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ABSTRACT

A monochromater 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 aleng with 1its 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
neutren removal cross-section, gamma-ravy attenuation co-efficient,
reiaratien length and build-up factor have been meaaured by using
a Z5%2-Cf source f{nearly 1 Mag). The integrated intensity at the
sample position of a diffractometer and optimizaticn of the
parameters of the monochromator crystal are discussed. The
integrated intensities at sample position have been calculated as
a function of thickness and mosailc spread of a copper(cu)l
monochromator {200) for different neutron wavelengths by using a
computer code MOMREF developed by H.A. Graf. The gecometry of the
neutron diffractometer has been taken from the proposed design of
a double-axis neutron diffractometer at 3MW TRIGA Mark II ressarch
reactor at AERE, Savar, Dhaka. Optimum thickness and mosaic spread
for the {200) plane of Cu monochromator at different nautron

wavelengtha have been detarmined through these calculations.
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INTRODUCTION
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With the advent of nuclear reactors, *neéutrons have been made
available in sufficient intensity to allow collimation intc beams
and segregation in enexgy within a fairly narrow band. Elsasaar“J
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 both by ﬁalhan and Preiswerk(! and by Mitchell and
Powers''!. These experiments were done uging a radium-bsrvllium
neutron source, the ﬂf@frnm which were by no means of constant
velocity, or ‘'monochromatic’ and while sufficient to demonstrats
that diffraction occurred, they were by no means sufficient to
provide any gquantitative data. The first apparatus of this sort
usually termed a '‘neutron spectrometar' although l-v::liffr.:'u':i:q::metdatr'

would be more accurate, was built at the Argonne National

Laboratory in the U.5.A. in 1945 {Einn”!y

Neutron scattering is a versatile technigque for the study of
different aspects of materials. Thisz is a complementary technique
alcng with the other techniques used in applied materials scienre
such as electron microscopy, X-ray, nuclear magnetic resonance,
Raman spectroscopy, etc. A programme of neutron scattering work ics
being chalked out utilizing the neutron beam of the 3MW TRIGA HMark
IT research reactor at Atemic Energy Research Establishment {AERE),
Savar, Dhaka under the Pangladesh Atomic Enerqy Commission { BAEC) ,

A double-axis neutron diffraction spectrometsr for elastic



srattering of neutronse has been designed'and its fabrication is
being carried out in phases at the 3 MW TRIGA Mark II research
reactor at AERE, BAEC, Savar, bhaka. A radial beam port of the
research reactor has been chosen. The schematic diagram of a
double-axis neutron diffraction spectrometer is shown in Figqure 1.
The design principles employed are aimed at mechanical and
electrical simplicity, fléxibility in operation and ease of
fabrication. The proposed menochremator drum is the main component
0f the double-axis neutron diffractiqn 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 meonochromator 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
nentrons and gamma rays from a 252-Cf source. The emission
characteristic of 252-Cf-saurca 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 morochromatic beam. The purpoge of the primary collimator
is teo produce the parallel neutron beam behind the monochromator

crvstal. The soller collimators are used to reduce the divergence



of the incident and reflected neutron beam behind and infront of
the monochromater crystal. A copper (200) crystal has been used as
the monochromator which will extract a menmochromatic neutron beam
by Bragq reflections from the Mazwellian distribution of neutrrons
emerging from the reacter. Scme cgalculaticns on a copper
monochromator have been carried out by H.A. GJ':afH:I using his
computer programm MONREF for a particular diffractometer geometry.
The program MONREF has been modified to calculate the guantitative
angle at full-width at half maximum {FWHM), energy Tresolution at
the pample position and intensltyﬂﬂistributicn over Enargy“?. The
quantitative resnlutipn functions at the sample position have been
calculated for different collimationm angles of the scller
collimater infrent of and behind the Cu {200) monochromator for a

geometry of the proposed diffractometer(’’, Chapter 4 describes the

optimization of the monochromator crvstal.

The purpose of the monochremateor drum is to absorb all unwanted
radiation to protect the peracnnel working arcund and to reduce the
neutron background at the detector. The aim of the present work is
te desion a monochromater drum to be uséd with the double-axis
neutron diffracticon spectrometer at TRIGA Mark I] research reactor

at AERE, Savar, Dhaka, Banuladesh.



CHAPTER 2

DESIGN AND FABRICATION OF A MONOCHROMATOR DRUM



2.1 INTRODUCTION

The meonechremator 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 rsactor of AEREE, Sawvar, Dhaka,
Hangladesh. The drum serves a variety of purposes for the
experimenters in the field of neutron scattering. The shielding
arrangement of the drum has tc be such that all the unwanted
portions of the reactor beam eXcept the monochromated neutron beam
taken out through the exit port have to be totally absorbed. This
i1s necessary for the safety of the euperimenters and also for the

reduction of background at the neutron detsctor.

The shielding materials in the drum consists af lead (for gamma
rays}), stainless steel (for partial attenuation of fast and
epithermal neutrons), horated paraffin {for-slowing down of fast
neutrons and subseguent capture} and ilmenite-magnetite concrete
{for gamma rays and neutrons}. Unlike other monochromator drumsm'”;
the vertical axis of the present monochromator has been placed
nearest to the reactor walil in order to gein maximum neutren flux
at the monochromator rrystal and to save space vis-awvis shielding
materials., The monochromator copper crystal is placed in a stesl
frame hung by a rod from the top plug. The red can be rotatsd about
8 vertical axis by a reduction gear. The precicion of rotation ig
about 0.1%. A tilting mechanism around the herizontal plane has
aleo been provided in the steel frame to keep the neutron beam in

the horizontal plane.



The take-off exit port for the moncchromatic neutron heam is kept
fixed for a epecific experiment. The exit port c¢an 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 sShapes have besn
fabricated. Though this is a laborious work, it reduces the cost

and complexity of fabricaticon of the components.

Wooden collimator having inner dimension suitable to specific
experiment may be placed in ths exit port. For this z number of
wooden collimator having variable inner dimensicon have been buzlt.
The wooden cnllimators are covered with mild steel to bear the load
of the shislding materials. Shielding dimensions were calculated by
the following approximate wethod! Geometries were regarded
cylindriecal; source strengths could be calculated for fast neutrons
{energies ahout 2 MeV) and gamma radiation {of an average hardness
appropriate to gamma radiation from a reactor) from measured beam
intensities and the beam geometry. The factor may ba axpressed in
terms of the thickness of the material required for an attenuation
of the eorder of 104, and the thickness wsed for lead, borated
paraffin, stainless steel and ilmenite..uagnetite concrete were 18,
50, 1.5 and 20 cm respectively. The design and fabrication of the
monocchromator drum or house for the two-axis neutron spectrometer

is desceribed in Section 2.2

2.2 DESIGN AND FABRICATION

Honochromator drum plays an important role in the proposed double-



axis neutron spectrometer. The front sectional view of a
monochromator drum is chown in Figure 2. The monocchromator drum
comprises three parts collimatqr arrangement, sample table and
shielding arrangement. The top secticnal view of a menochromator

drum is shown in Figure 3.

The primary or "inpile" collimator has inner square dimension of 5
cm X 5 cm and outer square dimension of 8em X Bem. The outside
diameter and length of this ceollimator are 20.¢0 em and 100 em.
respectively. Different secticnal viaws of the primary collimatof
of the spectrometer are shown in Figure 4. A provision has been
kept in the collimator to insert soller siits for reducing angular
divergenge 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 he vushed in and pulled cut
of the reactor beam port. & set of horizontal travs (not ghown) has
been provided at the end of the cellimater facing the reactor core
50 that the boron of the borated paraffin will remain in the trays
even if melting of paraffin wax ocoure and this will help keep the
homodeneity of the borated paraffin to some extent. The horizontal
and vertical divergences of the primary collimator without soller
slits are determined by the ratio d4/1 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 locsted inside the

beam port in the reactor ghielding; the zecond one stands on the



monochromatic beam between the monochromator crystal and the sample
table; the third cne is on the rotating arm between the sample
table and BF; detector. Qur second and third collimators will be of
the sollsr type“m. The horizontal angular divergence of these
collimaters ie determined by the ratio o = s/1 of the width to the
length 1 of its soller elements. Following Sailor et al.t“!, it will
be assumed that the transmission function of the monochremator,
analyser and sellsr-slit system ars Gaussian. According to Sailer
st al., a socller collimator reduces thes intensity of the incident

beam by a factor

(P) =exp [- (d /)0 (1)
where § is the angle made by the projection on = horizontal plane,
of any individual ray with the central line of the ecollimator and

+, ,
ol1f given by

The sign of }§ is cheosen so that + § would tend to increase the
Bragg angle of the ray. It hag been shown by Caglioti atr a1t that
by providing a 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 poeition/angle by

a spur and worm gear. The reductiocu ratio of the 5pur and worm gear



is 30:1. The crystal rotating mechanism is shown in Figure 2. The
gample 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 so that the sample
can be moved to the focal point of the crystal, The dstector
asgembly is coupled tno the sample table and rcan be rotated around
the vertical axis of the sample tahle by a reduction éear. The
precision of rotaticon 1s about 0.1% A tilting mechanism around the
herizental plane has alsc been provided in the steel frame to keap
the neutron beam in the horizontal plane. There is also provisien
to adiust the detector -distance from the sample table. The beanm
stop alzso moves along a circular rail placed behind the sample
table and the detector assembly concentric to the monochromater.
The beam stop serves to slowing down of neutrons and subseguent
capture and absorption of gamma ravs.

