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ABSTRACT

A monochromator drum of the proposed two-axis neutron spectrometer
around the 3MW TRIGA Mark II research reactor at AERE, Savar has
been designed. The shielding materials of the monochromator drum
have been fabricated along with its associated equipment. The
design principles of the monochromator drum were aImed at
minimizing the cost by using locally available materials and
gaining the maXImum intensity of the neutron flux. For the
evaluation of the shielding effectiveness of the shielding
materials of the monochromator drum, different parameters such as
neutron removal cross-section, gamma-ray attenuation co-efficient,
relaxation length and build-up factor have been measured by using
a 25Z-Cf source (nearly 1 ).(g).The integrated intensity at the
sample position of a dIffractometer and optimization of the
parameters of the monochromator crystal are discussed. The
integrated intensities at sample position have been calculated as
a function of thIckness and mosaIC spread of a copper(Cu)
monochromator (ZOO) for different neutron wavelengths by using a
computer code MONREF developed by H.A. Graf. The geometry of the
neutron diffractometer has been taken from the proposed design of
a double-axis neutron diffractometer at 3MW TRIGA Mark II research
reactor at AERE, Savar, Dhaka. Optimum thickness and mosaic spread
for the (200) plane of Cu monochromator at different neutron
wavelengths have been determined through these calculations.
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CHAPTER 1
INTRODUCTION
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INTRODUCTION

With the advent of nuclear reactors, - neutrons have been made

available in sufficient intensity to allow collimation into beams
and segregation in energy within a fairly narrow band. Elsasserlll

first suggested that the motion of neutrons would be determined by
wave mechanics, so that they would be diffracted by crystalline

materials and shortly afterwards, an experimental determination of

this was given hoth by Halban and preiswerk111 and by Mitchell and

powersl;I, These experiments were done using a radium-beryllium

neutron source, the ~~}!!!'.tJfrom which were by no means of constant

velocity, or 'monochromatic' and while sufficient to demonstrate

that diffraction occurred, they were by no means sufficient to

provide any quantltative data, The first apparatus of this sort

usually termed a 'n",utron spectrom"ter' although 'diffractometer'

would be more accurate, was built at the Argonne National

Laboratory in the U.S.A. in 1945 (Zinn!!!).

Neutron scattering is a versatile technique for the study of

different aspects of materials. This is a complementary technique

along with the other technlques used In applied materials science

such as electron microscopy, x-ray, ,nuclear magnetic resonance,

Raman spectroscopy, etc. A programme of neutron scattering work is

being chalked out utilizing the neutron beam of the 3MWTRIGAMark

II research reactor at Atomic Energy Research Establishment (AERE),

Savar, Dhaka under the Bangladesh Atomic Energy Commission (BAEC).

A double-axis neutron diffraction spectrometer for elastic
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scattering of neutrons has been designed and its fabrication is

being carried out in phases at the 3 MWTRIGAMark II research

reactor at AERE, BAEe, Savar, Dhaka. A radial beam port of the

research reactor has been chosen. The schematic diagram of a

double-axis neutron diffraction spectrometer is shown in Figure 1.
The design principles employed are aimed at mechanical and

electrl.cal simplicity, flexibility in operation and ease of

fabrication. The proposed monochromator drum is the main component
of the double-axis neutron diffraction spectrometer. The primary
objective of the design of a monochromator drum was directed

towards minimum cost and fabrication of the components with mostly
locally available materials, Due to the limitations of the workshop
facilities, manual control system has been adopted. The description
of design and fabrication of a monochromator drum is given In
Chapter 2.

The shielding effectiveness of fIve types of materials used in the
monochromator drum have been measured using a mixed beam of
neutrons and gamma rays from a 252-Cf source. The emission
characteristIc of 252-Cf source is similar to that inside a reactor
core. The shieldIng effectiveness of these shielding materials is
discussed in Chapter 3.

It is necessary to collimate the reactor neutron beam to have an
excellent monochromatic beam. The purpose of the primary collimator
is to produce the parallel neutron beam behind the monochromator
crystal. The soller collimators are used to reduce the dIvergence
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of the incident and raflected neutron beam behind and infront of
the monochromator crystal. A copper (200) crystal has been used as

the monochromator which will extract a monochromatic neutron beam
by Bragg reflections from the Maxwellian distribution of neutrons
emerging from the reactor. Some calculations on a copper
monochromator have been carried out by H.A. Grafl51 using his

computer programm MONREF for a particular diffractometer geometry.
The program MONREFhas been modif~ed to calculate the quantitative

angle at full-width at half maximum (FWHM) , energy resolution at
the sample position and intenslty distribution over energy!O!. The

quantitative resolution functions at the sample position have been
calculated for different collimation angles of the soller

collimator infront of and behind the eu (200) -monochromator for a

geometry of the proposed diffractometeriii, Chapter 4 describes the

optimization of the monochromator crystal.

The purpose of the monochromator drum is to absorb all unwanted

rad~ation to protect the personnel working around and to reduce the

neutron background at the detector. The aim of the present work is

to design a monochromator drum to be used with the double~axis

neutron diffraction spectrometer at TRIGAMark II research reactor

at AERE,Savar, Dhaka, Bangladesh.



CHAPTER 2

DESIGN AND FABRICATION OF A MONOCHROMATOR DRUM
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2.1 INTRODUCTION

The monochromator drum is the main component of the proposed

double-axis neutron spectrometer to be built at a radial beam port
of TRIGA Mark II research reactor of AERE, Sayar, Dhaka,
Bangladesh. The drum serves a variety of purposes for the

experimenters in the field of neutron scattering. The shielding

arrangement of the drum has to be such that all the unwanted

portions of the reactor beam except the monachromated neutron beam
taken out through the exit port have to be totally absorbed. This
is necessary for the safety of the experimenters and also for the
reduction of background at the neutron detector.

The shielding materials in the drum consists of lead (for gamma

rays), stainless steel (for partial attenuation of fast and
epithermal neutrons), borated paraffin (for slowing down of fast
neutrons and SUbsequent capture) and ilmenite-magnet~te concrete
(for gamma rays and neutrons). Unlike other monochromator drums I",),
the vertical axis of the present monochromator has been placed
nearest- to the reactor wall in order to gain maximum neutron flux
at the monochromator crystal and to save space vis-a~is sh~elding
materials. The monochromator copper crystal is placed in a steel
frame hung by a rod from the top plug. The rod can be rotated about
a vertical axis by a reduction gear. The precision of rotation is
about 0.1°. A tilting mechanism around t.he horizontal plane has
also been provided in the steel frame to keep the neutron beam in
the horizontal plane.
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The take-off exit port for the monochromatic neutron beam is kept
fixed for a specific experiment. The exit port can be changed to
other limited desired angle by taking off the shielding materials
from the side of the port to which it is to be moved. This is why
movable shielding blocks of appropriate shapes have been

fabn.cated. Though this is a laborious work, it reduces the cost

and complexity of fabrication of the components.

Wooden collimator having Inner dimenSIon suitable to specific

experiment may be placed in the exit port. For this a number of

wooden collimator having variable inner dimension have been bUIlt.

The wooden collimators are covered with mild steel to bear the load

of the shielding materials. Shielding dimensions were calculated by

the following approximate method: Geometries were regarded

cylindrical; source strengths could be calculated for fast neutrons

(energies about 2 MeV)and gammaradiation (of an average hardness

appropriate to gammaradiation from a reactor) from measured beam

intensities and the beam geometry, The factor may be expressed in

terms of the thickness of the material required for an attenuation

of the order of 10", and the thickness used for lead, borated

paraffin, stainless steel and llmenite_llI'ignetite concrete were 18,

50, 1,5 and 20 cm respectively. The design and fabrlcation of the

monochromator drum or house for the two~axis neutron spectrometer

is described in Section 2.2.-

2.2 DESIGN AND FABRICATION
Monochromator drum plays an important role in the proposed double-
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aX1S neutron spectrometer. The front sectional view of a
monochromator drum is shown in Figure 2. The monochromator drum

comprises three parts collimator arrangement, sample table and

shielding arrangement. The top sectional view of a monochromator

drum is shown in Figure 3.

The primary or "inpile" collim<ltor has luner square dimension of 5

em X 5 em and outer square dimension of 8cm X 8em. The outside

diameter and length of this collimator are 20.0 em and 100 em.

respectively. Different sectional views of the primary collimator
of the spectrometer are shown in Figure 4. A provision has been

kept in the collimator to insert soller slits for reducing angular

divergenee of neutron beams thereby increasing the resolution. At

both ends of the collimator, 6 balls with springs underneath have

been fitted so that the collimator can be pushed in and pulled out

of the reactor beam port. A set of horlzontal trays (not shown) has

been pr:ovided at the end of the collimator facing the reactor core

so that the boron of the borated paraffin will remain in the trays

even if melting of paraffin wax occurs and this will help keep the

homogeneity of the borated paraffin to some extent. The horizontal

and vertical divergences of the primary collimator without soller

slits are determined by the ratlo d/l of the width d and length 1

of the collimator.

Generally three collimators are used in a crystal spectrometer, the

first one known as the primary collimator is located inside the

beam port in the reactor shielding; the second one stands on the
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monochroma.tic beam between the monochromator crystal and the sample

table; the third one is on the rotating arm between the sample

table and BFJ detector. Our second and third collimators will be of

the soller typel10I. The horizontal angular divergence of these

collimators is determined by the ratio 0( " 5/1 of the width to the

length 1 of its soller elements. Following Sailor at aI.iill, it will

be assumed that the transmission function of the monochromator,

analyser and soller-slit system are Gaussian. According to Sailor
at a1.. a saller collimator reduces the intensity of the incident

beam by a factor

(1}
where g;. is the angle made by the projection on a horizontal plane,

of any individual ray with the central line of the collimator and
,lis givan by

, <X0<. ; -------
2(In2)111

(2)

Tha sign of j! is chosen so that + if would tend to increase the
Bragg angle of the ray. It has been shown by Caglioti at al1111.that
by providing 11 coarse vertical collimation, any effect due to the
vertical angular divergence of the collimator can be neglected.

The sample table rests on a semicircular rail concentric to the
monochromator and can be rotated to any desired position/angle by
a spur and worm gear. The reduction ratio of the spur and worm gear
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is 30:1. The crystal rotating mechanism is shown in Figure 2. The
sample table is connected with the rotating mechanism system by

means of a long brass rod. The sample table can also be moved.

towards or away from the monochromator crystal 60 that the sample
can be moved to the focal point of the crystal. The detector

assembly is coupled to the sample table and can be rotated around
the vertical axis of the sample table by a reduction gear. The

precision of rotation ~s about 0.1". A tilting mechanism around the
horizontal plane has also been provided in the steel frame to keep

the neutron beam in the horizontal plane. There is also prOVLSLon
to adjust the detector .distance from the sample table. The beam

stop also moves along a circular rail placed behind the sample

table and the detector assembly concentric to the monochromator.
The beam stop serves to slowing down of neutrons and subsequent
capture and absorption of gamma rays.

The neutron and gamma ray shielding effectiveness of the different
layers of the monochromator drum have been measured by using a 252-
Cf source of strength about 1 #-g. The shielding effectiveness
measurements suggest that 18 cm of lead, 50 cm of borated paraffin,
1.5 em of stainless steel and 20 cm of ilmenite-magnetite concrete
in the shape of circular rings are to be built around monochromator
for the attenuation respectively of gamma rays, the slowing down of
fast neutrons and their subsequent capture, the partial attenuation
of fast and epithermal neutrons and the attenuation of gamma-rays
and neutrons. So, design of the monochromator drum on the basis of
these measurements will meet up our purpose because the thermal and
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epithermal neutrons have moreattenuation than fast neutrons in our

shielding matrix. This indicates that we are on a safer side in

designing the shielding considering fast neutron flux.

2.3 MATERIALS

The reduction of radiation lntensities is accomplished through

interaction of radiation with matter. The most significant
radiations for which shielding is required are (i) the mixed

radiation field consisting of the primary gamma-rays and neutrons
present inside a research reactor and neutron generator and also
those gamma-rays emitted by certain radloactive sources and (ii)
the secondary gamma-rays produced by inelastic scattering of fast
neutrons with shielding materials and the capture of thermal

neutrQns. The shield design involves more than choosing a sUltable

material (or materials) and determinlng the optimum thickness

required to decrease the total radiation to an acceptable level.

Elements of high atomic number and high density are the best for

absorbing gammarays and elements of low atomic number are the best

for attenuation of neutrons. Heavy elements may be used also to

slow downhigh energy neutrons neutrons by inelastic scattering.

