, on the other hand, the average neutron enerqgy of

the fission spectrum due to 235y has a mean value of 2 MeV,

Californium-252, an alpha emitter, undergoes
spontanecus nuclear fission at an average rate of 10 fission’
for every 313 alpha transformation; The half-lives of 252Cf
for alpha emission and spontanecus fission are 2.72 years
and 85.5 years respectively, its effective half-1life,
therefore, being 2.65 years. The neutron émissicn rate haé
been found to be 2.34 x 10° neutrons per second per
microgram of 252¢0¢, The gamma ray production rate is
1.3 « lﬂ? photons per second per microgram of 232cf, 3
typical neutron and gamma ray fission speét;pm of 292¢f is

gshown in fig. 5. Its physical parameters62 are shown in

Table 5,
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Tahle &

Physical properties of 2°2Cf

Atomic number 58
Atomic weight 252
Half-1life for alpha emissions 2,73 ¥
Half-~1ife for spontaneocus fission B5.5 ¥
Half-life (effective) . 2,865 y
Fraction of decays by alpﬁa emission 97%
Fraction of decays by spontanecus 3%
fission

Average numper of neutrons per 3.8

spontanecus fission

Decay heat (5% from fission, 39 _pW/ Mg

49% from decay) .
Specific activity 530 uECi/ Ug
‘Neutron emission rate _ 2.3 x 108 571, gl
Neutron spectrum KEEE Fig.5a
Photon emission rate 1.3 x 107, s~1, ,Hgfl

Gamma radiation spectrum see Fig.S5h.
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3.3 HNeutron detector

Several techniqueg are available for measuring fast
néutrﬂns?. The commonly used ones are nuclear emulsion,
ghrEShold detectors, 3Ha or 6Li sandwich detectors, proton-
recoil detectors, semi-conductors with proton radiators and
liguid scintillation detectors. In addition, there exist
several fast neutron detectors based upon the slowing down
of fast neutrons and then measuring these slow neutrons. A
widely used detector for slow neutrons is the BF 4
proporticnal detector, 2 BF3 gas preporticnal detector was
used to monitor fast neutron components in this experiment.
The specifications of this detector are shown in Table 6. In
this device, boron triflucride serves both as the target for
con- version of slow neutrons into secondary particles as
well as a counter gas. The detection efficiency, £(E) for the
neutron incident along the axis of a BF, detector is given

approxXimately by?
CE) =1 -exp [ - Zaf(E) L] . .. (11)

wherela{E)is the macroscopic abserption cross section of 1%p
at energy E,and L is the active length of the detector.
Using eguation {11), .the calculated efficiency for our 30 cm
long BF; counter is 91.5% at thermal néutfon energies (0.025
eV) but drops to 3.B% at 100 eV. Hence, a EF; detector
exposed to neutrons with mixed energies will respond
principally to the slow neutron component and will have an

extremely low detection efficiency for fast neutrons.
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Tabhle &

BF 3 detector specificatlons

Manufacturer
‘Model
Diameter
Active length
Outer* shell
Anode

End window

Fill gas

Canberra Inc.

4528

2.54 cm

30 cm

0.089 em thick

0.005 cm diameter tungsten
0.203 cm thick alumina [A1203}

BFy (90% 19B) at 120 cm Hg.
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However, a device for measuring mixed energy neutron must,
as a rule, have an acceptable detectipn gfficiency over the
entire energy range. The inherently low detection efficiency
for fast neutrdns of a slow neutron detector can be somewhat
improved by surrounding the detector with a few centimeter
of hydrogenous moderating materials. Moreover, a detector
who=ze counting efficliency does not depend on the neutron
energy can be a very useful device in many areas of neutron
bhysics. For an ideal detector of this type, a graph of the
detection efficlency versus neutron energy should be a
horizontal liﬁe, which led to the name of 'flat response’
detector. The most popular flat response neutron detector
has been the so called "Long Counter”, It is based on the
principle of placing a slow neutron detector at the center