The neutron and gamma ray shielding effectivenese of the different
layers of the monochromator drum have been measured by using a 252-
Cf aource of strength about 1 }1g. The shielding effectiveness
measurements suggest that 18 cm of leed. 30 cm of borated paraffin,
1.5 ¢m of stainless steel and 29 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. Sc, design of the monochromator drum on the basis of

these measurements will meet up our purpose because the thermal and



epithermal neutrons have more attenuation 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 :intensities is accomplished through
interaction of radiation with matter. The most gignificant
radiations for which shielding is reguired are (i} the mixed
radiation field consisting of the primary gamma-rays and neutrons
present inside a research reactor and neutron generator and alsc
those gamma-rays emitted by certain radicactive sources and {ii}
the secondary gamma-rays produced by inelastic scatrering of fast
neutrons with shielding materiales and the capture of thermal
neutrons. The shield design invelves more thap choosing a suitable
material {or materials)} and determining the optimum thickness
required to decrease the total radiation to an acceptable level,
Elements of high atomic number and high density are the hest far
absorbing gdamma rays and elements of low atomic numbsr are the best
for attenuation of neutrens. Heavy elements may be used alss to
slow down high energy neutrons neutrcns by inelastic scattering.
Hydrogenous materials i.e., materials containing hydrogen may be
used to moderate intermediate neutrons. Neutron poisons, such as
boron, may be used to absorb low energy neutrons without emitting
high energy gamma-ray. In additien to posgessing good attenuaticon
properties, an ideal shielding material should have the following
characteristics:

al be inexpensive;



10

o easy to handle and fabrircate;

o physically strong and durable under operating conditions;

o stable in chemical compositicon and physical dimensions;

O fire-resistant;

O noncorrosive, nontoxic, and ocdorless:

o not affected by intense radiaticon fiaelds or high temperatures;
and

o co-efficients of expansion that are compatible with other
materials.

Since no material could have all these gqualities, compromises in
degign and fabrication of mixed radiaticn shields are required.
Materials used i1n the monochromator drum for the shielding purposes
are (a) ILead (b)) Ilmenite-Magnetite Concrete (¢} Stainless Steel

and {d) Borated Paraffin.

fa} Lead: Lead is the nmost widely wused material for the
construction of monochromAator shislds. Because of its high density
and large atomi¢ numbker, it is an efficient attenuator for gamma-
rays upto an energy of 0.5 MeV where the photoelectric sffect
dominates, It is also an effective attenuator for relatively strong
gamma-rays from external sourcea. Because of its high density,
thickness of just a few centimsters of lead will provide a large
raduction in the intensity of the strong gamma rays. Lead is widely
used in the form of rectangular "bricks" in the constructicn of
gimple 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 shapsd bricks
with interlocking surfaces. Lead is alsc cast relatively easily
into solid shapes, although some care must be taKen in the casting

process to avold porosity or voids in the soclidified shields.

{b} Ilmenite-Magnetite Concrete: Ordinary concrate is often used
in the construction of large-volume shields, because of its low-
cost. It is therefore most commonly used as the outer constituent
of a2 shield lined with successive layers of steel, lead or othsr
shielding materjals. Although ordinary concrete consists mainly of
water and low z elements, a Special congrete Kknown as 'Ilmenite-
Magnetite' concrete containe a slgnificanf percentage of heavy
components, and is therefore much mote effective in gamma-ray

shielding!!®,

A series of ExpErimEntEH” performed with different types of
concrete reveal that ilmenite-magmetite (I-M) and ordinary sand
mixed together in the ratio 2:2:1 respectively produces the
desirable results for reactor shielding. It is found that while
density incresses with the incorporation of ilmenite and magnetite,
the structural properties like compressive Etrength deteriorates.
To summarize, the density of ordinarv concrete is 2.226 g/c.c. with
4120 pei (12" X 6" cylinder) compressive strength while the I-M
concrete has the density 2.95 g/c.c. with 3990 psi (12" X 6"
cylinder) compressive strength“ﬂﬂ. The final form of ‘the
composgition of the I-M concrete is given in Table 1. The

development of this special concrete is made in connection with the
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construction of the biological shislding of the 3 MW TRIGA Mark 11
research reactor, AERE, Savar, Dhaka. The vendor's {General Atomic
Inc., San Piego, USA) requirement was 2.755 g/c.c. with 3000 pei
(12" X 6" cylinder) compressive strength. Heace, the I-M concrete
as described above seems to be the best compromise for use as

reactor shielding material.

(o} Stainless Steel: Steel is a yood shield for epithermal and HeV
energy neutrons. Iron or stainless steel or mild steel ic also a
commen gamma-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 normalivy
required for even very low energy gamma-rays. It is aofften used in
situations whers the size or configuration of the shield would make
its construction from lead alone too gxpensive. In such
circumstances, an outer laver of stainless steel with an imner 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 hydrogencus materials gives extra advantage, providing good
absorption of neutrons and reducing secondary gamma radiation,
which result in desirable neutron shielding c¢haracteristics. The
neutron shielding material named 'Borated paraffin' has coms unigue
properties and is found to have good neutron shielding properties.
There are a number of materials like polyethylens 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 tegether produce

a matriz with desirable nuclear and structural properties.

The present development of the borated paraffin is unigque 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 develcped shielding material horated paraffin is described as
follows: At first some gquantity of paraffin wax is taken in a
container for heating. It melts at about 80°C. After completion of
the melting of paraffin wax, some quantity of boric acid is poured
into the container and stirred constantlv. The melting point of
boric¢ acid is higher than that of paraffin wax. 2%, constant
heating along with stirring is necessary to still greater extent.
It must be ensured that boriec acid and paraffin wax are mixad
uniformly. Then some granules of poclyathylene are poured into the
mixture of paraffin wax and boric acid. The melting point of
polyethylene 1s higher than that of boric acid. So, more constant
heat should be applied for melting the polyethylens. Constant
atirring and heating for about an hour, three substances mix
together wunifermly. Then, the mixture 1is rcooled down for
rasolidification. Hence. 1n borated paraffin matsrial, the boron

content is not segregated by melting and resclidification process.
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CHAPTER 3

SHIELDING EFFECTIVENESS OF A MONOCHRCOMATOR 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 varisous
energies, fission fragments, and even protons resulting from (n,p)
reactions. The shield which protects personnel! from these
radiations is referred to as the biological shield““, As far as
shield design is concerned, however, only gamma rays and neutrons
naed to be considered since there are by far the most penetrating.
Any material which attenuates these radiations to a sufficient
extent will automaticaily reduce alil the cthers to negligibls
proportions. For the purpose of shield design, the neutrons and
gamma rays are considered from the standpoint of their place of
origin: the primary radiations are defined as the radiation which
originate within the reactor care due to the nuclear fission,,
wheress the secondary radiaticons are produced outside the core as
a result of the interaction of the primary radiations, chiefly the
neutrons with nuclei in the reflector, coolant and shield
materials. In this case, the radiation conasists of a mixture of
both gamma-rays and neutrons. A8 we havs seen, elements of high
atomic number are best for attenuaticn of gamma ravs and elements
of low atomic number are hest for attenuation of neutrons. So that
there is no one element which is good for both gamma rays and
neutrons. For this reason, the shield for a mixed radiation field

muet consist of a suitable migture of heavy and light materials.