Hydrogenousmaterials i.e., materials containing hydrogen may be

used to moderate intermediate neutrons. Neutron poisons, such as

boron, maybe used to absorb low energy neutrons without emitting

high energy gamma-ray. In addition to possessing good attenuation

properties, an ideal shielding material should have the following

characteristics:

a be inexpensive;
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a easy to handle and fabricate;
D physically strong and durable under operating conditions;
a stable in chemical composition and physical dimensions;
o fire-resistant;
o noncorrosive, nontoxic, and odorless;
o not affected by intense radiation fields or high temperatures;

""d
o co-efficlents of expansion that are compatible with other

materials.

Since no material could have all these qualities, comprOffilses In

design and fabrication of mixed radiation shlelds are required.

Materials used 1.0 the monochromator drum for the shielding purposes

are (a) Lead (b) Ilmenite-Magnetite Concrete (el Stainless Steel

and (d) Borated Paraffin.

(a) Lead: Lead LS the most widely used material for the

construction of monochrom~tor shields. Because of its high density

and large atomic number. it is an efficient attenuator for gamma-

rays upto an energy of 0.5 MeVwhere the photoelectric effect

dominates. It is also an effective attenuator for relatively strong

gamma-rays from external sources. Because of its high density,

thickness of just a few centimeters of lead will provide a large

reduction in the intensity of the strong gammarays. Lead is widely

used in the form of rectangular "bricks" in the construction of

simple gamma ray shields. Potential problems due to streaming

through cracks between the bricks can be overcome by building the



11

shield with multiple layers or by using specially shaped bricks

with interlocking surfaces. Lead is also cast relatively easily

into solid shapes, although some care must be taken in the casting

process to avoid porosity or voids in the solidified shields.

(b) Ilmenite-Magnetite Concrete: Ordinary concrete is often used
in the construction of large-volume shields, because of its 10w-

cost. It is therefore most commonly used as the outer constituent
of a shield lined with successive layers of steel, lead or other

shielding materials. Although ordinary concrete consists mainly of
water and low z elements, a special concrete known as 'Ilmenite-

Magnetite' concrete contains a slgnificant percentage of heavy

components, and is therefore much more effective J.n gamma-ray

shieldingl!!) .

A series of experiments1tJ1 performed with different types of

concrete reve"l th"t ilmenite-magnetite (I-H) and ordinary sand

mixed together in the ratJ.o 2:2:1 respectively produces the

desirable results for reactor shielding. It is found that while

density increases with the incorporation of ilmenite and magnetite,

the structural properties like compressive strength deteriorates.

To summarize, the density of ordinary concrete is 2.226 g/c.c. with

4120 psi (12" X 6" cylinder) compressive strength while the J-M

concrete has the density 2.95 g/c.c. with 3990 PSl (12" X 6"

cylinder) compressive strengthll')". The final form of the

composition of the J-M concrete is given in Table 1. The

development of this special concrete is made in connection with the



12

construction of the biological shielding of the 3 MWTRIG}\.Mark II

research reactor, AERE.Savar, Dhaka. The vendor' 5 (General Atomic

Inc" San Diego, USA) requirement was 2.755 g/e.c. with 3000 psi
(12" X 6" cylinder) compressive strength. Hence, the I-M concrete

as described above seems to be the best compromise for use as

reactor shielding material.

(el Stainless Steel: Steel is a good shield for ep~thermi\l and MeV

energy neutrons. Iron or stainless steel or mild steel is also a

commongamma-ray shielding material. Because both the atomic number

and density of stainless steel are considerably lower than those of

lead, thickness of several tens of centimeters are norm",lly

required for even very low energy gamma-rays. It is often used in

situations where the size or configuration of the shield would make

its construction from lead alone too expensive. In such

circumstances, an outer layer of stainless steel with an inner lead

lining is often an effective compromise.

(d) Borated paraffin: It is well known that neutrons are most

effectively moderated by hydrogenous materials. Addition of boron

in hydrogenous materials gives extra advantage, providing good

absorption of neutrons and reducing secondary gamma radiation,

which result in desirable neutron shielding characteristics. The

neutron shielding material named IBorated paraffin' has some unique

properties and is found to have good neutron shielding properties.

There are a number of materials like polyethylene and paraffin wax

which contain more hydrogen per unit volume than water and at the
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same time have lower density. These two materials together produce
a matrix with desirable nuclear and structural properties.

The present development of the borated paraffin is unique in the

sense that it has been ensured to have a uniform distribution of
boron content in the shielding medium. The preparation process of
the developed shielding material borated paraffin is described as
follows: At first some quantity of paraffin wax is taken in a

container for heating. It melts at about BO,lC,After completion of

the melting of paraffin wax, some quantity of boric acid is poured

into the container and stirred constantly. The melting point of

boric acid is higher than that of p<lraffin wax. So, constant

heating along with stirring is necessary to still greater extent.

It must be ensured that boric acid and paraffin wax are mixed

uniformly, Then some granules of polyethylene are poured lnto the

mixture of paraffin wax and boric acid. The melting point of

polyethylene lS higher than that of borlc acid. So, more constant

heat should be applied for melting the polyethylene, Constant

stirring and heating for about an hour, three substances mix

together uniformly. Then, the mixture lS cooled down for

resolidiflcation. Hence. In borated paraffin material, the boron

content is not segregated by melting and resolidification process.
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CHAPTER 3
SHIELDING EFFECTIVENESS OF A MONOCHROMATOR DRUM
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3.1 INTRODUCTION
In principle. the radiations which might escape from a reactor

include alpha and beta particles, gamma rays, neutrons of various

energies, fission fragments, and even protons resulting from (n,p)
reactions. The shield which protects personnel from these

radiations 15 referred to as the biological Shield!H!. As far as

shield design is concerned, however, only gamma rays and neutrons
need to be considered since there are by far the most penetrating.

Any material which attenuates these radiations to a sufficient:

extent will automatically reduce all the others to negligible

proportions. For the purpose of shield design, the neutrons and

gammarays are considered from the standpoint of their place of

origin: the primary radiations are defined as the radiation which

originate within the reactor core due to the nuclear fission,,,

wherecs the secondary radiations are produced outside the core as

a result of the interactlon of the primary radiations, chiefly the

neutrons with nuclei In the reflector, coolant and shield

materials. In this case, the radiation consists of a mixture of

both gamma-rays and neutrons. As we have seen, elements of high

atomic number are best for attenuation of gammarays and elements

of low atomic number are best for attenuation of neutrons. So that

there is no one element which is good for both gamma rays and

neutrons. For this reaSOll, the shield for a mixed radiation field

must consist of a suitable mixture of heavy and light materials.

Neutron shielding is mainly concerned with the behaviour of fast

neutrons in matter rather than with the behaviour of average
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neutrons, as in measurement of diffusion lengths, Fermi age,

buckling etc. Broadly speaking, the absorption of fast neutrons 15

a two-step process: (i) the neutrons are slowed principally by

elastic and inelastic collisions, with few captures occurring at
high energies; and (ii) the moderated neutrons are effectively

removed by capture because of the much higher cross-section at

lower energies. The attenuation of neutrons may be summarised 10

the following manner: at first, a high energy neutron passes

through the absorber material and is slowed down by elastic or

inelastic scattering. When the neutron has been slowed down to

thermal ener~y, probability of capture reaction increases and the
neutron will be completely absorbed with the emission of either a
charged particle or a gamma-ray having an energy upto several MeV.
Since the neutron capture cross-sections for all materials l.S
virtually zero at high energies, it is only when the neutron has
reached sufficiently low energy that the capture of the neutron can
take place. The probability of anyone of these events occurring in
a material is expressed quantitatively by their respective cross-
section. The cross-section may be either large or small depending
on the neutron energy. Inelastic scattering is an important
mechanism in the degradation of the energy of fast neutrons. The
cross-section for this process increases with the neutron energy
and with the atomic number of the material in which the scattering
occurs. This is an important characteristic in the shielding
against fast neutrons.

Elements of low mass number is often used as the shield for slowing
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dawn neutrons of high energy, the cross-section for inelastic

scattering is, however, small especially for elements of low mass

number, It is then advantageous to utilize inelastic scattering by

introducing an element (or elements) of moderate or high mass

number. Hence, a combination of a moderately heavy or heavy element

with hydrogen will etfectivery slow down even neutrons of very high

energies. In this respect, boron either combined in water or in

sorns other compound relatively rich in hydrogen, plays a very

important role in the moderation of fast neutrons and in the

subsequent capture. Hydrogenous materials combined with boron,

provides good absorption of neutrons and also reduce secondary

gammaradiation resulting from (n,y ) reaction.

Gamma-rayshielding is concerned with the behavior of gamma-ray in

matter. Although a large number of possible interact~on mechanism

are known for gammarays in matter, only three major types play an

important role in radiation measurements: photoelectric absorption,

Comptonscattering and pa~r production. All of these processes lead

to the partial or complete transfer of the gamma-ray energy to

electron energy. In their passage through matter the gamma-ray

photons are removed so that the intensity falls off ~n an

exponential manner. Gamma-rays are most effectively attenuated by

'lead' because of its high density and large atomic number. Steel

and concrete are also a commongamma-ray shielding material and are

often used in situations where the size or configurations of the

shield would make its construction from 'lead' alone too expensive.

Because of its low cost, concrete is used in the construction of
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large volume shields. Although ordinary concrete consists mainly of

water and low Z elements, a special formulation known as ilmenite
maonetite concrete contains a significant percentage of heavy

components, like Fe, V, Ti, etc. and is, therefore, more effective
in gamma-ray shielding.

Dubrovski at al. i151 have studied the shielding properties of stone

concretes by measuring the relaxation lengths and they concluded

that the stone concretes (density 2.38gjcmJ) are more effective

than the ordinary concretes (density 2.2 g/cm'). from the rad~ation
shielding point of view, The attenuation of fast neutrons in

I.. ..-ilmenite concrete has been studied by Adams and Lokan,ll,l'i, The

densities of concretes studied varied from 2.4 to 3.8 g/cmJ• No

comparison has been made between ordinary concrete and ilmenite

concrete. F.O. Ahmed et aillo) have studied the gamma ray shielding

properties of ilmenite-magnetite (I.H) concrete and polyboron by

measuring the instantaneous relaxation length and the spectral

build-up factor using a 252-Cf source. Spectral build-up factor and

instantaneous relaxation lengths have been fitted to the

appropriate functions and the related co-efficient are also

reported. Makarious et a1. ':"1 have studied the penetration of

primary gammaray, secondary gammaray and slow neutrons through an

ilmenite-limonite 12.9 gtcml) shield and through both ordinary (2.3

gtcm') and ilmenite concrete (4.6 gtcm' shields. Ilmenite concrete

is better than both ordinary and ilmenite-limonite concrete for

attenuation of gamma and slow neutrons. Bhuiyan et alllO"li. have

studied the neutron transport and shielding properties of locally
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developed shielding material 'POLYBORON'.This developed material

Polyboron has been patented in Bangladesh (Patent No. 1001787,

Bangladesh Gazette No. 158/84, 1985). They measured the

instantaneous relaxation length and effective removal cross-section

as a function of penetration distance with and without cadmium

sheet. F.U. Ahmed st. all)') have measured the dose build-up factor

(upto 20 mean free path) for gammarays from a point isotropic i~Co

source penetrating multilayered concrete slabs using Cox's Bazar
and Sylhet sands. They have also measured the instantaneous
relaxation length for both types of concrete slabs. Results
obtained show that the build up factors for Sylhet sand slabs

~ncrease more rapidly than those of magnetlc slabs. Gujrathi and

Dauria1m have studied the attenuation of a fast (" 2.6 MeV)neutron

beam by graphite, paraffln, polyethylene-boron, polyethylene-boron

lead, polyethylene lithium and steel using an indirect method with

a Ge (Li) gamma ray spectrometer. In addition, the macroscopic

removal cross-section for these materials on the thermal neutron

flux were also observed. Uwamino et al':Jl:' have measured the

attenuation of neutrons and photons transmitted through ordinary

concrete. Source neutrons and photons were obtained' from 252-Cf

fisslon source.

Relative shielding properties of ammonia-meta-tungsten for neutrons

and gamma rays from 252-Cf fission source have been studied by

Senffle and Philbinl;51.

The shielding effectiveness of materials such as lead, stainless
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steel, borated paraffin and ilmenite-magnetite concrete contained

in the monochromator drum against a spectrum of fast neutrons and

gamma rays emanating from a 252-Cf SOll!'ce of strength about 1,M"l

will now be investigated.