of a moderating medium,

The combination of BF, detector and cylinﬁrical
paraffin moderator was first suggested as a £lat response
neutron detector (or long counter) by Hanson and McKibbenE3.
In principle, the incident fast neutron can lose a fractian
of its initial kinetic energy in the moderator hefore
rreaching the detector as a low energy neutron for which the
detector efficiency is generally higher. By makinﬁ the
moderator thickness greater, the number of collisions in the
moderator will tend to increase, leading to a lower value of
the most probable energy when the neutron reaches the

detector. One would therefore expeact the detector efficiency

to increase with mederater thickness if that was the only
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factor under consideration, A second factor, however, tends
tce decrease the efficiency with incre%sing moderator
thickness; a neutron may be absorbed within the moderator
before it has a chance of reaching the detector. The
absorption probability will increase rapidly with increasing
moderator thickness because absorption c¢ross sections
generally are larger at lower neutron energies, As a result
of all these factors, the efficiency of a moderated slow
neutron detector when used with fast neutron source will
show a maximum at a specific moderator thickness. Thies and
Bottcher94 demonstrated how one can construct a flat
response fast neutron detection system using a larger
moderator with a BF 4 detector embeded in it in a suitable
geometry. In this context, a design by McKTaggartEE,
comprising of a BF, detector and suitable cylindrical
paraffin moderator has achieved fairely widespread
acceptance as the standard long counter (Fig., 6a). This
de?ice has proved to be highly successful as a- neutron
moniter in experiments using fast neutron, Morsover, it is
simple, reliable and has a long term stability. Its
sensitivity is reasonably uniform with neutron energy. &
typical efficiency curve versus neutron energy of a long

7

counter’® shown 1in Fig. $6hb.

Fig. 6a shows the basis of a long counter which was

constructed following the design of Hanson-McKibben

incorporating the modifications ‘'suggested by other

workers®4767  The BF; detector was enclosed by a large

cylindrical paraffin moderator 50.8 em {20") *n length and
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38,1 cm (15"™) in diameter. The madefator had eight 2.54 cm
(l") diameter holes, 8.89 cm (3.5") deep, in its front face,
oh a circumference 22.86 cm {%"] in diameter. The holes
provided in _the front surface prevent a fall off in tﬁe
efficiency at neutron energies below 1 MeV by allowing the
lower energy neutrons to penetrate further into the
moderator. The inner paraffin cylinder isg 20.32 cm (8™) in
diameter. The density of the paraffin wax is 0.84 g!cma. The
BFy detecteor used in this study was Canberra Model 4528
{Table 6), which had an active length as that of the
paraffin cylinder, and was filled at 120 c¢m Hg pressure with
enriched BFy. A cadmium cap covered the front end cof the BF 4
detector, The cutside of the paraffin may be covered with a
thin sheet of cadmium to abscorb thermal neutrons while
allowing fast neutrons to pass through into the paraffin. A
common method employed for the detection of slow neutrons is

kased on the reaction ) .
Li + YHe + 2.79 Mev (6%)
105 , 1.
5 0 Tr* 4
Li + “He + 2.31 MeV (94%)
which has a thermal cross section of 4000 barn for luB
isotope reaction. When thermal neutrcns (0.025 eV) are used
to induce the reaction, about 94% of all reaction lead to
the excited state and only 6% directly to the ground state.
In the {n, alpha) reaction with 198, an energy of 2.31 MeV
is shared by the alpha particles and the recolling Tri
nucleus, of which the alpha particle carries away 1.47 MeV

and the 'Li nucleus retains 0.84 MeV as kinetic enargy and

the rest if any, as excitation energy.
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The slow neutrcen measurements were made with a BF4
detector which feeds intop a standard amplifier and scaling
circuit. The pulses from the detector were amplified and
" counted with conventional circuits (Fig.3b). The BF 4
detector exhibited a flat plateau from 1750 to akout 2000 V
and was operated at 1850 V. The long counter was calibrated
against a standard neutron source. A 3 mCi Ra-Be was used as
the standard neutron source, Fig.7? shows the pulse height
distribution of the long ccunter as recorded by single
channel analyser. The ?Li*+0(—~peak at 2.31 MevV and the
7Li + Ci-peak at 2.79 MeV are clearly resclved. The 0.84 MeV
L peak and 1.4¢6 MeV alpha peak are unresolved and appear
as small steps in the long tail of the 'Li + ¢K—peak. The
cumulative e¢ffect of this type of process is known as the
"wall effect” in gas counters. The wall effect continuum
extends from Egi. {0.84 MeV} upto the full energy peak at
(Ep,i + Ealpha = 2.31 MeV). Only those reactions leading to
the 'Li exclited state were considered because the wall
effect continuum associated with the much less probable
ground state is normally so small as to be submerged by the
remainder of the sgpectrum, In addition, the wall effect
continuum is also expected from gamma rays which are often
found along with the neutron flux to be measured. Gamma rays
interact primarily in the wall of the counter and create
secondary electrons which may produce ionization in the gas.
Because the stopping power for electrons inh gases is guite
low, a2 typical electron will deposit only & small fraction