Neutron shielding is mainly concerned with the bahaviour of fast

neutrons in matter rather than with the bshaviour of avarage
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neutrons, as 1in measurement of diffusion lengths, Fermi age,
buckling ets. Broadly speaking, the absorption of fast neutrens is
a two-step process: (i) the neutrons are slowed principally by
elastic and inelastic collisions, with few captures oCccurring at
high energies; and (ii) the moderated neutrons are effectively
removed by capture becauss of the much higher c¢ross-section at
lovwer energies. The attenuation of neutrans may be summarised in
the following manner: at first, a high senergy neutron pPASEEE
through the absorber material and is slowed down by elastic or
inelastic scattering. Whem the neutron has been slowed down to
thermal energv, prohability of capture reaction increasess and the
neutron will be completely absorbed with the emission of either a
charged particle or a gamma-ray having an ensrgv upto several May.
Since the neutron captlre cross-seactions for all materials is
virtually zerc at high energies, it is cnly when the neutrcn has
reached sufficiently low eneroy that the capture of the neutron can
take place. The probability of anyone of these events occurring in
a material is sxpressed quantitatively by their respective cross-
section. The cross-secticn may bes either large or small depending
on the neutron energy. Inelastic scattering isg an important
mechanism in the degradation of the snergy of fast neutrons. The
cross-section for this process inecreases with the neutron energy
and with the atomic number of the material in which the scattering
teccurs. This 1is an important characteristic in the shielding

against fast neutrons.

Elements of low mass number is often usead as the shield-for slowing
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down neutrons of high energy, the cross-section for inelastic
scattering is, however, small espevially 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 elemsnt
with hydrogen will effectively slow down evaen neutrons of very high
energies. In this respsct, boren either combined in watsr or in
some othsr compound relatively rich in hydrogen, plavs a very
important rele in the moderation of fast neutrons and in the
subsequent capture. Hydrocenous materials combined with boron,
provides good absorption of neutrons and also raduce secondary

gamma radiation resulting from {(n,Y ) reaction.

Gamma-ray shieldiny is concerned with the hehavior of gamma-ray in
matter. Although a large number of possible interaction mechanism
are known for gamma ravs in matter, only three major types play an
important role in radiation measurements: pPhotoelectric absorption,
Compton scattering and pair production. All of these Processes lesad
tc the partial or ccomplete transfer of the gamma-ray energy tao
electron energy. In their passage through matter the gamma-ray
photons are removed so that the intensity falls off in an
exponential manner. Gamma-ravs are most effectively attenuated by
'lead’ because of its high density and large atomic pnumber. Stesl
and concrete are alsc a common gamma-ray shielding material and are
often used in situaticns where the size or configurations of the
shield would make its construction frem 'lsad’ alone too expsnsive.

Because of its low cost, concrete is used in the construction of
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large volume shields. Although ordinary concrete congists mainlv of
water and low Z slements, a special formulation known as ilmenite

maagnetite concrete contains a significant percentage of heavy

components, like Fe, V¥, Ti, etc. and ig, therefore, more effective

in gamma-rav shielding.

Dubrovski et al.“yi have studied the shielding properties of stone
concretes by measuring the relaxation lengths and they concluded
that the stone concretes (density 2.38g/cm’}) are more sffective
than the ordinary concretes {dengity 2.2 gfcma]. from the radiation
shielding point of view., The attenuation of fast neutrons in
ilmenite concrete has been studied by Adams and Lokan' 817l ppg
densities of concretes studied varied from 2.4 to 3.8 g/cm’. No
comparisen has been made between crdinary concrete and ilmenite
concrete. F.0. Ahmed et al“ﬂ have studied the gamma ray shielding
properties of ilmenite-magnetite (I.M} concrete and pelyboron by
measuring the instantanecus relaxation length and the spectral
build-up factor using a 252-Cf source. Spectral build-up factar and
instantansons relaxation lengths have been fitted to the
appropriate functions and the related co-efficient are also
reported. Makarious et a1 'i¥ have studied the penetration of
Primary gamma rav, secondary gamma ray and slow neutrons through an
ilmenite-limonite (2.9 g/cm’) shield and through both ordinary (2.3
gfcmE} and ilmenite concrete (4.6 g,’cm3 shields, Ilmenite concrete
is better than both ordinarv and ilmenite-limonite concrete for
attenuation of gamma and slow neutrons. Bhuivyan et al“m:”, have

studied the neutron transpeort and shielding properties of lccally
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developed shielding material 'POLYBORON'. This developed material
Polyboron has been patented in Bangladesh {(Patent No. 1001787,
Bangladesh Gazetts Ho, 158784, 19857, They measured the
instantaneous relaxation length and effective removal cross-saction
as a function cof penstration distance with and without cadmium
csheet., F.U. Ahmed et. al““ have measured the dose build-up factor
fupto 20 mean free path) for gamma rays froem a point isotropic “Co
Source penetrating multilaysred conc¢rete slabs using Cox's Bazar
and B8ylhet s=ands. They have alsc measured ths instantaneous
relayation length for both tvpes of concrets slabs, Results
obtained show that the build up factors for S¥lhet sand slabs
increase more rapidly than those of magnetic slabs. Gujrathi and
pauria'®! have studied the attenuation of a fast (= 2.6 MeV) neutron
beam by araphite, paraffin, polvethylene-boron, polyethylens-boron
lead, polysthylene lithium and steel using an indirect method with
a Ge (Li} gamma ray spectrometer. In addition, the macroscepic
removal cross-section for these materials on the thermal neutron
flux were also observed. Uwamino et al'®’ have measured the
attenuaticn of nsutrons and photons transmitted through cordinary
concrete. Source neutrons and photons were cobtained' from 252-Cf

fission scurre.
Relative shielding properties of ammonia-meta-tungsten for neutrons
and gamma ravs from 252-Cf fission source have bsen studiad by

Senffle and Philbin!®¥!.

The shielding effectiveneztc of materials such as lead, stainless
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gteel, borated paraffin and ilmenite-magnetite concrete contained
in the monochromator drum against a spectrum of fast neutreonz and
damma Tays emanating from a 252-Cf source of strength about 1 Mg

will now be investigated.

3.2 THEORY

The neutrons emitted by the 252-Cf source iz very similar to the
nevtrons generated 1n the core Gf'én operating nuclear reactor.
Their wvast number, eneray and potential for biclogical harm.
cometitute a major radiation hazard; their adegquate attenuation is
therafore a primary function of the reactor shield. There are two
different mode=s by which neutrons may interact with matter. These
Aare scattéering and capture. When the neutrons ars fast, there is a
tendenrcy for them to be slowed down by srattering processes. If the
collisions are of the inelastic twype. the process will hbe
accompanied by emizssion of gamma rays. These produce a part of the
secaondary radiations which mist be atftenuated in the shield. After
suffering a number of rollision. the fast neutrons enter the snergy
region where they are readily captured. The rezulting capture gamma
rave make a major contribution to the secondary radiation.
Furthermore., =some of the caplure products will be radicactive and
emit beta particles, often accompanied by gamma rays. These and the
bremsstrahlung produced by the interaction of the bheta particles
with nuclei add to the complexity of the secondary radiaticons in
the shield. althougzh the bremzstrahlung does not make any
signifizant contributien to the radiation dose. Apart from the

variety of the radiations, both in intensity and enevgy, the fact
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that they are produced throughout the shield volume greatly
increase the difficulty of making attenuation calculatiuns”ﬂ. The
magnitude of the problem arising from capture gamma rays in a
shield can be decreased by the use of Boron-10, which has a large
cross-section for the {n.,e& ] reactionz with slow nreutrons. Some
gamma-radiation accompanies the neutron abscrption reaction, but
its energy is only about 0.5 MeV and so it is easily attenuated.
Proper location of boron in a shield can often result in a decrease
in the overall shield thickness because of the low energy of the
secondary dammA rays. Many of the neutrons escaping from the rea-
ctor are slowed down and captured by the baron, so that a smaller

degree of attenuation is required in the remainder of the shield.