3.2 THEORY

The neutrons emitted by the 252-Cf sourcf' is very similar to the

neutrons generated in the "are of' an operating nuclear reactor.

Their vast TIl,mber, "n"rgy "-nrl potential for biological harm,

constit"te a major radiation hazard; their adequate attenuation is

th"r",for" a primary funct10n of the reactor shiel". Ther" Are two

different modes by which neutrons may interact. with matter. These

are scatt"ring and capture. when the neutrons are fast", t,here is a

tendency for them ~o be slowed down by ~cattering prOC~Rses. If the

collisions Qre of the inelastic ~ype. t_he process wi 11 he

accompanied by emis",ion of gamma rays. Tbe.•e produce a part of th",

secondary radiat,ions which must be attenuated in thf' shielrl. ,l,fter

suffering a number of collision. the fast neutrons enter the energy

region where they are readily captllred. The r",mltin,. capture :>"mma

rays make a m"jor contrihution t.o the second"r~. radi"tlon.

Furth"t'more. some of the c8pt'u'e product" will b•• r"-ri.ioactive '.Inri.

emit beta particle-s, often accompanied by gammarays. These and the

bremsstrahlung produced by t_he interaction of the beb, partirles

with nuclei add to the complexit.y of the secondary radiations in

the shield.. alth",,,,,h the bremsstrahlung does not make any

significant contriblltion to the radiation dose. Apart from the

variety of the radi"t,ions, both in int,ensity and energy, th •• fact



that they are produced throughout the shield volume greatly

increase the difficulty of making attenuation calculations!!,l. The

magnitude of the problem arising from capture gamma rays ~n a

shield can be decreased by the use of Boron-IO, which has a large

cross-section for the (n,« reactions with slow neutrons. Some

gamma-radilltion accompanies th •. n"utron absorption r"'action, but

its energy is onl~. about G.n MeVand so it is easily attenuated.

Proper location nf boron in a shield can often result in a decreas"

in th", overall shield thickness because of the low ",n",rgy of the

secondary gltrnmltrays. Many of the neutrons escaping from the rea-

ctor are slowed riown Ilnd captured by the boron, so that a smaller

degr",e of attenuation is required ~n th", r<"mainder of th,., shield.

The important Aspect of the shielding problem is the att,,,,nuation of

th" various @:"-mrnarays both primary and s<"eondary. As far as their

behaviour is (',(>ncerned, th", origin of these r~rliations is not

signi fieant; it is only the energy which determin<,s the attenuation

in a given merlium. All substt'lnc"s will attenuate gammarays to some

extent, ]in",ar att",nuation co-effi c1 <'nt loe

macroscopic cros~-section) g~nerally increases with the density of

th" at.tenuflt,ing material. Thj s co-effici",nt. is very roughly

proportional to th", rlensity and the thickn"'ss of different

mClterial •• required to attenuate gamma radiations of specified

"'"ergy, to the Same extent, are inverseLy proportion"l t,o their

respecti ve densi ti <"s, Consequentl y, ",h••re the thi ckness of the

shield is an important considerntion, a material of high density

would he used to attenuate the gamma rays.
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To evaluate the effectiveness of any new shielding material, the

following nuclear parameters are to be considered:

i I Attenuation co-efficient ()J-)

ii) Removal cross-section (::i,l, generally for neutrons

iii) Relaxation length (A I and

ivl Build-up factor !B)

Each of the term mentioned above is briefly described below:

i) Att ••nuati on co-efhci efit ().,I)

The most important quantitj' characterizing the penetration anel

diffusion of gamma radiation in ,,"xt.ended media is the attenuation

co-efficient,),(. This qu"ntit,y cJepends on the photrln en"q;y E and

on the atomic number Z of the lIl<"dium and may be defined as the

probability per unit path l ••ngth that a photon ;;ill interact with

thE' medium. The rate at which gamma rays ar", attenuat"d u!

determined prim"r~ly by the atomlC number !).nel density of t,he

shi ••lding material, anel t.o a lesger extent by its geometrical

configur"ti"n. Let us consieler a slab of material of thickness t

located hetwe"n a narrowly collimated heam of monoenergetic gamma

ray pho~.ons and a narrowly coli imated d"t",ct.",r, "S sho>o'nin Figure

o. The distjnctjve f ••",ture of a narrow beam experi.ment (i.e. one

having, good geometry') is th8t ",nll' the photcln" which traverse the

specimen absorber without experiencing an interaction of any k,ind,

reach the detector, all other photons are prevented from reaching

the det.ector, lI'h••n monoenerget.ic gamma ray photons traverse "- small

thickness of slab at "ny point in a medi'JID, the ext"nt of

interaction of t~he photons is proportional to the radiation

that point '0 thickness trAversed.
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Consequently, in traversing the distance cit, the intensity of the

gamma-ray photons which have not undergone interaction will be

decreased by

dI/I " -))dt ( 111.)

where y. is called the attenuation co-efficient 01' the absorber for

the given radiation. Int"'l,1"r'stin;( equ"-tion (111.) and assuming that

the beam intensity incident on th" slab has the value r(o), the

intensity transmitted !it) through t,he slab of a homogeneous medium

is given by

lit) " JIO) (lb)

Equation l(b) represents the attenuation of ,""mma rays 10 a

material medium and is exponential in nature.

ii) Remnval cross-section! ':'Rl

The removal cross-section of a material as used in the shielding

c"lculations, is the cross-section which descrihes the probability

that a neutron will reach a given detection point in a material

without being absorbed or scattered out of the rlirect path. If t is

the thickness of the material through whi~h neutrons are passing,

then (neglecting geometry effects] the ratio of the emergent

(transmitted int,ensity), Ht) to the incident intensity 1(0) is

given by
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(l(e)

where ~. is the macroscopic removal cross-section for neutrons in

the material, but it 15 not a cross-section 10 the sense of

representing the probability of a particular neutron-nucleus

interaction. The observed value of the "("emovalcross-section is in

fact, roughly equal to two-third" of the total (scattering and

capt\lrel r:rosfl-sect,ion in the given material for neutrons having

energies in the range of 6 to 8 MeV.

iii) Relaxation length (A):

Th•• relaxation length of any material is that thicknE'ss of material

in which the incident radiation climinishes to a factor of lie (i.e.

[I(tl]/[I(Ol] = lie = 0.371 or to 37% of its incident intensity,

where e is the base of natural logarithms. This factol.' is also

c"l1",cl the m"an free path (mfp), which represents the av<?rage

distance traveled by a photon between successive interactions. If

I(tl lS the radiation (neutron or gamma ray) flnx or related

quant.ity at a point t within a shi.eld, then the relaxati.on length

A, for H,<?gi""n radiation and medium, is given by

\ \

I(t)
dI(t)

(l(d)

at the point t. As defined 1n this manner, the relaxation length

may vary with the distance t within the shield. However, it is

often found that, owing to a combinat.ion of circumstances, the

radiation flux rle<:reases i.n an apP.•..oximately exponential manner
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over a range of distaDces in the shield; over this range ~ remains

constant ann the flux at t can be represented by

( Ie)

where I(O) is the flux at the origin of the t co-ordinate.

Comparison with the attenuation equation for gammarays (Ib) and

equation for neutrons (lc) shows that A is formally equivalent to

l/jA or 1/ ':2:!' respect.ively. Since the relaxation length of a

part.icular radiation in a given material is equivalent tn f.he

reciprocal of I'In attenuation co-",ff1c1eot (for gamma rays] or a

removal cross-section (for nent.rons), it is d"penrient on the energy

of the radiation. For a sp<;,cified radiation of a given energy, the

relaxation length" (or their t'''''ipr,>cals) provide a rough means for

compf'lring the shielding "ffectiveness of different materials.

Relaxation l"ngt.hs may also occnsionally be very

pr"lim;nary shielding calculations, bOlt this pro<;ecture is not

recommended unless there is a clear understanding that the r"Slllts

are highly approximate.

iv] Build-up factor (B]

In the exponential law I eqn lb') for the att.enuation of gamm,,-

radiations in materials, it is assumed that the particular photon

involved in a reaction such as photoelectric effect, compton

scattering and pair production in the material 15 completely

eliminated and is not seen by a detector output across the
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shielding material. It is however, true only in the case of narrow

beam geometry (Fig. Sa), t.he secondary radiations resulting from

the interaction of primary photons 10 the material have every

possibility to pass through the shield and thus the photon flux

across the shield will be greater than that calculated from

equation (Ib), In the case of broad beams the equation (lb) will be

modified to

I(t} " Bl(O) ,,-)It (1f )

where B is the build-up factor and is defined as followsll11

Quantity of interest at a point due to the

total number of particles
B " -------------------- _

Quantity of inter •.•"t at a point due onJ~' to non-

interacted particles

The 'quantity of interest' might be the number of particles, their

energy, or the dos" tmp,,-rted by t,hem; thereby giving rtse the

number, energy, "-oddose build-up factors, respectively. The build-

up factor, B, takes into account the increase in t,he radiation

intensity due to scattering within th" absorber, 1(0) is the

inttial intensity of the radiation source, lit) is the attenuated

intensity after passing through th" shielding mat"rials of

thickness t (em) and )J.. is the attenuation co-efficient (em-I). If
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all three types of interact~on of gamma-ray photons with the matter

ar" included, then

( 1g 1

where -JI U and"- ,.. P' 'r' c ..,.. 9P ,,"present the attenuation co-efficients

due to photoelectric, the Compton effect, and pair prod'H-:tion

respectively. Usually, build-up factors are given ",t different

relaxation lengths 0"['attenuation units, )At. Lik", th •• attenuation

co-efficient, the val"" of the B variN; with absorber materi"l and

radiation energy. It also v"ries with geom••try of the source "nd

depth of penetration in the absorhing materia]. The total

attenuation co-efficient is calculated for a given energy by

0.693

" ---------- ( 1 h j

where HVT15 the half value thickness. In p"('actienl g"mma-ray

shielding calculation, th~ build-up factor is being widely used to

determine the total effect or the radiation at the point of

int.erest. In principle, the build~up factor concept is also

applicable to neutron attenuation, but in practice it is found to

be muchless successful whenapplied to neutrons, and consequently

it is lIlUchless important concept in the context of neutron

shielding calculation.
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3.3 EXPERIMENT

The measurement of attenuation properties of neutrons and gamma-

rays through different types of arrangement of shielding materials

were carried out at the laboratory of the Institute of Nuclear

Science and r ••chnoJogy {INST) of the Atomic Energy Research

Establishment (AERE), Savar. In our experiment, the broad beam

geometry was employed in order to include the maximum amount of

,;cattered radiation in thE' transmitted beam, shown in Figure 5. A

block diagram of the experimental arrangement for the attenuation

measurement along with the sch"matic diagram is shown in Fig. 6.

The experimental set up consists of a radiation source, ~ detector

system and multilayer shielding materials. The dist~nce between the

source and t.he detector was 130 em. for neutron and gamma-ray

Rhielding "rranO(ement. The detection system consish, of two parts:

a detector and a rE'cordlng system. The incoming radiation interacts

with the d••tect.or and givE'S rise to ~n output pulse. The recording

system ,..",cejv",s t.his o"t.put pulse and after prop"r Ilmplifi(:ation

and sl1bsequl"nt discrimination, records the number of events. The

method used for th •. detection of neutron "nd gamma radiation

depends on the ioni.zat.ion producI"d in th<" d<"tector in course of

their through matter, respectiv •.1y.

Measur<"ments of gamma-ray intensity were performed by using a

NaI(Tl) scintil1ntion detect.or. Measurements of neutron intensity

were carri.ed out hy using" long "ollnter. whi"h was const,ructed

following the design of Hnnson-~.kkibbenll11 incorporating the

modi fication of thickness of the paraffin moderator as suggested by

ot.her workersf!l). The long counter "'led in t,his study was a. BF] gas



proportional detector. Surrounded by cylindrical paraffin moderator

t,o monitor neutron flux, its sensitivity is reasonable, uniform for

neutron energies ranging from thermal to 10 MeV.(3~!This device has

proved to be highly successful as a neutron monitor in experiments

using fast neutrons!!!]. The operat.ing voltage of the SF! gas

proportional detector was 1750 volts (Fig. 7). The fine and coarse

gain of amplifier of type 2012 were 64 and 0 respectively.