of its initial energy within the gas before reaching the
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opposite wall of the counter. Thus we expect that most gamma
ray interactions will result in low-amplitude pulses whicﬁ
will lie in the tail to the left of the point A in Fig,7.
The pulse height spectrum from long counter tells us nothing
about the energy spectrum of the incident radiation but is a
function only of the size and geometry of the detector
itself. Instead, we are interested in a stable operating
point or a counting plateau for which small drifts in
cperating parameters do not significantly affect the neutron
sensitivity of the counter, That objectlive would be met by
setting a fixed discriminator level at the point labelled A
in Fig.7. Under these conditions all the neutrons will be
counted, whereas low-amplitude events will be rejected thus
eliminating the gamma rays without sacrificing neutron

detection efficiency.
3.4 Gamma ray detector

A gamma ray photon i3 uncharged and creates no direct
ionizatien or excitation of the material through which it
passes. The detection of gamma rays is thereﬁmrg dependent
on causing the gamma ray photon to undergo an interaction
that transfers all or part of the photon energy to an
electren in the absorbing material. Because the primary
gamma ray photons are "invisible" to the detector, it is
only the fast electrons created ih gamma ray interactions
that previde any clue to the nature of the incident gamma
rays. These electreons have a maximum energy egual to the

energy of the incident gamma ray photon and will slow down
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and loose their energy while ionizing the absorbed material.
& aetector to serve as gamma ray spectrometer, it must carry
cut two distinct fqnctions. First, it must act as a
conversion medium in which incident gamma rays have a
reasonable probablility of interaction and thus to yield cne
or more fast e%ectrons, and second, it must function as a
conventicnal detector for these secondary electrons, The
scintillateors are commonly used in gamma ray detection.
Scintillators are g%up of s0lids, liguids and gases which
emit light f{or phofon} from their atoms or molecules,
excited ({directly or indirectly) by the passage of
radiations through them. This process of absorption of
'Energy by alsubstance and its subseguent re-emission as
visible or near visible {3000 to 7000 i] is known as
luminescence which is of two kinds - phosphorescence and
fluorescence. The process where the light emission occurs
during the excitation or whthin 10°% sec is known as
fluorescence while that occuring after the excitation has
ceased (emission occurs within 10”% sec to hrs.} is knhown as
phosphorescence. Scintillators with shorter duration [1!]'*'12

sec¢) are useful for detection of nuclear radiations. The

desirable qualities for scintillators are as follows:

{il High flucrescent light output:
{ii) Transparency to its emitted light;
{:ii) Rapid light emission: and

iivl] Less phosphorescence.
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The properties of different scintillators have heen
discussed in detail elsewherel™?. when ionizing radiation,
for example a gamma ray passes through a scintillator part
or all of its energ} is absorbed in the scintillator. In
crganic scintillators, this absorbed snergy can raise the
molecule form their electronic ground states to their
electronic excited states., .A molecule in the electronic
excited state may loose its energy to lattice vibrations or
may return to its electronic ground state with the emission
of visible light. The luminescence in an inorganic
scintillator is an electronic process which may be
represented in the band theory by arvalence band, a forbiden
band and a conduction band of energies, Normally, the.
valence band is completely filled with electrons and the
conduction band which lies above the valence band is empty
(F1g.8). Between these two bands, there lies the forbidden
band in which electrons cannot normally exist. The presence
of impurity atoms can create energy levels in the forbidden

band at isolated points throughout the crystal,

The passage cof an ionizing radiation through an
scintillator crystal can excite the electrons and raise them
from the valence band to the conduction band. An electron in
the conduction band can wander through the crystal until it
comes to the?vicinity of an impurity atom or a lattice
vacancy where it can drop to the energy level associated
with such an imperfection. It can return to the valence

band, which is its ground state, either directly from the



69

conduction band or from its new energy level in the
forbidden band. While returning to its gréund gtate it gives

up its excess energy in the form of fluorescent radiation.