The important aspect of the shielding problem is the attenuation of
the various gamma ravys both primary and secondarv. As feaT as their
behaviour is concerned, the origin of these radiations 1is not
significant; it is only the energy which determines the attenuation
in a given medium. All substances will attenuate zamma ravs to some
extent, althoush the linear attenuation co—efficient (or
macroscoplc cross-section) generally increases with the density of
the attenuating material. This co-efficient is wvery roughly
propertional to the density and the thickness of different
materials reguired teo attenuate gamme radiatiﬂps of specified
energy, toe the same extent. are inversely proportional te their
regpective densitjies, Consequently, where the thickness of the
shield is an important consideration, a material of high density
'

would be used to attenuate the gamma rays.
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To evaluate the effectivenezz of any new shielding material, the
following nuclear paramsters are to be considered:

i) Attenuation co-efficient { A}

ii} Remawval cross-secticn [‘Eﬁ}, genarally for neutrons

iii} Relaxation length (XA ) and

iv) Puild-up factor (B}

Each of the term mentioned above is briefly described below:

i} Attenuation co-—efficient( M}

The most important quantity characterizing the penetration and
diffusion af gamma radiation in extended media is the attenuation
co—efficient, M . This guantity depends on the photon energy E and
on the atomic number Z of the medium and may be defined as the
probability per unit path length that a phéton will interact with
the medium. The rate at which gamma rarys are attenuated is
determined primarily by the atomic number and denstty eof the
shielding material, and ta a Jesser extent by its geometrical
configiration. Let us consider a slab of material of thickness t
lorated hetween A narrowly cellimated heam of monoenergetjc gamma
ray photons and a narrowly collimated detectoer, as shown in Figure
5. The distinctive feature of a narrow beam experiment (i.e. ocne
having, good geametry’') is that only the photonz which traverses the
specimen abserber without experiencing an interaction of any kind,
reach the detector, all other photons are prevented from Teaching
the detectar, When moncoenergetic gamma ray photons traverse a amall
thirkness of slab at any point in a medium, the extent of
interaction of the photons is propoertional to the redistion

intensity at that point and to the thickness traversed.
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Consegquently, in traversing the distance dt, the intensity of the
gamma-ray photons which have not undergone interaction will be

decreased by

dI/I = -pdt (1a)

where M is called the attenuation co-efficient ¢F the absorber for
the given radiation. Intedgrating equation {(la) and assumiag that
the bearn intensity incident on the =lab has the wvalue I{Q), the
intensity transmitted I{t} through the slab of a homoRenecus medium

is given by

Ti{t) = I(0) e ' {1b)

Equation 1(b) represents the attenuation of ~gamma rays in =a

material medium and is exponential in nature.

ii} Remaval cross-section {'._F_Rj_

The removal crosg-section of a material as used in the shieldinsg
crlculatiens, is the cross-section which describes the probability
that a nentron will reach a given detection point in a material
without being absorbed or scattered out of the direct path. If t i=
the thickneas of the material through which nsutrosns are passind,
then ([(neglecting pgeometry effecis) the ratioc of the emergent
{transmitted intensity), I{t}) to the incident intensity Il(o} is

given by
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t
I{t} = I{0) E:EH' {1{c)

where E; is the macroscopic removal cross-section for neutrons in
the materjial, but it is not a cross-section in the sense of
representing  the probablility of & particular neutron-nucleus
interaction. The cohserved value of the femaval erosz-section is in
fact, roughly equal to two-thirds of the total {scattering and
capturel]l nross-section in the given material for neutrons having

enerdies in the range of B to 3 MeV,

1i1) Relaxation length { A };

The relaxation length of any material is that thickness of material
in which the incident radiation diminishes to a factor of 1/e (1i.e,
[T(L}]1/FIf0Y] = 1/e = 0,37} or to 27% of its incident intensity,
where 8 1s the base of natural logarvithms. This facﬂnr iz al=zo
called the mean free path {(mfp)}, which represents the average
distance traveled by a photon between successive interﬁctions. If
Ift) is the radiestien {(neutron or gamma ray! flux or related
aquantity at a poinft £ within a shield, then the relaxafion length

A, for the given radiation and medium, is given by

e = m emmmmmmmm . mmmmmiios (1{d)

at the point t. As defined in this manner, the relaxation length
may vary with the distance t within the shield. However, it is
often found that, owing to a combination of circumstances, the

radiation flux decreases in an approximately exponential manner
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over a range of distances in the ghield; over this range ) remains

constant and the flux at t can be represented by

T(t) = T{0} e N (1e)

where I[0} is the flux at the origin of the t co-ordinate.
Comparison with the attenuation equation for gamma rayzs (1b} and
equatien feor neutrons {(le) shews that h ig foermally eguivalent to
'L,a’p, =13 IHEE, respectively. Since the relaxation length af a
particular radiation in a given material is equivalent ta the
reciprocal of an attenuation co-efficient (for gamma rays) or a
removal cross-section {(fer neutrons), it is dependent on the enavrgy
of the radiation. For a specified radiation of a given energy, the
relaxation lengths {or their reciprocals) provide a rough means for
comparing the =shielding effectiveness of different materials.
Relaxation lengths may alsoc occasionally be wused 1in  very
preliminary shielding caleculatiens, but this precedure is not
recommended unless there is & clear understanding that the results

are highly approximate.

iv) Build-up factor (Bl:

In the exponential law leqn 1b) for the attenuation of gamma-
radiations in materials, it is assumed that the particular photon
involved in a reactien such as photoelectric effect, compton
scatter;ng and pair production in the material i=s completely

eliminated and 1is not seen by a detector output across the
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ghielding material. It is however, true only in the case of narrow
beam geometry (Fig. 5al), the secondary radiations resulting from
the interacticon of primery photons in 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 {1lb}. In the case of broad beams the equation (1b)} will be

madified tao

I{t} = BI(0) &M (1)

where B is the build-up factor and is defined asg fﬂllDWEH”

Guantity of interest at a point due to the

total number of particles

Gguantity of interest at a point due only to non-

interacted particles

The 'quantity of interest’ might be the number of particles, their
energy, or the dose imparted by them; theveby giving rise the
number, energy, and dose build-up factors, respectively. The build-
up factor, B, takes into account the increase in the radiation
intensity due to scettering within the absoerber, I(0) iz the
initial intensity of the radiation source, I{t} is the attenuated
intensity after passing through the shielding materials of

thickness t (cm} and M is the attenuation co-efficient {cmq}. If
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all three types of interaction of gamma-ray photons with the matter

gere included, then

M =ﬂpe+/ﬂc+f“pp {ig)

where =M. M and;Lw reprasent the atftepuation co-efficients
due teo photoelectric, the Compton effect, and pair production
respaectively. Usually, build-up factors are given at different
relaxation lengths or attenuation units, At, Like the attenuation
ca~efficient, the wvalue of the B varies with absorber makerial and
radiation energy. It alzo varies with Z£eometry of fthe source and
depth of vpenetration in the absorbhing material. The taotal
attenuation co-efficient is calculated for a given energy by

n.693

M= e (1n)

where HVT is the half wvalue thickness. In practical camma-ray
shielding calculation, the build-up factor is being widely uzed to
determine the total effect of the radiation at the point of
interest. In principle, the build-up factor concept is also
applicahle fo neutreon attenouation, but in practice it iz found to
be much less successful when applied to neutrons, and consequently
it ig much lIess important concept in the context of neutron

zhielding c¢alculetion.
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3.3 EXPERIMENT

The measurement of attenuation propertiez of neutrons and gapma-—
rays threugh different types of arrandement of shielding materials
were carried ouwt at the laboratocry of the Institute of MNuclear
Science and Technolegy {INST) of the Atomic Energy Research
Eztablishment (AEREY), Savar. In our experiment, the broad beam
geometry was employed in order to include the maximum amount of
scattered radiation in the transmitted beam, shown in Figure 5. A
bleck diagram of Lhe experimental arrangement for the attenuation
measurenent along with the schematic diagram iz shown in Fig. 8.
The experimental set up consists of a radiation scurce, o detector
system and multilaver shielding materials. The distance between the
source and the detecteor was 130 cm. feor neutron and gamma-ray
shielding arrangement. The detecticn system consists of twe parts:
a detector and a recording system. The incoming radiation infteracts
with the detector and gives rise to 2n output pulse. The recording
gystem recelves this output pulze and after proper amplification
and subsequent discrimination, recoerds the number of events. The
method uwsed for the detection of neutron and gamma radiztion
depenﬁs on the ionization produced in the detector in course of
their passage through the gas and matter, respectively,
Measurtements of gamma-ray intensity were performed by using a
NaI{Tl} scintillation detector. Measurements of neutron intensity
were carried out hy using a lond counfter. which was constructed

(28]

following the design of Hanson-Mckibben incorporating the

modification of thickness of the paraffin moderator as suggeated by

(2]

other workers The long counter used in this study was a BF, gas
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propoertional detector. Surrounded by cylindrical paraffin moderator
to moniter neutron flux, its sensitivity iz reasonahble, uniform for
neutron energies ranging from thermal to 18 HeV.“m This device has
proved to be highly successful as a neutron monitor in experiments
uging fast neutrcns[“]. The operating voltage of the BF, gas
proportional detector was 1750 volts (Fig. 7). The fine and coarse

gain of amptifier of type 2012 were B84 and O respectivelry.

The incident neutron flux was first measured without any shielding
zlab between the source and the detecteor. Then, the first =slab of
the shielding material was placed nearest to the source and the
transmitted intensity was measured by the detector. The next slabs
were successivel v introduced infront of the slabs already existing.
In this way, the shielding thickness was increased, while the Test
of the geometry remain unchanged. The measurements were carried owt
up to the different stab-thickness for five different shielding
materials., This helped to ;tudy the deep penetration behaviour of

neutron for the material under investigation.