The incident neutron flux was first m••asured without any shielding

slab between the source ~nd the detector. Then, the first slab of

t.he shielding mater;al was placed n€'arest to the Source and the

transmitted intensity was measured by the detector. The ne~t slabs

were successively jntroduced in front of the slab", "-lr<cady existing.

In this way, the shieldin~ thickness was increased, while the r<cst

of the- geometry remain unchang"d. The m"a,"ur"ments w••re carri"d oElt

up to the different sl"b-thickness for five different shielrling

materials. This helped to study the deep penetration behaviour of

neutron for the material under investigation.

Th" experiment was carri ed out using 252-Cf fission source which

emits both fission neutrons and fission gammarays. The strength of

the source used in this study was l,(.lgm; which corresponds to 2.3

X 10In/sec/jJ..g and 1.3 X 101 photons/sec/JAg. This sourc" was choi'<en

because of its fission yield being identical to the fission yield

to 235-U which undergoes nuclear fission with thermal neutrons in

" reactor core!lll, The average neutron energy of the fission

spectrum dllOet.o 252-Cf And 233-U have a mean values of 2-3 MeVand
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2 MeV respectively. Some physical propertiesl311 of 252-Cf

summarized in Table 1. The "pacifications of BF, detector

Nar (TIl detector are given in Table 2 and Table 3 respectively. The

compositions and naming of the five different shielding materials

are given in Table 4.

The experiment was repeated for ~amma-ray shielding effectiveness.

The high vol tag" supply to the NaJ( :Tl) detector was 700 vol ts. The

fine and coarSe amplifier gain were 0 and 8 respectively. Thes"

measurements were carried out upto the slab thickness of 68.5 ero,

35.5 em, 44.4 em, 80,0 em ",od 50.0 em for 5T1, 5T2, 8T3, ST4 and

ST5 respectively. The dimensions of the diff"r"nt t.ypes of slabs

are sho"" in Table;;. Brief des<":riptinns of some of the different

shielding materi~]s have already been given in Section 2.3.
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Table 1: 'Physical properties of 252 Cf

Atomic number

Mass number

Half-life for alpha "mission

Half-life for spontaneous emission

Half-life (effective)

Fraction of decay by alpha emission

Fraction of decay by spontaneous fission

98

252

2.7Z years

85.5 years

2.65 years

'"
"

Averao:('" number of neutrons per spontaneous fis8io03.8

Decay heat (5% from fiHsion, 49% from d"cayl

Specific activity

Neutron emission rate

Photon emission rate

39/J.W/)J.g

530).l.O/)A. g

2 .3X10"S'1 p:g"j

1.3X10'S'1p.g-t
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Table Z: BF) detector specifications

Manufacturer Canberra roo

Model 4528

Diameter 2.54 em

Anode 0,005 ,m diameter tungst",n

'od window D.203 Om thick alumina LUP3l

Filled gas ", ( 90% IO-B) ., 120 em ",
Active length " om,

O"ter sheild O,Og9 om thick

C\.



Table 3; NaI (Tl) detector specifications

Dimension

Window

Reflector oxide

Magnetic/light shield

Bias

Resolution

7.6 em X 7.6 em

0.05 mm aluminium (density;

147.9 m:g/cm3

16 mm thick (density 88 mg/cm'l

Connecting lined ~teel

lOOOV

7.5% at 662 KeV peak of 137-Cs

•
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Table 4: Compositions and types of shielding materials

Names of "e shielding Compositions Ratios Referred " in "e
materials text "'
L Borated paraffin A:B:C 3: 1 : 1 '"',. Borated paraffin A:B:C 3:2:1 '"
3 • Borated paraffin A:C 3:1 m
,. Ilmenite-Magnetite E:F;G 100:100:36 m

6. Lead Lead m

A: Paraffin Wax

B: Polyethylene

c: Boric Acid

Aggregate gradation:

E : Sand

F: Aggregate

G: Cement

Ordinary sand: Ilmenite: Magnetite:: 1:2:2
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Table 5, Dimensions of the different types of slabs.

TY"Pe of

slabs

'"
ST2

m

SN

m

Thickness

( em)

3.0

3.0

4,5

5 • 0

5.2

Width

( em)

"
"
"
25.S

20

Height
( em)

3C

30

30

12.5

"
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3.4 RESULTS AND DISCUSSIONS

The relative varjati"'n of neutron transmission factor 1/i(O), as a

function of thickness for STI, ST2, ST3, ST4 and STS are plotted in

Figure fl. It is Se"n that ST2 shows more attenuat.ion of neutron

than those by other shielding materials, for small thickness. For

an initial thickness of 7 em, the attenuation of neutron observed

for ST2 is 64% comp"r"d to 60.25%, fiB.75%, 32.5% and 30.25% for

STI, 51'3, 51'4, and Sl'.~ respectively. For the thickness of 28 em,

the attenuation of neutron increase" to 91%, 88%, 87.5%, 87.25%,

and 78% for S'I'1. ST2, 513, ST4 and ST5 respect.ively. For thickness

of 28 em, it is e~'ident that the neutron shielding effectiveness of

ST2, ST3, and ST4 are almost same. The cause of high"r attenu"tion

of neutron in the 51'2 than ~n the 51'l for smllil thickness is

probably due to th" pr"Rence of more polyethyl"ne in 51'2. At 35 em,

the:\' became comparatively less eff<"ctive and amount to about

93.25%,91%, 89.5%.89.5% and 79 ..5% for 51'4, 51'1,51'2, 51'3 and 81'5

respectively. The g"mm" ral' attenuation curv'"s for the 51'1, 51'2,

51'3, $1'4 and 51'S are shown in Figure 9. The curves show thllt the

lead arrangement contribut.e mOre attenuation in gamma-ray

transmission thlln tho"" of other shielcling materials. For the

thickn",,,s of 7 em, th", attenuation of gamma-ray intensity observed

is 83.5% for 51'5 compared to 40.75%, 29 ..~%, 27.25%, and 27.27% for

51'4, 5T2, 5T3 "nd 51'1, respecti"",ly. At 35 em, the att"nuation

in<:rE'ases to 91.75%. ,88.75%, 79%, 80.5%, 77.5% for 51'5, 51'4, 51'2,

51'3 and STl respe<:tively. The results sho" that lead shielding

material i.e. 5T5 has greater gamma-rnl' shielding effectlveneRs
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than those of others. The higher gamma-ray attenuation in ST5 is

probably due to the higher density of the materia!.

The experirn"ntal data rnI' neutron and gamma-ray shielding are given

in Table 6-10 and Table 11-15 respect,lvely. The attenuati..on of

neutron inten,,;ity lS Olenf'""lly charact"riz"cl by removal cross-

section (~,), relaxation length (A) and the attenuation "f gamma-

rfLY intensity is generally characterized by attenuation co-

efficient ()J), relaxation length (),) and build-up factor (B). The

build-up f,,-ctor of gamma-ray radiation "rises du,," to the multiple

scattering. Tb •• cur,ces af huild-up fa~tor v~ thickness for ST],

S'I'2, 5'1'3, ST4 and ST5 are shown in Figure 10, 11, 12, 13, and 14

respectiv~ly. The S1'4 has sm~ller relaxation length than those for

STl, 81' and ST3. This indicates that I-M concrete i.e. 81'4 has more

,;catt.ering c<'ntres t.hfln t.hose of STl, ST2, and S1'3, "'nd obvjously

t.he build-up fflctors are higher for ST4 d11e to mult.iple sc"tt.ering

t.han those for S1'l, ST2 and S1'3.

In the same manner, S1'5 has small"r re laxat.ion l"ngth than that of

81'4. This indicat.es that the S1'5 has more scat.tering centres than

that of 51'4 and obviously the bui td-up fartors 1'1.1'''higher for 81'S

du" t.o multiple scatterjng t.h",n that of ST4.

The gamm" att.enuation co-efficient and neut-r'on removal (;ross-

section of r1iffer"nt shieldjng materials 1'1.1'''shown in Table

16,Sinc" the relaxation lengt.h of a particul:>r radi,,-t.ion ~n a given

mat.erial is equiv",lent. to t.h" reciprocal of the gamma-r",y
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attenuation co-efficient and t,o the reciprocal of the neutron

removal cross-section, th", relaxation lengths provide a good meanS

for callparing th" ~hield.i.ng effectiveness of different shielding

materj!l.1s. From Table (161, it is evident that the neutron r"mava1

cross-section and relaxRtion length of S1'2 are better than those of

STl, S1'3, 8T-I and 5T5. Th", gamma-ray att"nu"tion co-efficients and

,,,laxation lengths for STl, 51'2, 513, ST4 and 5T5 "ere ev"luat"d

and their resalts are also "hQwn in Table (161. As can be Seen th"

gammaray att"nuation co-efficient" tlnd relaxlttion lengths for lear:!

i .e. ST~l\r", bet t",r than thos"" of STI, 51'2. 5T3 and 8T'!. It is I'llsa

Seen ttu>.t th" ,!,aruma-ray 'lttenuation co-efficients and rel'3.x,,-tion

lengths of 8T4 are better than those of ST1, $1'2 and $T3. The- value

"f at.tenuation co-effici.ent for 81'4 i.s twice as larg!" as that of

Sfl, 8T2 and 8T3. The shielding performll.nce of 8T4 depends on the

properties of component substll.nce", and by sui t.ahle ch"ic:" of

constituents, it is po""sible to inC"r!",,-"e th •• d<ensity Df mat.erial

and optimize the shield in" chnract,eri",tic" for various types "f

radiat.ion. Th", lo~ally mad", ilmenit", and magnetite- concrete have

gr",,,t econoID2cal potential for USe in a nuclear radiation field. It

is th"refore, concluded th,,-t. 81'5 (lead) and S1'4 II-M ~onor"t ••j are

rnore ••fle~tive than tho~e of S1'l. 81'2 and ST3 for gamma-ray

shielding measurements and ST1, 81'2 and S1'3 are more effec:t.ive than

5T4 and $T5 for neut.ron shielding measurement.".
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Table 6: Experimental data of neutron radiation for 5T1.

No.Of No.Of Thick- Cumula- Average Counting Removal Relaxation
obs. Bricks ness bve thl- connt.s '" ratio cross- lengt.h

ckness minute III, section

,. ,. em -, ,.

1 " '.0 68 ..1 154 O.043fi O.O457~ 21.88 -:t 0'::1-'1
~l,q><'.

-;: O"2l>, n 3. 1 Ii5 . 6 m 0.0500 0,0456 ~ 21.93
7"">< ,,,-

3 21 U 62. 5 187 0.0530 0.0469 _" 21.82 -t O' :L'.i
':l: 2-oxl.

4 '" '.3 59.4 n1 0.062'; 0.0466.<, 21.45 -J:: O' IS
"'2-'\~'"5 19 3 • 0 56. 5 232 0,0656 0.0482 -, 20.76-1. 0'\<;
~2.,"'IO

6 " 3.2 53.5 233 0.0659 0.0503 _y 19.69'i C'\3
"t ,., "'It>

2 17 2.9 SO.l 251 0.0710 ~.0525_I, 19.04 i: O' II
_3.0)<1.

8 " 3.0 47.4 262 0.0741 0.0548 _" 18.24 r o' I\
':1-"> 3"''''9 15 3. 1 44.4 271 O.07(i6 (1.0578 -, 17.31 :<'0'\\
-;1:3-7-,."

10 14 3.0 41.3 '" 0.0843 0.0598 _~ 16.72 j; o'\)_

0' '0/"'1011 13 '.8 38,3 3" 0.0998 . 608 _~ 16.44 1:0'1'2-
i: 4 ./,>< 10

0'\312 12 3.2 33,5 342 0.0968 0.0657 _~ 15.22 -t
-to;".Z"'''

",-l~12 11 2.7 32.3 359 0.1016 0.070L~ 14.151-
c:i',-5"'''

13.281:...0' \~" 10 2 • 8 29.6 379 0.1072 0.0753 -,
:t"'1",10

15 "' '-9 2fi.8 3% 0.1120 0.0815 _. 12.27 ~ ,,'\5...•-\ ,",.
16 08 2.9 23.9 432 0.1223 6.0877 _, 11.40 ~ (:,.\5

j:~""- '0
17 02 2.8 21.0 454 0.1284 0.0975 _~ 10.261: O' I 1.-

"=1")('0
18 06 3. 1 18.2 m 0.1520 0.1032 -3 9.69 ct o . I \

-t r,t, XI"

" 05 3.3 15. 1 020 0.1754 0.1149 _~ 8. 71 • ".\ 0
---1'"I' I''''\b

0'\020 04 3.0 11.8 m 0.2130 iJ.1310 _} 7.63 ~
~O_,,,lb

O' (} '!<21 03 2.9 8.8 1065 0.3014 0.1363 -, 7.34 ~
-t 2-'0 .••\0

"f: 0'0'"122 02 3.0 5.9 1601 0.4530 0.1342 7.45
"i1''1'><:\0-~

23 01 '.3 2.9 2546 0.7204 0.1130 -)8.84 -;:-o. ()I<
-:i ;C_~.,.,10

24 00 0.0 0.00 3534 1. 0000 0.0000



Table ,, Eperimelltal data of .neutron radiation for ST2

NO.Of No.Of Thiek- Cumula- Average Counting Removal Relaxation
obs. Bricks ness tive thi- counts '"' ratio eross- length

ckness minute III, section

,. ,. em-I o.