The first two considerations, while setting up a gamma
ray spectrometer are the choic¢e of a suitable phospher {or
scintillator} and the size of the phosphor. Although a large
number.nf phosphors namely Nal {(TI), CsI(T1}, Li(Eu), Csfl
etc, are available for the purpose of gamma ray detection,
Nal{Tl} crystal, ever sincerits introduction as a gamma ray
detector by Hcfstadterﬁa, has remained the most important
detector for gamma ray scintillation spectrometry. The
thallium activator which is present as an impurity in thé
Nal crystal structure to the extent of about 0.2% enhances
the ceonversion of the energy absorbed in the crystal to
light. Its high density {3.67 ngmE] together with its high
ef fective atomic number {(Z=53) makes it a sujtable material
for the efficient absorption of electromagnetic radiation.
The presence of iodine gives a high cross-section for
photoelectric and pair production interactions. The emission
spectrum with a maximum of 4100 H is suitable for good
matching to many types of commercial photomultiplier. The
‘speed oyéESPDnse makes it suitablelfor most applications,
ilts decay time is of +the order of 0.25 microsecond. These
properties combined with the high transparency of the
crystal to 1ts own flucrescence mean that there is
inherently good resolution making it a convenlent detector

for counting of gamma ray photcecns. The Mocdel 802
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scintil lation detector, which is monoline crystal assembly
including a high resolution NaI(T1) crystal, a photo-
maltiplier (PM) tube, an internal magnetic/light shield, and
a chrome plated aluminium housing was selected in our
experiment to detectly gamma ray photons. Model 802 assembly
plugs directly into the Model 2007P, which combines the bias
network with a built-in preamplifier, 1ts salient features

are shown in Takle 7.

Table 7

Specifications of NaliTl] detector

Dimension : 7.6 cmx 7.6 cm.

Window z 0.05 mm aluminum (density:147.9 mg/cm?)
Reflector-oxide : 16 mm thick (density 88 mg!cmz}
Magnetic/light shield: Conecting lined steel

Bias : iogo v

Resclution‘ : 7.5% at 662 keV peak of 13?Cs.

Gamma rays interact with the crystal by three main
processes. These are the photoelectric effect, the Compton
effect, and the pair production process. These processes
have already been discussed in chapter i{section 1,2.2}). The
amount of energy absorbed depends on the type of interaction
which a photon undergoes with an electron in the
scintillater. In a photoelectric interaction the entire’

photon energy is absorbed in the scintillator, whereas in
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the Compton or pair production processes only part of the
photon energy is absorbed. Fig.9 shows a typical curve which
explains the interaction processes of gamma rays with
NaI(Tl) crystal. The primary ionlzing particles resulting
from the gamma ray interactions namely the photoslectrons,
Compton electrons, and positron - electron pairs - dissipate
their kinetic energy by exc¢lting and ionizing the atoms in
the crystal. The excited atoms return to the grouﬁd state by
the emission of light guanta. The intensity of the light
flash produced in the scintillator is proportional to the
amount of energy absérhed. The light gquanta emitted by the
scintil lator are converted back inte electrons by a photo-
cathode, These electrons are subsequently multiplied into
électric signals by photo-multipliers. A& typical arrangement
of the scintill%tar PM tube assembly iz shown in figure 10.
The scintillation light after reflection at the inside walls
(which are light-tight) enclosing the scintillators falls on
the photo-cathode of the PM tube which is optically coupled
to the sc;ntillator. The photo electrons are emitted from
the phote catheode and are directed toward the first dynode
of the photomultiplier (Fig.10), whose potential is about
100 V positive with respect to the photo cathode.'Eaeh
electron that strikes the dynode causes several other
electrons to he-ejected frem the dynhode, thereby
‘multiplying' the orignal photocurrent, This process is
repeated about 10 times before all the electrons, thus
produced, are collected by the plate of the PM tube. The

resulting current pulses, whose magnitude is proportional to
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the energy of the primary ionizing radiation, preduces
voltage pulses at the input of the preamplifier. The voltage
pulse can then be amplified and- analysed for counting

through conventional c¢ircuits {Fig.3b).
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CHAPTER 4
RESULTS AND DISCUSSICH