The experiment was carried out using 252-Cf fission source which
emits both fizzion neutrons and fission gamms rays. The strength of
the source used in this study was 1 igm; which corresponds to 2.3
X 10%n/sec/ttg and 1.2 x 10" photons/sec/HUg. This source was chosen
hecause of its fission ¥ield being identical to the fission wyield
ta 236-TU which undergoes nuclear fission with thermal neutrons in

[Hh

a reactor core The average npneutron energy of the fiszion

spectrum due to Z52-Cf and 233-U have a mean values of 2-3 MeV and
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2 MeV respectively. Some phyaicel prmperties”3| of 2b2-C{ are
csummarized in Table 1. The =gpecificationz of BFJ detector and
NaJi{T1l) detector are given in Table 2 and Table 3 respectively. The
compasitionz and neming of the five different shielding materials

are given in Table 4.

The experiment was repeated for gamma-ray shielding effectiveness.
The hish voltage supply to the Nal({ Tl! detector was 700 volts. The
fine and coarse amplifier gain were QO and 8 respectively. These
measurements were carried out upte the slab thickness of 68.5 cm,
2.5 cm, 44.4 cm, 80.0 em and 50.0 em for &§T1, STZ2, S8T2, ST4 and
STH respectively. The dimensions of the different types of slabs
are shown in Table 5. Brief desariptions of zome of the different

shielding materials have already been given in Section 2.3,
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Table 1: Physical properties of 252 Cf

Atomic number a3

Mass numbf:rl 252
Half-1ife for alpha emission 2.72 wears
Half-1life for spontaneocus emisgsion 85.5 years
Half-life {effective) ’ 2.6% years
Fracﬁicn of decay by alpha emission 97%
Fracticon of decay by spontanecus fission 3%

Avermnges number of neutrons per spontaneons fissiond.8

Decay heat (9% from fizzion, 43% from decavi 39 Mw/s Mg
Specific activity SANMCi/f Mg
Neutron emission rate E.SJEIEJIE.":‘-'I_.|‘.ullgd1

Photon emission rate 1,3x10° S_l,|..|l.g"1
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Table 2: BF3 detector specificatiaon=z

Manufacturer
Model
Diameter
Anode

End window
Filled pas
Active lengzth

Cuter sheild

Canberra Inc

4528

2.54 cm

0,005 em diameter tungzten
1,203 em thick alumina (41,0,}
BFy {80% 10~B) at 120 cm Hg.
30 cm.

0.088% em thick

&
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Table 3: Hal (Tl) detector specifications

Dimensian

Window

Reflector oxide
Magnetic/light shield
Bias

Regnlution

7.6 cm X 7.6 cm

0.05 mm aluminium {density:
147.9 mg/cm’

16 mm thick (density 88 mg}cmh
Connecting lined steel

1000V

T.5% at 6672 KeV peak of 137-Cs
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Table 4 Compositions and types of shielding materials

" Wames of the shielding Compositionsg Ratioz Referred to in the
materials text as
1. Borated paraffin A:R:C 3:1:1 5T1
2. Beorated paraffin A:BR:C 3:2:1 3T2
3. Borated paraffin A 3:1 ST3
4., Tlmenite-Magnetite E:F: 3 100:1001: 36 5T4
5. Lead Lead - 5T5H
A! Paraffin Wax E : Sand
B: Polyethrylene F: Aggregate
C: Boric Acid G: Cement

Aggredate gradation:

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

Type of Thickness Width Haight
slabs {em) {om} {cm)
5T1 3.0 20 10

5T2 3.0 ag 10

ST3 4.5 20 10

5T4 5.0 25.5 12.5

STh 5.2 20 10
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3.4 RESULTS AND DISCUSSIONS

The relative variation of neutron transmission factor I/T{0Q}, as a
function of thickness for ST1, 8T2, 3T3, 5T4 and STS are plotted in
Figure 8. It i= seen that S5T2 shows more attenuation of neutron
than these by other shielding materials, for =mall thicknesz. For
an initial thieckness of 7 cm, the attenustion of neutran chserved
for 5T2 1s B4% compared to B0,2Z5%, H8.7H%, 32.5% and 30.25% for
3T1, 5T3, 5T4, and STH respectively. For the thickness of 28 cm,
the attenuation of neutron increases to 91%, 88%, 87.53%, 87.25%,
and 78% fovr ST1. 5T2, ST3, 5T4 and 8T5 respectively. For thickness
of 28 cm, it is evident that the neutron shielding effectiveness of
BTZ, 5T3, and 5T4 are almost same. The cause of higher attenuation
of neutron in the ST2 than in the B8T1 for small thickness is
probably due to fthe pressnce of meare polyethylene in S3T2. At 35 cm,
they became comparatively less effective and amount to about
893.25%, %1%, B5.5%, 89.5% and 79.5% for 5T4, 3T1, STZ, ST3 and STS
respectively. The gamma ray attenuation curvez for the 5T1, STZ,
5T3, 5T4 and STS5 are shown in Figure 9. The curves show that the
lead arrangement contribute more attenuation in  gamma-ray
transmission than those of other shielding materials. For the
thickness of 7 cm, the attenuation of gammn-ray intensity obszerved
is 83.58% for ST5 compared to 40.75%, 29.5%, 27.25%, and 27.27% for
5T4, S5T2, S5T3 and 5T!, respectively. At 35 cm, the attenuation
increases to $1.75%, 33.75%, 78%, 80.5%, V7.5% for STS5, 5T4, ST2,
ST3 and ST] respectively. The results show that lead shielding

material i.e. 5T3 has greater gamme-tay shielding effectiveness
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than those of others. The higher gamma-ray attenuation in 5T5 is

probably dus to the higher density of the material.

The experimental data for neutron and gamma-Tay shielding are given
in Table 6-10 and Table 11-15 respectively. The attenuatiocn of
neutron intensity is generally characterized by removal cross-
section {EE}, relaxation length (A) and the attenuation of gamma-
ray intensity is generally characterized by attenwation co-
efficient (M), relaxation length {A) and build-up facter {B}. The
bEuild-up facter of gamma-tay radiation ;PiSES due to the multiple
scattering. The curves of bhuild-up factor v= thickness for S8TI,
3T2, 85T3, 5T4 and ST3 are shown in Figure 10, 11, 12, 13, and 14
respectively. The S5T4 haz smaller relaxaticen length than those for
ST1l, ST and 8T3. This indicates that T-M concrete i.2. ST4 has more
scattering centres than those of ST1, 5T2, and 573, and cbviously
the build-up factors are higher for 3T4 due to multiple scAattering

than those feor S5T1, &T2 and ST3.

In the same manner, 5T5 has smaller relaxation lemgth than that of
5T4. This indicates that the 3T% has wore scattering centres than
that of §T4 and obviously the build-up factors are higher for ST5

due to multiple scattering than that of ST4.

The gamma attenuatien co-efficient and neutren rtemoval oross-
section of differeant shielding materials are shown in Table
l6.S8ince the relaxation length of a particular radiation in a given

material is equivalent to the reciprocal of the Eamma-ray
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attenuation co-efficient and to the reciprocal of the neutron
remcoval eross—section, the relaxation lengths provide a g¢pod means
for camparing the shielding effectiveness of different shielding
materials. From Table (16}, it is evident that the neutron removal
cross-section and relaxation tength of 5T2 are better than those of
ATl, 5T3, 5T4 and ST5. The gamma-ray attenuation co-efficients and
relaxation lengths far ST1. ST2, ST3, ST4 and ST5 were evaluated
and their results are alsc shown in Table (16}, As rm#n be sesn the
gamma ray atbenuation co-efficients and relaxation lengths for lead
i.#. 8T2 are better than those of STI, ST2. ST3 and ST4. ft i alse
seen that the gamma-ray attenuation co-efficients and relaxvation
lengths of ST4 are better than those of ST1. §T2 and 8T2, The wvalue
of attemuation co-efficient for S5T4 is twice as large as that of
ST, STZ and ST2. The shielding parformance of 5T4 depends an the
properties of component substances and by suitable choice of
constitwents, it is possible te increase the density of material
and optimize the shielding characteristics for various types of
radiation. The locally made ilmenite and mAagnetite concrete have
great economical potential for use in a nuclear radiation field. It
is therefore, concluded that ST5 {lead} and ST4 (I-M concrete) are
more effective than those of 3T1. 8T2? and 5T3 for camma-ray
shielding measurements and ST1, ST2 and ST3 are more effective than