, B6 3.0 35.5 362 0.1051 0.0635 15.75 -;I:",.\?>
-:r ;;.g,"Io-'

2 B5 3.0 32.5 ;0' 0.1134 0.0670 14.93-rC> "j:- ".1"'lo-~
3 " 3. 1 29.5 419 0.1216 0.0714 _~. 14.00 :'t ()' "'!.<\,,><I'
4 53 2.9 26.4 452 0.1312 0.076'1 _~ 13.00 -r ""\'-

':t 1'1)<'0
5 B3 3.0 23. 5 '63 O. 1344 0.0854 11.71 --,::0' \2--,

-t1'5"1" "'. \ ()4 " .3. 1 20.5 498 0.1445 0.0944 10.60 ".,
""!" !"oSy,., " 2.9 17.4 553 0.159'1 0.1054 -, 9.49 '" 0'0'1
--t 2 .O};"

o. ()"+, " 2.9 14.5 428 0.182 0.1174 _.,8.52 -t
"jeZ.2)< I~

O' 029 " 2.9 11.6 no 0.2235 0.1292 7.74 '"-,
of'Z-'''!"

-£ o'Or<" " 2.9 8.7 10 'J 7 0.3010 O. 1380 7.24.3
::1::3,0,.,1"

O' 0"" " '-' S., 1488 0.43111 0.1448 -, 6.91 '"--r3.~~I"
12 " 2.9 '-' 2330 0,6761 0.1350 ., 7. 41 --z O' 0';[

':t:.V'iZ",IO
33 0 0.0 0.0 3441> 1.000 0.0000



44

Table 8: Eperimental data of neutron radiation for ST3.

NO.Of NO.Of thick- Cumula- Average Counting Removal Relaxation
obs. Bricks ~" tive thi- counts per rat.io cross- length

ckness minute III, section

-,,. ,. ,.
, '" 4.5 44.4- 288 0.0838 0,0558 17.92 .z()'l~

-;- 5.1.,. \0 ~
2 OJ U 39.9 310 0.0903 0.0603 _I( 16.59 -;10 0'14

"j: <;_'p<lO
3 08 U 35.6 3S 1 0.1022 0.0641 15.61 -t D"l"!>

1:" <;>. ")<\0"'"
4 07 '-' 30.8 407 0.1174- 0.0696 _~ 14.38 :t- ,,. \ 'r

?- b.O)'<IO
0'\"2-; 06 4.3 26.4- 431 0.1255 0.0786 12.72 ;

1: ,;: I'" Ib-Y
0'0")6 0; 4.3 21. 9 4", 0.1421 0.0891 _~ 11.23 -C

:.': "1. ~ " 10, " U 17.4- m 0.1686 0.1023 _:> 9.77 -t b' \ [)
:T I. :2.-)<10

'i: 0"\&8 03 U 13.2 m 0.21"12 0.1150 ., 8.70
-r'"(,"io

+ c' 0 t-O 02 U 8.5 1186 0.3454 0.1251 _:; 8.00
':/:)"""1"

O'd~'" 07 4.4 4.4- 2142 0.6238 0.1013 _'J 9.32 ~
-t: H.)< 10

" 00 0 0 3434- 1 ,0000 0.0000



Table 9: Eperilllelltal data of neutron radiation for ST4.

No.Of No.Of Tllick- Cumula- Average Counting Removal Relaxation
obs. Bricks ness ti ve thi- cOlmts ,ec ratio cross- length

ekness minute Til, section

'- ,. em-I ,.
, " 5 WO 53 0.Oli8 0.0403_~ 24.81 :ro.ob

-:t, Z-><\O
-:to.ll~2 " , 95 " 0.0194 0.0415_\ 24.11

-t:\'Z"I'3 " 5 00 65 0.0218 0.0425 -f 23.52 -t. 0'07-
ifl'3;<)~, n 5 "' 57 0.0191 .0466 _, 21.47 ""i 0'0'2it 1.'...-1'5 " 5 80 6' 0.0204 .0486 20.56 ..•• 1.;>.0$
-tl'~"lo-~6 " 5 75 67 0.0224 0.0506_~ 1g. 76 -:t 0.04"
-r ,''1,,''7 " 5 70 " 0.0214 0.0549 "-1 18.22 -:t 0''''1
-t "1.-<>,,'0

-t. 0'\<>8 n 5 65 " 0.0261 0.0561 -I li. 8~, " 5 60 0.0251
-;;t ;!.." .•..Io

16.29 -:!:- ". \ D75 0.0614 _\
r.2'1xlo

--to-I"w " 5 55 " 0.0265 0.0660 -, 15. 14
-E ;1-1; ')<1'

" W 5 50 "" 0.0295 0.0705 -, 14. 19 ':to'\1
-t-;!..~)<I'

" 09 5 ;; '" 0.0372 0.0732 • ~ 13.67 -1:.0'\\
n:;> - '1-.><I'n 06 5 " '" 0.0476 .0761 _~ 13.13 -r t,. 11
:t"~.q)<'O

" " 5 35 207 0.0693 0.0762 _, 13.15 t ",-II
"" 'l ..,><I~35 06 5 30 317 0.1062 0.0748 -~13.38 -i:.-0'\O"* "2'7--,<;1"

" 0; 5 95 470 0.15/S 0.0739 _~ 13.52 -1:.0'0,,/
'f :;>.!)""l< 10

14.13-1:.'''°'1" "' 5 " 725 0.2429 0.0708 -v:c-, .• "l"16 03 5 35 1098 0.3678 0.0667 _~ 15.00 t o 'og-6'1' •."'Ie --;:-0'0:'-" "' 5 W 1701 0.5698 .0562 -\ 17.78"to,. ...,,,,,"
" "' 5 05 2461 0.8244 0.0386 _~ 25.90 -j, 0' 0 (,

-;:-l' 0 "'Ie
" 00 0 00 2985 1.0000 0.0000
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Table 10: £Xp"rimental data of neutron radiation ,,< 5T5.

No,Of No.Of Thick- Cumula- Average Counting Removal Relaxationobs. Bricks ness bve thi- counts per ratio cro"s- length
ckness minute 1/1, .~ction

,. ,. em"1 ,.
, 2' 2.4 54.3 m 0.1430 0.0358 _~ 27.921:""0'0';

TI'fwi'" ':t O' <>12 " 2.' 51.9 '" 0.15211 0,0368 _~ 27.63
-to ,.,0'-;1'3 " 2.3 49.5 4')5 0.1542 0.0378 _~ 26.48 t o'og
1\"')<1'4 '" 2.2 47.2 474 0.1607 .0387 _. 25.82 7 b"O:;
"i.~.O)<.~5 " 2. , 4'i.O 403 0.1671 0.0398 _~ 25.151:: o'D";
-:t2-1,o10

24,09 -joo'''''16 " z.; .\-2.9 497 0.1685 0,0415 -,-t ~.Z"'07 P 2.S 41J.4 520 0.li63 0.0429 -, 23.28 -:t. 0'10
2.5 0.1878 [f.7-."?<IO 22.66 t <y\D" 16 37.0 554 .0441 _.at. :})<).

0 '5 2.4 35.4 562 0.1905 . 0468 _~ 21.35 -:t- o'\e* ....'''''0W " 2.4 33.0 597 0.2024 0.0484 _\20.66 -of. 0'1\• ...•..2. ':1"'10

" n 2. 2 30.6 61' 0.2071 rJ.05b _. 19.44 :t 0-\1
:Lz<~'''''lo12 12 U 28.4 65" 0.2230 0.0528 A 18.931:" 0'17.-
-:t 2 •• ?>",,"I 0

n " 2.5 26.2 670 0.2271 0.0566 _\ 17.68j:o'14
:t2-i""<'"r'

" 10 2.6 23.7 765 0.2593 0.0569 _, 17.56 j:- C)-It,it z .q..cl~
1:: (y \S15 " 2.4 21. 1 "" 0.2i73 .0608 _~ 16.45

~~- • .,.:I'
-;!:-0-1510 " 2.I, 18. i '4, 0.3207 0.060~ _~ 16.44

n 2.4 0.3658
":t. .••• "'I-IO,

"i o.l~07 16.3 1079 0.0617 _~ 16.216:2'''''''010
--TIT 11'" 06 2.7 13.0 1280 0.4339 .0642 _\ 15.37

:t ;>-f, )<10
:to'\~" 05 2.4 11. 2 1465 0.4966 0.0625 _, 16.00

20 '"
-:f: Z'7>,,1"

-to'iv04 ".8 1738 0.5891 0.0601 _" 11i.63
t.z.oX1'" 03 2.0 U 2127 0.7210 .0511 .\ 19.57 -r to' 09
1: \.\1 )<'/0 zo-og" 02 2.2 4.4 2477 0.H396 0.0397 --' 25.18t 1';;"><.1023 " 2.2 2.2 2771 0.9393 .0285 _" 33.151:0'''7
:lo"I.,""O24 00 0.0 0.0 2950 1.0000 0.0000



Table 11, Eperimental data "' guma-radiat1on ,,, ST1.

NO.Of NO.Of Thick- Cumula- Average Countlng Removal Relaxation Build
ob•. Bricks ness tive thi- counts "" ratio cro,s- lengtb "0

ckness rnlnutE I/I. section factor

00 00 ,. 00 '0'

n '.0 68.5 7414 0.0747 0.037B---<, 26.431:0'<'2 2 . 19-:t \- ~ •••.,.,, n o , 65.6 ~203 0.0827 0.03R0-4 26.34i:o.t-z. ,"ti"2'<100 " '" 62.5 8673 0.08i4 .0390 _< 25.65", o.0'::' ":t I.:> :><,~, '" ,.. Sq.5 9687 0 0976 Q.0392 .....• 25.54TO'o3 ,.R4
;!"I,tO"O

24.87-=:0'02; '" 3.0 56.5 1022? 0 1031 0.0402 _~ 1. 67
1:," '''0 50 ~ 0'01,, '" U 53, 5 11174 O. 1120 0.04QR _~ " .58tl',"'-'. 23.?5 1: 0'01.,, " ,. ';0. 0 11893 0,1198 .0418 _~ ,"--;:,. ~ "'-10

23.031:'o'Q t;" " ;.0 ", 12671 " 1277 0.0414 _\ 1. 32
..•.1";' ",.,• ;; '" 44.4 14160 0 . 142; 0--:0439 _; 22.80 -To'o5 1. 28if. j' /, "10 22.11-;l:o,oi-W " "'" 41.3 15348 0.1546 .0452 _\ 1. 19
1:~'I<"'lb

21.R6-i:o'Dv" B ,.. 38. , H201 0.1734 O. 458 _~ 1. 151: p,-,q'
" " 3.2 35.5 193~7 0.19';5 0.0460 _\ 21.,5 ~O'O~ 1.13cr. ,.t;x,~

21.08:t0'ob" " 2.7 32.3 21442 0.2161 .04;4 _\ 1. 06

" 2,8
-j:,'G;<l\~

20.611::'0'06W 2Q.6 2%04 O. 217? 0.0485 _~ "',*l.t""'~ 20.76 to'Of" "' " 26.8 27292 0 . 2751 0.04 2 _~ "'" ,.. 23.9 iffS),'b 20.641:'0'07-"" ,1164 0.3141 . 485 _~ 1. 03.it.\'~"''' 20.78 -t 0""7" "' ,. 21. 0 36117 0.3640 .0481 --I' 1.0,,. , :;C \,q":<,10
30 ct Q'OS•• "' 18.2 40377 O.406g 0.04Q3 _~ 20. 1. 02

'" U rf. )...,,.\0
3~~O'O'f0.' 15. 1 47321 0 .• 76g ,0.gO _\ 20. 1. 02- 1:2'0",,0

W "' ;." 11. 8 5064~ 0.5,10 0.01075 _~ n ,05 ,!::O'''f 1. 02
~"~"''' -teO'Of" "' '.0 "" 65QlO 0.6642 0.040" _~21,51 1. 011-"~"I." eo '" ,• 76275 0, i6B7 0.04.6 _~ 22.• 3 :!:o-I!\& "'11 \)30 ...•,0" "' ,.. 2.9 8716'; 0.878. . 4107 -'T 22.38 :fo'D? 1. 01

" 0,0 '5\'O""'\~00 0.0 9~227 1.0000 .0000 1. 00
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Table 12: The~xpedmental data of gamma-radiation for ST2.