The results of the attenuation measurements of neutron
and gamma ray for ordinary concrete, ilmenite concrete and
magnetite concrete with and without boron additives are
presented in the Figures 11-18. Figure 11 shows the
variation of neutron attenuatiocn factor, I/1(D) as a
function of tﬁickneas for drdinary concrete with and without
boron additives, It is seen that the addition of boron
contribute to significant attenuaticn in neutron
transmission., For an initial thickness of 5 ¢m, the
attenuation observed is 33% for ordinary concrete (Type 01)
without boron additives compared'tn 40% for boron additives
ordinary concrete (Type 01B). For 30 c¢m, the attenuation.
increase to 87% and 88% respectively, The attenuation curves
for gamma ray in the same types of concretes are shown in
Fig., 12. The curve shows that the decrease in gamma ray
intensity is less in the ordinary concrete Without boron
additives and this is due to the low absorption of newly
produced gamma rays arising from thermal neutron capture in
the concrete. For an initial thickness of 5 cm, the
attenuation of gamma ray in ordinary concrete (without
boron) is 29% compared to 34% when boron is added to the
same concrete, The addition of beoron to this concrete
results in a greater attenuation of the emergent gamma ray.
This is a consequence of the strong absorption of thermal

neutrons by boron which results in the production of soft
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gamma rays, easlly absorbed in the concrete would otherwise

lead to capture gammas from concrete,

In Figures 13 and 14 the attenuation factor for,neutroﬁ
are given as a function of the thickness.for ilmenite and
magnetite concretes with and without boron additives. In
case of ilmenite concrete (Type 11}, the attenuation of
neutron intensity observed is 38% compared tﬁ,33% for
grdinary concrete (Type 01} at the thickness of 5 cm. fnr
thickness of 30 cm, the attenuation of neutron intensity is
88% for type Il concrete compared to B7% for type 01
concrete. The attenuation of neutron intensity observed is
3?%-for magentite concrete (Type M1} compared to 33% for
crdinary concrete for the ﬁhickness of 5 ¢m and their
attenuation effects increase top 89% and 87% respectively for
the thickness of 30 om. For an'initial thickness of 5 cm,
the attenuations of newutron intensity observed are 39% for
boron lpaded ilmenite concrete (Type I1B) and 38% for boron
loaded magnetite concrete (Type M1B) compared to 40% for
boron loaded cordinary concrete (Type D1lB). The sffect of
boran ﬁdditiVEs to ilmenite and maghetiec concretes has a
similar trend for boron additivies to ordinary concrete,
However, the attenuation effect of boron additives to
ilmenite and magnetite concretes is better than that of
ilmenite and magnetite concretes without boron additives,
Addition of boron to ilmenite and magnetite concrete do not
cﬁntriute to a significant attenuation in neutron

transmission compared to boron loaded ordinary concrete.
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Thies is due to strong neutron inelastic scattering from iron
which is present in the form of iron cxide in ilmenite
{FeD.TiDE} and magnetite (Fe0.Fe,04) concrete., This is in
good agreement with the results obtalned by several

authorﬂlﬂ

who also reported that the addition of boron .
compound to high density concretes such as ilmenite,
magnetite, barite, limonite etc. is not much effective for

neutron attenuation.