5T4 and STS for neutron shielding measurements.
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No.gf No.0F Thick- Cumula- Average ounting Removal Relaxatiaon
obsg. Bricks ness tive thi- countes per ratio Cross- length

ckness minute /1, section

Cin e’ cm
1 23 2.9 68.5 154 0. 0436 E}.ﬂqﬁffﬁ 21.88 * 019
2 22 3.1 £5. 6 177 0.0500 p;.]pélgfrb,* 71.93 + o 2¢
3 21 3.1 62.5 187 0.0530  0.0469 ., 21.82 % o129
4 20 2.9 59.4 221 0.0625  0.0466 ,  21.45 + oY%
5 19 3.0 56. 5 232 0.0656 D D482 _, 20.76- 0°18
6 18 3.2 53.5 233 0.0659  0.0508 19.69 + pi3
7 17 2.9 50.1 251 0.0710 éﬁ%‘l:ﬂ 19,04 £ o\
8 16 3.0 47.4 262 0.0741 ni,gsgim_t, 18.24 T o1y
9 15 3.1 A4 4 271 0.0766  §.0578 o 17.313 o 1
10 14 3.0 41,3 298 0.0843  0.0598 _, 16.72 % o i
11 13 2.8 38,3 343 0.0998 4. aﬂh"éil_., 16,64 LU I2
12 12 3.2 35,5 343 0.0968 i.@a‘i:;? 15,22 + ©°13
13 11 2.7 32.3 359 6.1016  0.0707., 14.15 % otk
14 10 2.8 29.6 379 0.1072 iﬁjg?ﬁ,‘; ~5 13,28 + o 1Yy
15 09 2.9 26.8 396 0. 1120 5.5311?; 12.27 4+ ©°\S
16 08 2.9 23.9 439 0.1223 ﬁj‘%ﬁ; 14,60 £ 618
17 07 2,8 21.0 A5h 0.1284  0.0975 .y 10.26 X o 11
18 06 3.1 18.2 537 0.1520  0.1032 _, 9.65 % &1}
19 05 3.3 5.1 620 0.1756 01149 oy 8.71 % 5710
20 04 3.0 11.8 753 0.2130 TI_;.E;;’E:;; 7.63 + o10
21 03 2.9 8.8 1065 0.3016 01363 o> 7.3 * o b®
22 02 3.0 5.9 1601 0.4530  0.1342 _, 7.45 T o DY
23 0t 2.9 2.9 2546 0.7204 i:__i_llﬂfa:ﬁ:bhgs,ﬂa + o 0%
24 0o 0.0 0.00 3534 1.0000  ©.0000
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Bo.Of Ne.O0f Thick- Cumula- Average Counting Removal Helaxation
ahbs. Bricks mess tive thi- counts per ratio Cross- length

ckness minute I/1, section

tm cm”! cm
1 B6 35.5 362 0.1051  0.0635 = 15.75+ o1
2 B5 32.5 39 0.1134 a.f;’f%'; 14.93 + o'\
3 R4 29.3 519 0.1216 Eﬁﬁ?:r:o L, . 16,00 x 6715
5 B3 26.4 452 0.1312 E:';g?l’égw_j 13.00 o 16
5 B2 2.5 563 0. 1344 E.E;;n_j 1M.71 T O \2
6 B 20.5 498 0.1443 E,E‘aﬂflrﬂj 10.60 * ©'1@
7 A6 7.4 551 0.1599 3.11?5?'4 9.49 + o °F
8 AS 14.5 628 0182 0. 31-;;”,53.52 Tt ot
9 Ab 11.6 770 0.2235 ??2;; r; 7.74 X ©'08
10 A3 8.7 1037 ¢.3010 3.?3%?04 7.4 £ 0%
11 A2 5.8 1488 0.4318 {i?égﬁwf; 6,91 * ° °k
12 Al 2.9 2330 0.6761 _E}tfai; £ -4 * o6
13 0 0.0 1446 1.000 E.Ehﬁ?
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Table 8: Eperimestal data of neutron radiation for ST3.

No.Of Neo. . OFf  Thick- Cumula- Average Counting Remowval Relaxation
ohs, Bricks mess tive thi- cousrts par ratic Cross- length
ckness minute I/1, section
cm em’! Cm

1 10 b4, 288 0.0838  0.0558 17.92 + &5
el - T 1Y

2 09 39. 310 0.0903  0.0603 _, 16.59 % o 14
+ 5. 4% 1D

3 08 35. 351 D.1022  0.0641 15.61 + o 3
TEFxto )

& 7 30. 403 0.1174  0.069 _, 14.38 + o' i
4 & OXI0

5 06 26. 531 0.1255  0.0786_,  12.72 * o172
+EIRIE

6 05 21 488 0.1421  0.08%1 _, 11,23 + © 09
T aixto

7 04 17. 579 0.1686  0.1023 __ 9,77 T o'°?
=+ |- 1xip

8 03 13, 753 0.2192  0.1150 _, 8.70 <+ 0°1®
+1-EX P

g B2 8.5 1186 0.3456  0.1231 _. &.00 *+ & 0b
F - Lwmat

10 01 5.4 2142 0.6238  0.1073 _, 9.32 % © 29
+iEx e

11 00 0 3434 1.0000  0.0000
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Table 9: Eperimemtal data of neutron radiation for ST4.

No.COf Ho.0fF Thick- Cumula- Average Counting Removal Eelaxation
obs. Bricks ness tive thi- counts per ratio Cross- length
ckness minute 1',-"’]:[r gaction
cm Cl'n_T cm
1 20 5 100 53 0.0178  0.0403_,  24.81 % 2~ 96
FiZwyp -
2 19 5 95 58 0.0194 0 EIMS! -y 24,11k e D&
+PExis
3 1R 5 a0 i) 0.0218 0.0425 " 23.52 Y o-0F
-3 Xie
4 17 L 8BS 57 0.9 hr‘[}iﬁﬁt;u 21,47 Y o0
[-&*
5 16 5 80 61 D.0204 5 Dﬁﬂ? " 20056 > - Ok
+1-F¥xlo
[ 15 5 75 67 ¢.0224 0.0506 .y, 19.76 % o-29
L 3wty
7 14 5 70 64 (t.0214  0.0549 — 18.22 % o ©9
._t 'Z‘D*Ib
13 5 65 7R 0.02681 0.05%61 -, 17.8% + o-\v
+ Z-Zwie
12 5 60 5 0.025%1 0.0&614 —y 16.29 + o1 D
+a2-7=!9
10 11 5 35 79 0.0265 g.nﬁﬁﬂ s 15.14 4+ o} ©
2-4
" 10 &8 50 1] 0.0295 D.D?D:‘T -t 14.19 ¥+ o 1!
+ 2L %o
12 ne 5 45 111 0.0372 0.0732 |, 13.67 & oW}
2-Fxle
13 OR- 5 &0 142 . 0.0476 .ﬁ.D?H -1 13.13 % o it
Foagwle
14 07 5 35 207 0.0593 ¢.0762 - 13.15 & o=t}
-+ 2-Fr®
15 LH 5 30 37 0.10&62 0.0748 -4%13.38 £ 4-148
X 2-Ewe
14 05 5 25 470 0.157% 0.0739 —4 13,32 o oF
4 25w (0
17 04 5 20 725 0.2429 0.0708 ¢ 14.13 £ o019
il - R
18 03 5 15 1098 0.3678 ﬂ.ﬂﬁﬁg‘gg 15.00 + &-of
"L
19 02 5 10 1704 0.5698 ﬁ.ﬂséz - 17.78 o o7
T =il
20 01 5 0n& 2501 0.3244 9.0386 _4 25.90 S o o0f
+ 1.0 ®IG
21 a0 0 00 24985 1.00040 0. 0oon
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Table 10: Experimental data of neutron radiation for ST5.