NO.Of No.Of Thick- r.u,""la- Avera!:" Counting Removal Relaxation Build
ob •. Bricks n~ss tive thi- counts per ratio cross- length "'ckness minute III, section factor

'" '" em.1 '" ','

"' ,." 35.,'; 19881 0.1975 0.0457 21.88"",,0"D'I 1. 22
j:"1'7""o-~, "' 3.0 32.5 23004 0.2285 0,0454 22.02 'i-o-nS- 1. 21
-n'o"fl>-~

3 "' 3. , 29.5 25219 0.2505 0.0469 _~ 21.31"1'0'0(; 1. 14
~2.D"I'• OJ '.3 26.4 28625 0.2843 0.0476 _~ 20.9Q-.ro.O¥ 1. 10
;:!' 2.1 )<.1'

3 " 3.0 23.5 31605 0.3140 0.0493 2().28j:o'O~ 1. 05-,
7;/.'''''''0 20.09,%:0.1(>0 "' J.' 20.5 36285 0.3604 0.0498 _\ 1.03
etc ".1- "'1', M '.3 1i .4 41746 0.4106 0.0506 _\ l'L77-to"ID 1. 01
~2_",:<Jo• " U 14 . 5 48012 0.4769 0.0511 _(,19.58 "f:0'\I 1. 00
r2.:?> >'10

9 M 2.9 11 . 6 55580 0.5530 0.0512 _, 19.521"(,.1! 1.00
::t"~.,,><I.

W " 2.9 e., 64637 0.6420 0.0509 , 19.6H:0'IO 1. 00
";!:Z.7l<1,f

" " 2.9 5.8 iSiS! 0.7524 0.0490 _•. 20.39::tO.IO 1.00
•••• Q_ 5" )( /I>

" " U '" 88336 0.8774 0.0451 ---<, 22.1i r ~'IO 1. 00
j:2'4-:<:1"

" " 0.0 0." 100682 1.0000 0.0000 1. 00
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Table 13: Epaimental data of galln.a.-radiation for 5T3.

No.Of No •• Thick- Cumula- Average Counting Removal Rlaxation Build
nbs. Brids ness tive thi- counts per ratio crOS5- length ""ekn" •• "inute III, "~ction factor

'" '" "",,1 '" '"
" U 44.4 16967 0.1684 0.0401 24.93j-o"1 1. 27

~1-.""'o""
2 eo U 39. q 19469 0.1933 0.0412 24.28-to"l"1 1. 19

-;t 2.1l)<lo-~, 00 ••• 35.6 22134 0.2197 0,0426 23.49 -to"lf, 1 . 11
~Z.5,,-lo-~, "' U 30.8 26355 0.2616 0.0435 _, 22.97-icU')') 1. 06
:':2-,><10

; e, u 26.4 31964 0.3173 0.0435 _. 23.00 -rO"fl, 1. 04
~;I..2"'1'• "' U 21. 9 37662 0.3739 0.0449 -; 22.261: 0"1£ 1. 02
i:"2'?)01V

22.00 'to'l2-, "' U 17 .4 45675 0.4.134 0.0455 " 1. 01
:j:~.3"'lo-

" "' 4. i 13.2 55747 0.5534 0.0448 22.31 =- ,,"Iq 1.01~ -,_2.(,,<0(0, 02 " " 68'143 0.6844 0.0446 _I' 22.42 '1o'\i 1. 01
""j: :;>.. 'pd 0

W "' 4.4 U 83085 0.8248 0.0438 22.85",," D.15 1 . 01
-,t-j.6""Ii"~

" "' , , 100731 1.0000 0.0000 1 ,00



Table 14: Eperimental data of gamma~radiation for 8T4.

No.Of
obs.

So.of Thick-
Bricks ness

Cumula-
tive thi-
ckness

Average
counts per
minute

COllnting
ratio
III,

Removal
oross-
section

Relaxation
length

,.

Build.,
factor

','
,

5

"

n

"

'5

S

5

5

5

s

s

s

5

s
s

5

s

s

s

5

5

"'
7S

7653

6731

6 S11

6515

6361

6511

,,509

7321

7925

9095

10895

13799

18096

24965

36590

55497

80425

0.0952

0.0836

0,0809

0.0810

0.0791

0.0810

0.0810

0.0910

0,0985

0.1131

0.1355

0.1716

0.2250

0.3104

0.4549

0.6900

1.0000

0.0294 34.01ro'17 50.99
j:"1''3" 10-"
0,0331 -l, 30.23-t0'11 30.27
;1:"\'",""0
0.0359 27.8,","!:"d!! 19.77
-t )'''j "'10-'
0.0387 ~ 25.86 -!: I>'\~ 13.36
1: 1-<": ni""
0.0423 ~~ 23.65-:t 0'\4 8.81
-1:"1'4"10
0.0457 _I, 21.883-0'146.09
1: 2'0 )<"11>
0,0503 419.89j:0.21 4.11+ ).C",,'.-
0,0533 _\ 18.78!0'2-0 3.12
-z:!.:;t ,de
0,0579 _~ 17.26 'to'lg 2.28
"t:1-6 ,,'.
0.0623 --', 16.06-;r1J'17 1.77
~ 1_" .,.10
0.0666 -\ 15.01 -;l:0.1' 1.43
'12.",>,-\0
0,0705 \ 14.18-:<- 0'12 1.22
1l.l""o
0.0746 ~\ 13.41 "i:tfll 1.08
t 2.t""~
0.0780 _, 12.82 to'I'l 1.04
't2-.~,olo
0.0786 , 12,73 ro"3 1.02
1•..1.<»1,] .
0.Oi42 13.487:,,'1'} 1.0Z
-r 2-~"h'~
O.0000 1. 00
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Table 15; Experimental data of gamtlla-radiation for 8T5.

NO.Of No.Of Thick- CUlIIUla- Average Counting ReOlOval Relaxation Buildnbs. Bricks ne •• tive thi- counts per ratio cro"S- length "'~kl1ess minute III. se~tion factor
-, ','" " '" '", " U 50.0 5400 0.0716 0.0527 18.97':1:;0'21 9.8X101

~? " , ::t:: z'~"J,,'
" 2.5 " 5 5422 lLOilO 0.0554 13.05-t;o'2-o

,,
.,.OXlO-

"1:2. ~ ""0-"
9.6X101

3 " 2.5 45.0 5477 0.0727 0.0583 17.16 "i:o<,lI- :':2'!;)<1~-"

" U 42.5 561 5 0.0;45 0.0611 16.37-:to'2-'
,,

3.0XlO
:t 2-£ "'Io-i;

9. QX1065 " '.5 40.0 5808 0.0771 0,0640 1S.£2-to-l;!..S
::t:: 2-.5"'10

3.2X10;5 " 2.5 3;.5 6056 0.0804 0,06i2 14.87tc'l~
--:! ~.r"I';"

1.0X106
, " 2.5 35,0 6291 O.IlR35 0.0709 ~ 14.09-t"o'('3

:t 3-<"I" ,, " 2.5 32.5 6,25 0.0866 0.0753 .S 13.281-0'\'3 3.4Xl0-
-t :lc."I~1I

12.371:0'11<5 " '-' 30.0 661;3 0.0884 0.0809 1.0XlO'.,
j:- '-.1-7< 10

11.&31:0'1!;- 3.5:nO\" " 2.5 " 5 7082 0.0940 O.08S9
:!: l.'i" ",10'

" " 2.5 " " 7248 0.0962 0.0937 10.68"'1"0'\1 1.1X101
"! l''/",Io''

" eo 2.5 22.5 7607 0.1009 0.1019 ~ 9.111i:o'l~ 3675, -_ ~,?-"l-I~
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/ . ff ..Gamma-ray Attenuatlon co-" lc~ents and neutron

removal cross-sections of different materials.

Relaxation lengthTypes of the
shielding
materials

Gamma-ray
attenuation
co-efficien!,
om

Neut.ron
R"moval
crqss-section

. ,om Gamma-ray
om

Neutron
om

\

ST5

II ~ '0Polyboron '")

0, 046:~:!;o7Oti"i"1:DO. 12 6::f201.il$ 21. 35t"o-1j{7 • 90 "'J:: C' 0 \

O.04'~_~~<lo:t;;.iJO.139.~ 20.421:0'%7. 20~ 6"0'

o .044(€f~::j,';ij O.11('-:"t)G~.o,,.(022. 60.t-0-34-8 . 64 "!i:- o. "2

O. 09 31";'~:oo-~l.'f'O. 051'_~~:IlU'3;Y 10. 7 :fto'/>819. 54 -t- O' V'1- '., '~ .•.
O.478'~,~O.048.j_Q~~ 2.10t:"o'0120.fl7"i: o':H.

O.047\'1:-o'Q04;?"\O.16(?,,"''-.\iiTJ~ 2l ..Ho'''' 6.25 --I :,oi-~...J(~
"' ----..~ - ~ - ..
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Fi9.5. EXPERIMENTAL ARANI3EMENTS FOR MEA:lURMENTS OF ATTENUATION COEFFICIENT

tal NAIlROW BEAM OR GOOD GEOMETRY (b) BROAD BEAM OR POOR GEOMETRY.
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Fig. 6(0) A BUICI< DIAGRAM OF eXPERIMENTAL SETUP AND,
(b) El.EMENTS OF A T-YPICAL SIGNAL CHAIN FOR PULtSE COUNTING
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CHAPTER 4
OPTIMIZATIO~ OF A MONOCHROMATOR CRYSTAL
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4.1 INTRODUCTION

The aim of the present calculations is to design a double axis

n<"utron spectrometer at TRIOA Mark II research reactor of Atomic

Energy Research and Establishment (AERE), Savar, Dhaka, Bangladesh.

Some calculations on eu-monochromator have been carried out by H.A.

Oraf!'! using his cnmputer program MO'<REF part icular

djffractomet,er geometries. We have cl>lculatl"d the quantitative

r""olution functiCln" s"mple fo, di.fferent

collimation angles of the soller collimators infront of and behind

t.he ell (200) monodn'omator for a geometry of the proposed

diffrll.c:t.ometer (described ~n the next section). Optimization of

diffractometer geom"'triE''''. The integrated intensities at. the sample-

spread and thickness has also been done. W" have found that the

d~ffe"ellt p"rameters of t,he monochromator, for instltnce, mosaic

dependt'ntthe monochromatorof

positio,., for necessary ra.n~e of neutron ",,,vel •.ngt,h,, have been

calculated for the plan" (2001 of copp"'" monoC".hromator to provide

inform"tion "bout the suitability of the crystal plane for a

parti cul .•.r n!'utron wave] ength.

The program KONREFhas been modi fied to calculate the Quant i tati ve

Itngle (Full-Width at Half Maximum) and energy resolution at the

"ample PD"ition and int.ensity distribution over an energy range.

The reflectivity of many crystals wert' pr<"viously cltlculated by

using the diffraction theory of G.E. Bacon and R.D. l,owde!HI. The

calculations based on th ••ir formula for absorbing mosaic ",ryst-al in

symmetric transmission or reflection geometry hav", been cnrried out
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by P. Fischer(lll and A.K. Freundll,,31I. In the latter calculations,

the heall collimation was not taken into account and hence their

calculations were carried out not on the basis of optimum mosaic

spread for practical uses of rnonochromators in the diffractometer.

The present ,'alc"lat,ions h"ve been clone On the basis of beam

collimation. The result" pr-esented hpr" will m••et lip the purpose of

s"lecting the eu-monochromator and the angular divergence of soller

r;ollimators 10 front of anct b••hind th" monochromator at' the

diffractornet •.r. It ",ill also provide th •• informati.on about the

behavi •.lIlr of resolutions flS a flln,-tion of mosaicity of the crystal.