Figures 15 and 16 show gamma ray attenuation factor as
a function of the thickness for ilmenite and magnetite
concretes with and without boron additives, The attenuation
of gamma ray intensity 1s 38% for ilmenite concrete(Type I1) .
and 37% for magnetite concrete (Type M1} compared to 2%% for
ordinary concrete (Type 01l) at the thickness of 5 cm. The
attenuation in gamma ray transmission in I1 and M1 types of
concretes is gquite significant compared to type 01. This is
due to the presence of iron oxide which strongly attenuates
gamma ray transmission. The attenuation of gamma ray
intensity is 39% for ilmenite concrete and 38% for magnetite
concrete with boron additives compared to 34% for ordinary
" concrete with boron additives for the thickness of 5 cm, The
attenuation of gamma ray intensityrin boron lcaded ilmenite
and magnetite concretes is almost same with that produced by
h1lmenite and magnetite concretes without boron additives,
-but has a slightly better effect when compared to the
attenuation produced in a boron loaded ordinary concrete,

However, 1n all cases, the attenuation of gamma ray
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intensity in boron loaded concretes is slightly better than
that in concretes without boron additives altﬁough concretes
without boron additives have slightly higher densities
(Table 4}. The gamma ray intensity comprises of the primary
gamma ray from the source {252§fjland the secondary ggmma
ray created by the interaction of neutrons with nuclei in
the concrete. In case of boren loaded concretes, fhe high
absorption of thermal and slow neutrons by 10g through (n,
alpha) reaction, results in the generation of soft secondary

gamma radiation.

The mixed concrete that has been used for the
biclogical shield in.the 3 MW TRIGA Mark-IIl research
reactor of the Bangladesh Atomic Energy Commission was also
studied in this work. The composition and constituents of
this concrete are givne in Table 1 (Fype IMQl). While some
engineering properties have been studied for this concrete,
the shielding effegtiveness for this concrete has not been
studied. These properties were evaluated in the present
study along with other concretes. The mixed concrete with
boren additives were also fabricated (Type IMOlB} for
comparison. The effectiveness of this concrete is compared
with the other three types of boron loaded concretes, all
having 1% beron. In Figures 17 and 1B the attenuation factor
of neutron and gamma ray is shown as a function of the
thickness in cm for these concretes (Type IMOl and IMO1B).
For an initial thickness of 5 cm, the attenuation of neutron

intensity observed is 38% for concrete type IMOl compared to
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41% for concrete type IMC1B, For larger th?ckness of 30 cm,
their attenuation effects rise to 87% and B8% respectively.
The attenuation of gamma ray intensity is 39% for concrete
type IMOl compared to 40% for concrete type IMOL1E, The
attenuation of gamma ray intensity of these concretes is
similar tc that of ilmenite concrete and magnetite concrete
with and wihout boron additives but is better than that of

" ordinary concretes with and without boron additives.

In Figures 19 toc 26 the counts for neutron and gamma
ray are given as a function of the thickness in om for
different tybes of concretes. The attenaution of neutron and
gamma ray intensity is generally characterised by half wvalue
thickness (HVT), remcval cross section Ljﬁﬂ, attenuation
coefficient ( _JU and relaxation lengthl A). The attenuation
characteristics based on the measured values from the
attenuation curves for neutron and gamma ray are given in
Tables 8 and 8. The values presented in these tables are

deduced from the slops of the curves (Figures 1%-26).

Since the relaxation length of a particular radiation
in a given material is equivalent to the reciprocal of the
attenuation coefficient {for gamma rays) or the removal
¢ross section {fcr heutrons}, the relaxaticn lengths provide
a gaod means for comparing the shilelding effectiveness of
different materials. In all cases, the relaxation length for
neutron in beren additives concrete is much smaller than in
concrete wihout boron additives. This is explained by the

presence of boron in concrete which results in a increase of
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the accumulation of moderated neutron. The relaxation length
aof gamma ray in boron aditives concreée is also slightly
smaller than in concrete without boron additives because
accumulation of moderated neutron does not produce secondary
gamma radiation. In addition, the absorption of neutron by
lt:]'B decreases the number of slow and thermal neutrons in the
concrete. This in turn decreases the number of gamma rays

emitted from capture of thermal neutrons.