No.Of No.Bf Thick- Cumul a- Average Counting Removal Relaxation
ob=s, Bricks ness tive thi- counts per ratioc Cross= length
chness mimite I,.-"'I[l section
em cm’! em
1 23 2.4 54,3 422 0.1430  0.0338 _, 27.92 t o' 06
. Trfwio
2 22 2.6 31.9 451 0.1528  D.0368 _, 27.53 T oo
+oa-eSn
3 21 2.3 49,5 555 0.1542 D.0378 _, 26.48 + o' 0%
-1 o
4 20 2.2 47.2 A 0. 1607 f,nza? —y 23.82 ¥ o-0f
+ 20 K
5 19 2.1 45.0 493 0.1671 0.0398 _, 25.15% ¢'09
+2-1¥®io
6 18 2.5 42.9 497 0.1685 0.0815 4 24,09 o069
Tt re2min
7 17 2.5 40. 4 520 1, 1763 0.0429 _; 23,28 + o'l
_ at::a-ﬁr'ﬂf“
8 16 2.5 37.9 554 0.1878 .mmls.;, 23,66 £ o\D
- R
9 5 2.4 35.4 562 0.1905  B.0468 _, 21.35 & o 1D
=+ 25 w10
10 14 2.4 33.0 597 0.2024 00484 _, 20.66 < o1}
— T Ij‘rl':'
11 13 2.2 30.6 £11 0,2071 HTGSE};H_f, 19.44 4 o \d
22+
12 12 2.2 28.4 658 &.2230 0,0528 _4 18.93 & o1
T 2-awe
13 11 2.5 26.2 670 0.2271 0.0566 — 17.68 X oy
Fa.gfe
14 11 2.6 23,7 765 0.2593 0.0569 -y 17.56 * o-l&
E;J’It‘ib
15 0% 2.4 21.1 318 0.2773 .Dﬁ{mw,; 16.45 £ o \5
F 3-0e
16 08 2.4 18.7 346 0.3207 D.ﬂﬁﬂg_ﬁ—a 16.44 -+ 0-15
R '
17 07 2.4 16.3 1079 0.3658 rﬁmawm_., 16.21 ¥ o1k
24 Ft
18 06 2.7 13.0 1280 0.4339 t“f;ﬂﬁaz -4 15.537 +& 1%
2-Lme
19 05 2.4 11.2 1465 0.4966  0.0625 -y 16.00 Fo-\>
=+ g-5m0
20 04 2.4 £.8 1738 0. 5891 0V0601 —% 16,63 T oty
2.0 X%
21 03 2.0 6.5 2127 0.7210 5’;&5;1 i 19.57 + 609
el ER T o
22 a2 2.2 4.4 2677 0.%396  0.0397 _» 25.18 +0°08
- AL
23 01 2.3 2.2 2771 0.9393 -DE,G B5 ¢ 35.15%fe-03
4 irRIE
24 00 0.0 0.0 2950 1.0000 0. 0000
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Table 11: Eperimental datz of gamma-radiation for ST1.

&7

Na.OE Ho.0E Thick- Cumiil a- Average Counking Remaval Relaxzatieon Build
ohs. Bricks ness tive thi- counts per  ratio Cross- length up
ckness minute L."I[I section factar
o et C ‘B!
1 23 2.9 a8, 5 T&14 D.0747 ZE.PU;_LBB 26,43 ¥o-e 2,19
2 22 3.1 £5.5 203 f.0827% u1_ui'-si{:n 26.34E0 ¢z 2,10
3 21 1.1 £2.5 2673 0. 0874 i.lp;:qﬁm*n 25.65 =003 1,91
& 20 2.3 56,5 9687 0.0976 R'H%fych_" 25,54t o 63 1,84
5 19 3.0 56.5 10229 1.1031 0.0402 _; 24.87=06'02 1,67
6 18 1.2 53,5 11174 0.4120  B.0408 —y 24,50 % o-Ok 1,58
7 7 2.9 0.3 11893 0.119 E‘éiﬂifﬁyziqsta*bh 1.43
8 16 1.0 47.4 126714 01277 9:;2?}"’*,“.;* 23.03x0 0% 1,32
9 15 3.1 44.4 14160 0.1627  0.0439 .y 22.80 +o 05 1.28
10 14 3.0 41.3 15348 0.1546 3:,5:?5?:_; 22,1100k 1 19
1 13 2.8 8.3 17201 0.1734 q‘;:*_%;"‘l”._{, 21.86 T &0V 1,13
12 12 3.2 35.5 19397 0.1955 QL0460 ~y 21.75 X041 13
13 11 2.7 32.3 21442 0.2161 &Hﬁf‘?ﬂ IT.0R BT ©b 1 [
14 10 2.8 29.6 23604 D.2379 irié%ﬂ —y 20,61 £06 1 g4
15 09 2.9 26.8 27292 0.2751 n}.r.lsa%zm?.; 20.76 Tood 5 04
1 o8 2.9 23.9 11164 0.3161  FRufE oy 20.6640°07 1.0%
17 o7 2.8 21.0 36117 03660 T OWET Ly 20,78 £0OTF 1.03
18 06 3.1 18.2 40377 0. 4069 fuﬁ;ﬂ: m.s0xe05 102
19 05 3.3 15.1 47321 0.4769 _L_.g%l?:b_n 20.39 0% 1.02
20 04 3.0 1.8 56649 0.5710  0.0475 .y 21.05 £ °F .02
21 03 2.9 8.8 63910 0.6542  0.0463  421.51 toof 4 m
22 02 3.0 5.9 TH275 0. 7687 0.0446 _vy 22,43 2086 4 i
23 01 2.9 2.9 87165 0.6786  B.5ia7 . 22.38 20D5 1,01
24 00 0.0 0.0 99227 o000 B.eoon 1.00
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Tahle 12: The experimental data of gamma-radiation for ST2.

No.0f Wo.of Thick- Cumnl a- dverage Counting Removal Belaxation Build
obs. Britks ness tive thi- caunts per ratin CroOS5- length up
chness minute I/1, sectionn facter
cm cm em”! chi 'p'
1 113 3.0 ah.h 19881 0.1975 n.0asy Z1.88%e29 1.22
Fi-Txig ¥
2 BS 3.0 32.5 23004 N.2285  0,0454 22,022 1M
1w ¥
3 i1 i 29.5 252149 0. 25035 0.0463 —1, 21. 31 rp0E  1.18
= 2.0 D
& B3 2.9 26.4 ZBHZS 0. 2843 0.0476 - ZU.QGTG-GF 1.10
) 2 2.pwln
5 k2 3.0 23.5 31605 03440 0, 0433 _y 20.28Fe0%  1.05
+ 2-ow 10
[ B1 3.1 20.5 36285 {. 3604 0.0498 m.a9 e e 4 03
2.2
7 Ab 2.9 17 .4 L1746 0. 4106 0.0506 _, 1977010 1,01
dop ozl
8 AD 2.9 14.5 48012 0.4769 0.0511 -, 19.58 +o'10 1.00
+ 2.3 =0
4 Ah 2.9 11.6 RS580 0.5530 0.9512 - 19.52 511 1.00
+a-£m]r
110 A3 2.9 2.7 64657 0.6420 0.0509 ¢ t9.63+ 210 1 00
FTr-Arle
11 A2 2.9 5.8 75757 0.7524 0.0490 _;,2[L39—l'ﬂ‘m 1. 06
= 2B &P
12 Al 2.9 - 2.9 88334 0.8774  0.0451 _, 2217 =10 q.00
+ 24 %l
1.00

13 0 .0 0.0 100682 1.00600 0. 0000
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Tabie 13: Eperimental data of samma-radiation for S5T3.

Ho.0f Ho.af Thick- Camitl a- Average Counting Removal Elaxatian Build
obs. Bricks ness tive thi- counts per ratio Cross- length up
ckness minute I,--"IIEE1 section factor
em em em! cm 'B'
1 ib 4.5 44 4 16967 0. 1684 0. 0401 24.93 1017 1.27
+z. 2w T
2 09 4.3 39.9 19459 0.1933 J.04%2 LS e o R B S B L
%240 "
3 (i} 4.8 35,46 22134 0. 2197 G.0426 23.49 + o6 1.11
- +25xg
4 ni 5.4 in.8 2h355 0.2616 0.0435 22.97 40172 1.06
pllr B ) :tio-:'
5 06 4.5 26.4 31964 0.3173 0.0435 _ 23,00 +o'th 1,04
Tz-2x0
& 03 4.5 21.9 17662 0.3739  0.04a9 _, 22.26 £ o1& 1. 02
2 2R
7 04 5.2 17 .4 43675 0.4534 0.0455 i 22.00 20712 .01
X2.4%i0
8 03 4.7 13.2 55747 0.553&  0.06448 22.31 2018 1,09
+2.6w(0
9 02 4.1 8.5 63943 0.6844  0.0446 22,42 2OV 4 04
-t 2-Fx=li0
0 01 4.4 4.4 33085 0.8248  0.0s38 _, 22.85% 0°1% g ny
Fi-5=le

11 ao o ] 100731 1.0000 0. 0000 1.00
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Table 14: Eperimental data of gamma-radiation for ST4.