Th•• eXp"'rimenters "rill use thpse results for designing t,he

experimental set ups for their required resolutions. Some computer

results on Cu(2001 monochr"mator crystal using modifi ••d HONR,EF

"rogram for" p"rticlll"r geometry ar •• giv ••n in Appendix

4.2 DJFFRA,TOMETER GEOMETRY

A block diagram of the diffractometer geometry has been shown in

Fig. 15. The primary C"ollimator i.e. the inpile collimator jt'; i'iOmm

X 50mm in cross-see;tlon and l530nun ~n length. Th.. soller

collimators infront of and hE'hind th", monochromat"r have both

angul"r di.verg"nce of
,
0, 0<: " 20 I) • convenient

distance b••twe ••n monochromator and sample has been chosen as 2000

mm. The diameter of the portion of the b""m port of the TRIGAMark

tI research reactor from the cylindrical reactor tank to the inpil"

collimator is 152 mm. The effective ",ntrfl-TIc," window for the

neutron$ has be""n '!hown in Fig. 1.5.



65
•

4.3 THEORY

The detlliled description of th" formulation of the reflectivity

used III the program MONREFhas been given b,,- H.A. Grafi:), Here it

has beell very briefly outlined to give an ld"a for easy

understanding of the meehod of calculations.

The intf,grated int,ensity Flt the sample position is obtained by a

two-fold numer~cal Itr"pezoidal) integration over all directions

A Iclevlations of t.he srat.terect n"'Htrons from the c"ntr"l line of

th •• sample to th,. monochrom"tori Itnd wavf'len"ths ~ at th ••. sFlmple

position.

~,m l\ 'il' I ~,)

,, , TI (LId!" 1,( 1\ }T( !bIJR'd~. '", ,

1', m A.i,( 0,'

In equation (1) T ( (3, I, are the weighti",. factors for

soller collimators in front of anrl b",hind T.he monochromator

respecti'-ely:

( 2a)

(2b)

The parameter 0(' is related to the geometr~cal div ••rg ••nce 0( of a

soller collimator as follows:

-------------------- (2cl

,
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1,(") is the intensity of neutrons of waveh'ngth>, at the entrance

window.

In this calculation 1,( II) is taken t,o be 1 for all <Yl'lvelengths.

The param",ter R"(n for normalized PQ"'''rl is -r-elated to the total

reflectivity RT('l'for total power).

Q.,
(~)

where Qi and Q, are the spatial cross-sections of incident and

reflected beams of parallel neutrons respectively. The reflectivity

aT is given by

'"

where P .t is, total power of the incident parallel beam of

neutrons at the depth t " 0 of the crystal and P/(O) is the total

po,..er of the diffracted b••am of parallel neutrons at the depth t=o

of the crystal in unit of neutrons p"r "'''0.

In these calculations. th" flux density cP, at the sample position

has been d"rived from the reflectivity of the monochromator, the

solid oogle Jl. subt,ended at the entrance window by the apertur •• at

t.he saBPl", position ••nd the flux density

window:

!fl, at the entrance
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E ,
(---)
kT

exp(
.E
---1
kT

(5,

their usual mean; ngs.

,
where Ri lS th" integrated intensity (in A) of a fixed crystal in

a perfectly collimated beam of white radiation, k is the Boltzmann

con"tant and T is the temperature in Kelvin. Other symbols have
", ,

This is described in detail by G.E. Bacon',•.!,

Th" tot,,1 int,egrated intensity as ealCOlllated i.n MONREF is relAted,
to Ri "S follows:

(6 ,

wher<" "'. is the horizontal an;;l" over which the entrance window is

seen frOlll the sample position and 0). is the wavFlengt.h "ang" ~n

the incident b""m ov",r which <liffractJon is complete. Using the

Max,,-••ll distrib"L,on factor D~AXn.L, flux density Itt the sample

posi lioft is given hy

4.>.'" Is' O<,.(cP,I4Ul, D~mm '"
where ex, is the vertical angle ave.,. which the ent,ranee window is

seen fr ••• the sample and DKil~EL. is given by

DWfiLL exl' (
.E

----l/I\
kT
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- ~~
( ---)/'I.' " 08'

The factor D~mELLealClllated for

moderator temperature of 313'K

•1.74A corresponding to the

of the TRIGA Mark II research

reactor at 3M\" power level is shown as a function of )\10 Fig. 16.

4.4 RESULTS Ai<D DISC1JSSIONS

The calculations may be divided into two sets: In the first set the

crystal thickness and mosaic spreads were optimized. In the second

set of clllculati(ms, the collimation looking at th •• r",solutions and

integreteel intensities at the sample position "'''1''' optimized.

Results of the first SE't pf calculations are plotted in three types

of cur""",, which include variat,ion of i.ntegrated intensity at th ••

sample positj()ll with (i) varjaiion of mosaic spread, (ii) variation

of monochromator t,hickne,"s v"riation of neutron

",,,velength. All the calculations wer" done taking the geometry of

Fig. 15. It may be m"ntH>ned th"-t the inV."rah'o inten"ity at the

sample position is very much dependent on the diffractometer

geometry and collim~tion of the neutron beam.

The integrat ••d intensities at sample position for different

thickness and for ,j-[ ff"rent mosaic spread are given in Tabl •• 17 for. ,.
"particular wavelength (J\= O.~ A) Il.nd the integrated int ••nsities

at sample position for different thickness and for different
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wav~length are given in Table 18 for a particular mosaic spread 20

minute.

Table 19 shows results of the present study and that of Graf5 with

extinction factors of 1.0. In this 'table. '0' refers to the present

calculation'i; and 'H' to those of reference 5. The distance from

monochromator v., "ntrance win<!ow of the neutrons was 372.9 em in

the pr"sent calculation and 466.0 om rClr that of Graf. The

e,,11,matars these cases were different.

calculation", ,,'e used s"11,,," collimators before and behind the

monochromator while Gr"f di.d not. "'''' the 5011"," <";ollim",tor" in

these positions. At sample position the neutron beam divergence was

1/2' for both cases. These twO'results show 8 large difference in

integrated jnt"nsiti"g at sample position. Also due to the

difference collim"r."rs. the p"rameters of the

lnonoehromat'Ors hav•..b•..en fo,md r1iffer",nt. Th" integrated intensity

at sample position f'Or the pre"ent c",se "'''s about three times

l \I~than that of Graf's for aJ J wavel engths and mosaic

•spreads p~eept far wavelength or 0.6 A.

Thre" types of curvE'S which incl,,,ie v"r;at.i.on of integrat"d

intensity at s"mple posit.ion ",ith (i) variation of mosaic spre"d,

(ii) variation of mon'Ochromator thickness and (iii 1 .variation of

neutron wavelength have beE'n plotted of which only a few

representativ" on<"$ fire $hown:Fig. 17 shows the variation of

int.egrated int<"nsit,y "t the sample position with variation of

mosaic spread for djfferent crystal thickness. The optimum mosaic
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spread can be found for" particular crystal thickness from these

curves. Fig:. 18 give integrated intensities at sample position with

respect to variati('"JD of crystal thickness 'for different mosaic

spreads. These curves giv<, the optim'lrn t.hickness of a crystal for

a particular mosaic; spr"ad. The thir<:l 'let of curves, shown in Fig.

19, are thE' plots of integr"ted intensities at the sample position

with respect. to vari,,-tion of,\ fot' "ptimllID mosai.c spreads. These

eUl'V""Sshow the limitaUons of choosing>, for a plane of the eu

crystal. The integrated intensit.y i" Always increasing' with

j ncreasing IDosaic spread 111'tOa cert.ain 1imi t despi te the inverse-

behaviour of the peak r ••flectivit.y. The calculations show that the

thick crystal with small mosfli,c spr" ••d has higher r •.flectivity than

a thin one with lar~e mosaic sp~ead,

Tn the p~"sent calculations, the int€'~rat"cl intens.it," at sample

•pcsitinn i" in unit" of rad - A, but on•• can ••asily c"lc"tat •• the

flux density at sample position in unj ts of
.,n-cm ., bsec - J- using

equ"tion (7), where Dmwm is found from Fig. 16 The above

discussions make it clear that~for the particular rJiffractom"ter

gf'Om"trr of th,. pres€'nt. case, these calculations are very useful

for designing the diffr,.ctomf'ter "nd "hoo"in<,; th" optimllm "jze of

thE' C" .onochromator.
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"able 17, Inte~r"t,,-d intenaitles at sam~l" position tor different
thickness and for different mosaic spread

Soller Cry- Primary Wave- Thick- IntegraLed intensities I,(tl for mosaic spread
Coil j- .tal extioc- length ness -----------------------------------------------------------------------------------
m"tors plane tioo ( mOl) ; '" " '" " 10 " " """,0(1

"l
O.1~O7~ 0.16520 0.16880 0.16386 0.15469 O.14i,07 0.13355 0.12381 0.11462

, 0.16575 0.200\22 n.21705 0.21'1101 O.2047Q 0.19235 O.179'iIJ 0.16730 0.15558

; 0.17132 0,21732 0.23147 0.23042 O.221~() 0.20874 0,19545 0.1826'1 0.17031

" '" Gu200 1. 00 0.< , 0.17275 O.22()I,9 0.23<;90 0.23'i58 0.2267') 0.21434 0.10102 0.18815 0.17562

; 0.17316 O.221i,i< n.21730 0.23726 0.22863 0.21626 0.20296 0.19015 0.ln54

" 0.17"J29 0.221711 ll.23775 ll.237H2 O. nn6 0.21692 0.20%S 0.19079 0.17823

; 0.173'\!, 0.2211\4 O.237H9 O.BlIOO 0.22947 ll.2171S 0.20389 0.19104 0.17848

" O.1731S 0.22187 0.23794 0.231l06 0.22954 0.21723 0.203'17 0.19112 0.17857

, ll.17336 ().211ilil 0.23796 ll.21ilO'l n.229% 0.21726 O.2040ll 0.19116 0.17861

'" (l.17'O6 O.221il9 0.23797 O.:nH09 0.229.'i7 0.21727 0.20401 0.19117 11.17682

" 1l.17136 O.221R'J 0.23797 0.23il10 0.22958 0.21727 0.20402 0.19117 0.17862

" Il. 17.'136 (). 221WI 0.23797 O.BilIO O.2295H (1.21727 O.2(i!,02 0.19117 0.17il63
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Table 1~; Integrated intensities at sample position for different thickness and
for different wavelength far a p~rticular mosaic spread.

•~2.H

Thick-Pri- Integrated intensities 1 (t) fnr wavelengths
jO_I'

mary nes.' Rau-Axl0~"~~-----------------D-----------o-----------.--- G
_tion (.•••111) =O.6A =1.2A =1.6A =2.0'\

Crv- 'bsaic
stal spread

(min.)

Soller
(:,,11;-
(mix)

.,(, C(,, ,

, O,1&RBO 0.33788 0.41973 O.~76SR 0.558

, 0.21705 0,40099 O.sn85 0.61134 0.617"
3 0.23147 0.51013 0.60097 0.66436 0.120

, 0.23500 0.53189 0.62334 a.bRRZ; 0.137

0 2C C. 200 '" 1.00 3 0 2373() 0.54123 ().633R9 0,70010 0.74;;

, 0 23775 0 ..04549 0.63919 O./OIi:Jil 0,751

, 0.23789 0, 54,40 0.64200 0.70993 0.755

; 1J.2:Ji% " '14846 O.6~'JS6 " 7120'\ 0.757

9 0.23706 " 54895 0.64446 0 71332 " 753

'" C 2:17'1, 11.,;~q1'1') O.64~q9 O.71H\. " 75'1

" c. 237<), O._';~932 0.64532 0.714&7 O. is''

12 O.237''l{ (J.5!"939 0.64';52 11.71502 O. i&O
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Itegrated intensity I (t.. ) for large crystal thickness and IICt) for a
crystal thickness of ~ rom for primary extinction 1.00, for Cu monochromator".
I,. is given in units of (x10'\ rad. A")

Optimum mosaic spread Wavelength Crystal Plane Cu 200 Optimum
mosa1C
spread

Crystal plane
eu 200

'ol

15 '

, (H)

25'

•,

0.0

(Ol

I,(tl : 0.238

'Ol

0.270

0.270
15 '

(F)

20 ' 25' 1 • 2 20' -
0.510

I,Ct",,): 0.646 2.11
20 ' 25' 1 • 6

l,et) : 0.545

I,(t) : 0.640

1. 61

2.02
20'

0.500

0.620

0.610

20 ' 2.0 20 '
0.660

20' 25'

I,{tl : 0.0706

J,It".,. ): 0.760

I,(tl : 0.751

2 • 21

20'

0.650

0.640
0.630
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CONCLUSIONS

A beam of neutrons from a collimating tube in the reactor' falls on

to a monochromatino: crystal which is surrounded by a massive shield

attached to the rpactor face. Shielding of this sort is essential

for prot ••ctin~ bnth t.h•• opera'tor and the detecting apparatus from

the main beam of n"utrons and gamma-rays emerging from the

c"llimat ••.•.. (lnly "hout 1 percent of this mixed radiation, namely

th"rmal neutrons having' wavelengths within "- narrow b,,-nd is

"('efleoted by the monochr"mator and used in the subsequent. neutron

diffraction m"asur"ment<;. Many "f the scattered neutrons would

enter the c",mter and give a lar'(E' backgro'mn count against which

it ,dll bE' very diffic'11t. to distinguish th" diffractE'd neutron

b••ams, The fast n••"t.rons are slr>wed clown by collision ",ith t.h••

h~-drog••n "t.oms In the bOr.''lt",.] paraffin shield fl.nd subsequently

absr>rbed by t.h•. boron which hAl"a high abs"rpt.ion cross-s<'"ction for

slow n"utrons. On th •••other han<J, th •••garnmf\~rays are abl"orbed by

thE' lead 8Crf:en. ~n ",ffecti"'" system of shielrling is import.ant. not

only to reduce the haclq(round of scattered neutron'" which would be

picked by th ••.Gounter b'.It. ,,1'10 to ensure that. the g••n",r"l lev",l of

presentof themain r>bje~tiv ••'1afer,y point" of

radiat.ion in the neighbourhood 18 'lufficient.ly low from health and

• r 3\ I
VH'W '.

investigatinns is t.o develop te-""hnical know how for design and

fabrication of a monochrom"t,or drum of " double-axis nellt.ron

spectrOIle-ter.