A comparison of the present measurement of neutron and
gamma ray attenuation characteristics (Tables B & 9 ) with
those obtained in other investigations cannot be made
directly because different composition and constituents of
the concretes have been usedﬁg. Furthermore, data on the
attenuation of radiation from 232Cf for concretes csulé not
be found in the literature. However, for comparison, the
available data on relaxaticn length for neutron in different
concretes are shown in Table 10. The relaxation lengths for
neutron obtained in this study are generally comparable with
the published values ([Table 10), being slightly hetter for a
few cases. The shielding performance depends on the
properties of component substances; and by a suitable choice
of constituents it is possible to increase the density of
cencrete and optimize the shielding char;cteristics for
various types of radiation. The locally available magnetite
and Jlmenite sand have great economic potential for use in
the development of high density concrete for bioclogical

shielding in a nuclear reactor,
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Table 8

Nuclear parameters for neutrons in concretes

Type of Ha}f value Remn?al crogi Relaxation
concrete thickness {cm) section [cm ) lengths {cm)
01 8,3 0.0835 11.98
Q1B 7.2 0.0963 10,39
I1 7.6 0.0912 10.98
IlB 7.1 0,0976, 1G.24
ML . 7.3 0,0549 10.53
M1B 6.9 0.1004 9.96
IMO1 8.1 0.,08586 11.95

IMOLE 6.7 0.1034 9.67
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Takle 5

Huclear prameters of gamma ray in concretes

Type of Half wvalue Attenuation Relaxation
concrete thickness (cm) coefficients (em™1) |lengths (cm)
01 B.4 0,0825 12.12

01B 8.1 0.08586 11.69

11 7.5 0.0924 10,82

118 7.4 0.0936 10.68

M1 7.6 0,0912 10.97

M1B 7.3 0.094%9 10,54
IMO1 7.7 0.0800 11,11
IMC1B 7.2 0.0963 10.38




Table 10

Typical values of the relaxation
lengths for neutron in concretes

(Ref, 69 }
Type of Densigy Relaxation
concrete - tgfem”) length {(cm)
Qrdinary 2,30 12.2
Ordinary 2.50 11.1
Ilmenite 3.52 13.4
Magnetite 3.29 8.9
Magnetite 3.50 10.5
Limonite 2.70 9.0
Barytes 1.45 B.O
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CHAPTER 5
SUMMARY AND CONCLUSIONS

A nuclear reactor is a copious scource of intense
radiations. To enable personnel to work in the vicinity of a
reactor in operation, it is necessary to attenuate the
radiation ip a biological shield surrounding the reactor
cora, so0 as to reduce the radiation deose to a teolerable
level in the region beyond the shield. This is usually
achieved by surrounding the resactor core witﬂ a
sufficiently large mass of hilgh density materials. Concrete
is inexpensive and has a satisfactory structural strength as
well as shielding characteristics. In view of these
advantages, concretes have been widely used as shielding
materials. The density of crdinary ceoncrete is often found
to be inadegquate for a particular shielding application.
Heavy concrete with density greater than that of ordinary
concrete (2.3 gf¢m3] is sultable for biclogical shield in a
nuclear reactor and other installations having radicactive
sources, High density enhances the neutron attenuating
properties of concrete moderatly and the gamma attenuating
properties strongly. In additicen, shields made of high
density concrete may save as much as half the thickness for

thé,same effect when ordinary concrete is used,

The most commonly used types of high density concretes
are those based on barite,llimonite, ilmenite, magnetite,

hematite etec, At the beach sand processing pilot plant at
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Cox's Bazar, ilmenite and magnetite sand come cut in huge

guantity as tailings. Investigation showed that these
materials have great potential in the development of hiéh
density concrete to be used as biological shield in a
nuclear reactor? 28, Further literature survey reveals that
in the past decade maﬁy works have been done with ilmenite
and magnetite concretes which were successfully applied for
radiation shieldingﬁg. The present study was undertaken to
design and fabricate high density concrete by using locally
available ilmenite and magnetite sand with the objective of
avoiding costly imports and also to develop local know how.
The 1ilmenite and magnetite sand are oxide of iron. One
disadvantage of all ireon containing concrete is that neutron
capture in them produces coplous quantities of high energy

secondary gamma radiation, which may offset some of the
advantages of its use, It is, therefore, necessary to modify
iron containing concretes by incorpeorating elements with a
larye effective removal corss section for neutrons in orderxr
to attepnuate . Boron-10, because of its large thermal
neutron capture cross section {4000 barn) competes quite
successfully with other elements in capturing neutrons when
added to concrete even in small guantities. A proportion of
0,9 ta l%:by volume of boron in the concrete is recommended
by several authors®?. The reaction involved is 104 (n,
alpha) 70i. 7ti emits 0.49. MeV, capture gamma ray. This low
energy gamma ray is easily absorbed in the concrete. Other

elements such as iron, will also capture thermal neutrons,

while they preduce very high energy gamma ray which may
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escape the shield without being absorbed. For instance,
capture of a neutron in ircon may produce an 8.0 MeV gamma
ray, which has a hlgh probability of escape from the
shields. The presence of 105 in an iren bearing concrete
will therefore, suppress the generation of the B.0 MeV gamma
ray from neutron capture by the iron present in the
concrete shield. In this study,lluB in the form cf boric
aclid (H3BO4}) is added {1% by volume) to the concrete to
suppress the capture gamma rays and thereby to enhance the
shielding effecﬁiveness. Concretes, both crdinary and high
density type {i.e., ilmenite and megnetite concrete) with
and wihout boron additives having dimensions of 12.5 cm x 25
cm x 12.%5 e¢m, for ;tudying attenuating properties of
neutrons and gamma rays. Solid cylindrical (15 cm dia. x 30
cm length) slabs were made for studying the physical and
structural properties. The density, compressive strength,
modulus of elasticity and splitting tensile strength have

been measured for these ¢oncretes. The nuclear parameters

such as half value thickness, attenuation coefficient,

ramoval cross section and relaxation length have been
evaluated for these concretes, These parameters were
measured using a spontanecus fission source (2°2¢f) which
emits both fission neutrons {thermal to <10 MeV) and fission
gamma rays {several keV to <3 MeV). A long counter
comprising of ﬁF3 gas proportional counter and suitable
cylindrical moderator was used to meohltor neutren

components, while a NaI(Tl) detector was used to monitor
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gamma ray components. The results of the attenuation
measurements of neutron and gamma rays for these concretes
are presented in the Figures 11-18 and Tables 8-9. Takhles 8-
9 give a better understanding of the shielding effici;ncy of
the different types of concretes for use as biological

shields in nuclear reactors. As a result of these

measuremants, the following conclusions were drawn:

(1) The densities of heavy concrete (i.e., ilmenite,
magnetite and mixed concrete) with and without
boron additives are considerably better than those

of ordinary concrete with and witheout boron

additives.

{(ii) The shielding properties of bmrén loaded heavy
concretes are better than those of ordinary
concretes with and witﬁout boron addlitives and
slightly better than those of heavy concretes

without boron additives.

{iii) For gamma ray attenuation, the ilmenite concrete
{(Type 11) is slightly better than the magnetite
concrete (Type M1l) and mixed concrete (Type IMC1)

but much better than ordinary concrete (Type 01).

{iv} For the attenuation of both neutron and gamma
radiation, boron loaded mixed concrete (Type IMOW
is more or less as good as boron loaded magnetite
cencrete {Type M1B), bhut 15 2lightly better than

boron loaded ilmenite concrete (Type I1I1B] and
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considerably better than ordinary concrete hoth
with and without boron additives.

The present investigation shows that heavy concretes
(i.e., ilmenite, magnetite and mixed concrete) ¢an be used
as biological shield in nuclear reactor, gamma irradiation
plant, particle accgfator, neutron generation, =x-ray
installation and other similar installations having
radiation sources, It is, therefore, hoped that this
investigation will contrilibute significantly teo a better
understanding of the shieldihg efficiency of the different

types of concretes with and without boron additives.

In continuation 9f the present study, 1t is proposed to
undertake the following studies in connection with the

shielding properties, of concretes:

{1) To perform integral experiments to study transport
proparties of neutron and gamma ray in concretes
{both heavy and ordinary) using neutron and gamma
radiation beam from the 3 MW TRIGA Mark-1l1l
research reactor at Atomic Enerqgy Research
Establishment ([AERE), Savar of Bangladesh ﬁtom;e

Energy Commission, Dhaka.

{2} To develop simplified emperical mocdel and computer
codes for neutron and gamma transport

caleulations,

{3) To furnish comprehensive supporting data bases for

shielding design requirements.



(4)
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To study the sensitivity properties of individual

element in the concrete to get an optimum mixture.

To investigate variation of water content in
concretes with temperature and their effects on

structural and shielding properties.

To study the radiation effect on the concrete.
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