The-""snIts on the shielding effectiveness for neutron suggest that
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the shi~lding materials STI and ST2 have a higher neutron removal

cross-section than other shielding materials lindeI' invest,tgetjon.

For a snaIl thickness of UH' shielding material, ST2 shows more

attenuation effect than STt and for large t.hickness, STt gives more

attenu!l.tion effect than ST2. It is concluded that adding more

polyethrlene callSes higher neutrnn attenuation effee;t for small

thickness.

The results on the shielding effectiveness for gamma rays show that

shielding material ST5 has greater gamma-ray attenuation "Ffeet

than tit•• others. It i" ob"erved that higher value of gfl.mma-ray

attenuation co-efficient, arises due to th" higher density of the

material. It has already been mentioned that gAmma-ray att ••nuation

co-efficient" and r"]"XAtion lengths for ST5 and ST4 are het.ter

than tlwse of ST1, ST2 And ST3. From Table 16, it is seen that

shielding mat"rial ST5 and S14 have smaller relaxation lengths than

SrI, 5T2 and 5T3. 1'his sU'l~••sts that 5T5 and 5T4 have more

scattering centres and obviously th •• build-up factors ar" higher

for 5T5 anel 5T4 due to the multiple scattering than those of

others.

From the above discussion ••, it may be concluded that shielding

materi"ls 315 and 5T4 are more effective than ST1, S12 and 5T3 for

gamma-r.••y shielding measurements. It is mentioned that ST5 lS mOre

effective than 5T4, For neutron shielding measurements, s~ielding

materials STl, and 5T2 are more effective than those of 5T4 and

5T5, So, In desi~njng of the monochromator drum shielding
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arrangewent, the monochromator drum requires 18 em of lead i.e. ST5
(for gUIIIs ray] 50 em of borated paraffin i.e. STi and ST2 (for

slowin<>:down of fast neutrons snri subsequent capture 1, 1.5 em of

stainless steel (for "pi thermal and fast neutron partly) and 20 em

of 1-/1 ""ocret", i. e. ST4 (for gamma~rays "od neutron radillt ions) .

The comI>arative studies of the shielding materials polyboroni1UG)

and borated paraffin are as follows: The ratios of the Gompor'l<"nts

of the presently prepared borated paraffin are paraffin wax:

polyethylene: boric acid:, 3:2:1. This material is called in the

text as ST2. As can be seen from Table 16, the gamma-ray

"t,tenuation co-efficients and neutron removal cross-sections are

approxi_t •.ly"ame for hoth t.he mat •.rial'S. The relaxation length of

polyhoron for gamma-rnys is slightly higher than th"t of 51'2. Bnt

the r •.lllXat.ion lengt,h ,,1' polyhornn for nE'utrons is slightly smaller

than that ,,1' 51'2. This "!mall vnriat.inn in relaxat.ion lE'ngth does

not. make any 'Significant diff •.rE'n"e. Therefor •. , it. may he conclnded

t.h"t th •• shielding material us ••<J en the present experiment. will

suffice and moreover, it. will he cheaper than polyboron.

'l'he integratec! inten"ity at sampl •• posit.ion is very mnch <J"'l?"ndent.

on di ffract.ometer geometry and collimati,on of the neutron beam. The

results of the present l'It.udy show that t.he optimum parameters of

the monochromators have been found different due to the difference

in collimations (compared with Graf's ca.,,")' 'l'he integrated

intensity at sample posi tion for the present ca"" WaS about three

time" great.er t.han t.hat in Gr,,-f's case for all wavelengths and
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mosaic spreads exc",pt for the wavelength O.6A. It is clear that for

designing the diffractometer and choosing the optim'lrn size of the

Gu monochromator for a particular diffractometer geometry, these

calculations are very useful. The calculations show that the thick

crystal with small mosaic spread has higher reflectivity than a

t.hin on•. with large mO"aic spread.

Finally, it is concluded that knowledge about monochromator drum

and optimization of monochromator crystal will be helpful In

designing a two-axis neutron spectrometer at the 3MWTRIGAMark-II

researc:b reactor at AERE, BAEC, Sll,var, Dhaka, a"'nl;ladesh.

"
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APPnfDIX I

***CALCULATIONS DONE FOR VARIABLE THICKNESS ***
**CALCULATIONS DONE FOR FIXED COLLIMATION **

PARAMETERS FOR THE ~EFLECTIVrTY CALCULATIONS

* CU 200:STANDARD DIFFRACTOMETER CONFIG. WITH DIFF. SOLER COLL**

CRYSTAL 'l'YPE; CU 200

LAMBDA=1.20 ANGSTR. INCIDENT ENERGY. =56,805 MEV PRIM. EXT. =1. 00

MOSAIC SPREAD" 20.0 MIN. ALPHAI '"0.0 MIN. ALPHA2 '"20.0 MIN.
SQUARED SCATTERING LENGTH DENSITY (F/VCELL**2) O,3900D+22(1/CM**4)

ZERO WAVE-LENGTH, 1,200 (ANGSTROEM)

ZERO BRAGG ANGLE: 19. 387 (DEGREES)

ABSORPTIotl FACTOR: 0.700 (l/CI1)

CRYSTAL THICKNESS: 1.QOO(MM)

MOSAICSPREAD (FWHH), 20. 000 (MINUTES)

P,RIM. EXTINCTION: 1.000(1.=NO EXT.)

BETA ("'DEVIATION FROM ZERO BRAGG POSITION) : O.OOO(DEGREES)

DEL(= ANGLE BETWEEN NET PLANE AND CRYSTAL SURFACE}: Q.QOO{DEGREES)

CLNEG (= LEFT (-PHI2) SIDE LENGTH OF THE MONOCHROMATOR:-50.QOO(MM.)

LPOS (= RIGHT (+PHI2) SIDE LENGTH OF THE MONOCHROMATOR: 50.000{MM.)

DISTANCE MONOCHROMATOR- SAMPLE: 2000.000 (MM.)

RADIUS OF CURVETURE (ZERO MEANS FLAT MONOCHROMATOR): O.OOO(MM).

ALPHA 1 (SOLLER COLLIMATOR 1): O,OOO(MINUTES)
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RIGH'!'OPENING
(+PHIl-SIDE)

LEFT OPENING
(-PHIl-SIDE)

ALPHA2 (SOLLER COLLIMATOR 2): 20.000(MINUTES)
PHIZ-MIN (0. MEANS USE CALCULATED LIMIT): -0.500(DEGREES)
PHIZ-MAX (0. MEANS USE CALCULATED LIMIT) O.500( DEGREES)

LIMIT FOR PHIZ-MIN CALCULATED FROM CLNEG: -0.465(DEGREES)
LIMIT FOR PHIZ-MIX CALCULATED FROM CLPOS: 0.487(DEGREES)
THE EN'fRANCE FLUX FIO 0.10000D...-13(N.CM-2.S-1)
THE VERTICAL CONVERGENCE -- : O.OZOO RAD
THE GEOMETRICAL LIMITATIONS BETWEEN MONOCHROMATOR
-AND CORE (IN MM. )

DISTANCE F,ROM
MONOCHROMATOR

1

2

3

4

5

100.000
410.000
1320.000

2850.350

4034.625

-25.000

-25.000

-25.000

-25.000

-76.200

25.00'0

25.000
25.000

25.000
76.200

PARAMETERS FOR THE TRAPEZOIDAL INTEGRA TIN
OVER PHI2:
FROM-O.4645 TO 0.4870 IN 101 STEPS

OVER LAHDA:

ALL WVRLENGTHS SCATTERED WITHIN +/- 3.5 TIMES ETA IN 101 STEPS
(ETA IS THE STANDARD DEVIATION OF THE MOSAIC DISTR.)

----------------------------------------------~-~-----------------~-----
VARIABLE PARAMETERS



MOSAIC Sl'READ

THICKNESS

RADIUS

WBETA

WDEL

20.000(MINUTES)

LOOO(MM)

O.OOO(MM)

O.OOO(DEGREES}

O. 000 (DEGREES)

88

INTENSITY PROFILE OVER PH12 WITH RESPECT TO ANGLE (FACTOR = 0.16254D+05

-0.600 0.000

-0.550 0.000

-0.500 0.000

-0.450 0.132

-0.«10 0.554

-0.350 2.018

-0.300 5.865

-0.250 13.883

-0,200 28.369

-0.150 49.271

-0.100 72.920

-0.050 92.376

0.000 100.000

0.050 92.610

0.100 73.353

0.150

0.200

0.250

49.352

28.598

14. 083
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0.300 5.719

0.350 2.029
0.460 0.603

O.~50 0.148

0.500 0.000

0.550 0.000
0.600 0.000

K (O) " 5.2360 (l/ANGSTR. ) K(MIN) ~ 5.1544 (l/ANGSTR. ) K{MAX) ~ 5.3
(INTENSny PROFILE OVER PHIZ WITH RESPECT TO ENERGY FACTOR" O.16280D+OS)

45.812 1. 006

46.911 2.449
48.010 5.731
49 .110 11.233

50 liO 11.233

50.209 20.219
51. 308 33.653

52, f08 50.622
53.507 68.788

54.606 85.164

55.706 97.351
56.8!lS 100.000
57.904 93.933
59.004 H.5S!

60.103 62.593

61.202 44.806
52.302 29.072



63.401 16.613
64.500 8.993

65.600 4.394

66.699 1.938
67.798 0.721

68.898 0.259
69.'l97 0.083
71.096 0.000

72.196 0.000
THIC(MM) SPHI (RAD*ANG) TPHI

90

(N.CM~2. S-1) ERES(MEV) ARES (DEG) DLAM/ALAM

1.00 0.33788D-04 0.33803D+05 8.51390 0.29711 0.03015
2.00 0.46099D-04 0.46119D+05 8.49703 0.29652 0.03009
3.00 0.51073D-04 0,51096D+05 8.49442 0.29641 0.03008
4.00 O.53189D-04 0.53213D+05 8.49733 0.29650 0.03009
5.00 0.54123D-04 0.5414 7D+05 8.50175 0.29664 0.03011

6.00 0.54549D-04 .0. 54573D+05 8.50594 0.29671 0,03012
7.00 0.54749D-04 0.54774D+05 8.50929 0.29688 0.03013

8.00 0,548460-04 0.548710+05 8.51175 0.296% O.03D14

9.00 O.54895D-04 0.54'31 90+05 8.51346 0.29702 0.03015

10.00 0.54919D-04 0.54944D+05 8.51461 0.29105 0.03015

11. 00 0.54932D-04 0.54951D+05 8.51536 0.29108 0.03016

12.00 0.54939D-04 0.54964D+05 8.51584 0.29109 0.03016

--- .•.•...

\
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