50

No.Of No.of Thick=- Cumu} a- Avergge Counting Removal  Relaxation Build
obs. Bricks ness tive thi- counts per ratio Cros55-— length up
ckness minite I.-"'Ia section factor
cH em’ cn 'B'
1 16 5 B0 76513 G.04952 0.029:4 M.MTe g 50,99
X Fagg 7
2 15 5 75 6731 0.0836 7.0331 30.23+wu03  30.27
Tirkwin
3 14 5 70 6511 D.0R09 N.0359 —¢ 27.85+ &1 19.77
+ 15 xia
& i3 5 65 6515 0.0810 0.0387 _, 25.86 +o'9 13.36
* &
5 12 5 &0 £361 n.0791 0.0423 23.65-E Y9 8.81%
+ 19 %6
L 11 5 &R 6511 7.0810 0.0457 _, 21.88 X & 19 6.09
Trwewd
7 10 5 50 65509 (. 0810 0.0503 4 T9.89 T2t 411
+ el
8 0g 3 45 FEYA! .09 0.0533 _, f8.78¥Y0-20 3.12
. =i F ol
9 {8 5 40 79215 0, 0985 0,079 =$ 17.26 ¥0°18 2 28
T1& wie
10 07 5 35 angs 01131 0.0623 t6.06E0lE 1,77
=+ -5 ®la
11 Ok & 30 108495 0.1355 0.0666 _, 15,01 = o6 1,43
pa- RIE AR
12 05 5 25 13799 0.1716  0,0705 _, t&.18°% 0772 1,22
tTi.znle
11 04 5 20 18096 N.2250 0.0746 13,41 201 t.o8
+ 2:-2%00
14 03 5 15 24965 6.3104  0.0780 _, 12.82 L& 12 4 pg
TG
15 n2 5 10 36590 G.4549 0.0786 _ 12.73 To1d 1 02
F2-dwma ]
16 o1 5 05 55497 (. 6900 0,.0742 13,48 &+ -1y 1,02
P T T -
17 0o i 0o 20425 1.04000 0.0000 .00




B1

Table 15: Experimental data of gamma-radiatiom for ST5.

No.OF No.0E Thick- Curmula- hdverage Counting Removal Relaxation Build
obs. Bricks ness tive thi- counts per ratio cross- length up
rkness minute I;’Iu section factor
cm am cm ‘g’

1 20 2. 50. 0 5400 0.0716  0.0527 18.97 +o-2+  9.8x10%
+ 24515 "

y 19 3. 47.5 5422 4.0720 (.0554 18.05+0'20 3.0010°
+ 2 bxie

3 18 2. 45.0 5477 0.0727  0.0583 __ 17.16 £o-2i  9,6%10]
2. Exig

4 17 2. 42,5 5613 0.0745  0.0611 16.37¢0-21  3.0%10'
i'z-snrc"

5 16 2. 40.0 5808 0.0771  0.0640  15.62%c22 9.9x10f
+ 2-5R1b ,

6 15 2. 17.5 6056 0.0804  0.0672 , 14.87%r05  3.2x10"
d o Ewie

7 14 2. 35,0 6291 0.0835  0.0709 __ 16,09+ 013 1.0x10}
T rone

8 13 2. 32.5 6525 0.0866  0.0753 _, 13.28+04%  3.4x10°
+ 2-FxRB .

g 12 2. 30. 0 6663 0.0884  0.080% 12.37 o' i% 1 oxqpl
Fa-Ixle

10 11 2. 27.5 7082 0.0940  0.0R59 11,63 *olbe 3. 5510
2.6 wlé

11 10 7, 25.0 7248 0.0962  0.0937 1n.68 %ot 113104
FogxiE

12 19 2. 22,5 7607 0.100%  0.10%9 9.81% o IS 3575
Tz awse

13 08 2. 20.0 8003 0.1062  0.1121 B.92 + 0l2 1204
3 4w

14 07 2, 17.5 8455 0.1122  0.1250 __ 8.00+ o 13- 396
+ 3000

15 06 2. 15.0 8960 D.118%  5.1419 7.06 + o3 a3
o Ludmie

16 05 2. 12.5 9573 0.1271  B.1650 6.06 TPl 43 55
ooy

17 A 2. 10.0 10357 0.1374 0.1985 _, 5.06 Y 0-12 14,80
> e-mxin

18 03 3. 7.5 11930 0.1583  0,2458 407+ o' lu 5,95
FF-cmto

19 02 2. 5.0 14404 0.1911 0.3310 3.02-r &10 4 g7
+ ?~E;¢ra_i

20 01 2. 2.5 234561 0.3113  0.4668  2.14 =+ o'V 1,90
T-F uve

21 00 0. 0.0 75364 1.0000 @.0000 1.00
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Table 16: Gamma-Tay Attenﬁgticn co~efficients and neutron

removal cross-sections of different materials.

Types of the GAmmMA—~TAY Neutron Relaxation length
shielding attenuation Remnwval
materials co-efficient cross—section === =———mmm——————
em’] cm Gamma-ray MNeutron
cm cm
e P
ST1 0.046, X0002::10.1265. L 0W1 2 21.35¢r07.90 T e 0!
. L, Py 3- -';-J.. ) .
§T2 0.04*}_1:__9_%«;(}.139,:.‘1:1 glo: 20 . 424957 .20 &-c
-, - — -1
Pl L SRS ! AR ]
ST3 0,044(x GOR3TG 0. 116.X,0:008200 ¢ 22.602048 .64 X0 02
ST4 0.083[ ¥ 00087 0.0510k n‘ﬁz“?‘: 10.73p0519.54+ o 24
: TN TEY roced 2 : -+ o
ST5 0.478716°009 J0. 04875 ie0 I F 2.10£00220.67 * 0" 36

HLW}

]

- - Ty, Y r'-.-.-..l.._?—'\.-x.._ - T
Polyboron 047, ¥ 600h7M0, 161 F0I00TA, 21, 3304 6.25 + 0101 22
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CHAPTER 4

OPTIMIZATION OF A MOCHNOCHAROMATOR CRHYSTAL
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4.1 INTRODUCTION

The aim of the present calculations is to desien a double axis
neutron spectrometer at TRICA Mark II research reactor aof Atomie
Fnergy Research and Establishment [AERE), Savar, Dhaka, Bandledesh,
Some caleulations on Cu-moneochramator have been carried out by H.A.
Grafu} using his computer program MONREF for rarticular
di ffractometer geometries. We have calculatﬁd the guantitative
reaolutien functions at  the sample position for different
rollimation angles of the soller collimators infrmﬁt of and behind
the Cu (208 monochremator for a geometry of the proposed
diffractometer {described in the next section). Optimizationm of
differeat parameters of the monochromator, for instance, mosaic
spread and thickness has also been deone. We have found that the
aptimum parameters of the monochromater aAare dependeant  on
diffractometer geometries. The integrated integsities at the sample
position for necessary rande of neutron wavelengths have heen
calerulated feor the plane (200) of copper monochromatar bte provide
information abkouft the ssuwitability of the crystal plane for a

particular neutron wavelength,

The program MOWNREF has been modified te calculate the guantitative
angle (Pull-Width at Half Maximum) and energy resclution at the
sample pesition and intensity distribution over an enerzy range,.
The reflectivity of many crystals were previcusly calculated by
using the diffraction theory of G.E. Bacon and R.D. Lowdet“#¢ The
calculations bazed on their formula for absorbing mesaic crystal in

symmetric transmission or reflection geometry have been carried out
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b+ E. Fiswn:h«%r'”ﬂI and A.K. Freund”ﬁJ”. In the latter calculatiaons,
the beamn ceollimation was not taken inta account aad hence their
calculations were carried out not on the basis of optimum mosaic

spread for practical uses of monochromators in the diffractometer.

The opresent ¢calculations have been done on the basis of beam
gallimation. The results presented here will meel up the purpose of
selecting the Cu-monochromator and the angular divergence of zsoller
collimaters in front of and behind the menochromator of fthe
diffractometer. It will alsoc provide the infermation about the
behavionr of resglutions az a funrtion of mosaicity of the crystal.
The experimenters will use these results for designing the
experimental sst ups for their required resclutions. Some computer
results en Cu{200) monochromator crystal using modified MWONREF

program for A particular geometry are given in Appendix

4.2 DIFFRACTOMETER GEOMETRY

A block diagram of the diffractometer gecometry has been shown in
Fig., 15%. The primarv collimator i.e. the inpile collimator iz 50mm
%X 80mm in c¢craszE-section a2nd 1530mm in length. The soller
collimaters infrant of and behind the monochremator have both
angniar divergence of Hﬂr { X, = Ot Cﬂa = 207, The convenient
distance between monochromator and sample has heen chosen as 2000
mm. The diameter of the portion of the beam poart of the TRIGA Mark
1I research reactor from the cy¥lindrical reactor tank to the inpile
collimater is 152 mm. The effective entrance window for the

neutrons hag been shown in Fig. 15.
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4,3 THEDRY

The detailed descriptien of the formulation of the reflectivity
used 1n the program MONREF has been given by H.A. Graf'lﬂ'. Here it
has been very briefly outlined to give an 1dea for easy

understanding of the method of calculations.

The integrated intensity at the sample position is obtained by a
two-fold numerical (trapezoidal} integration over all directians
,G; {deviations of the scattered neutrons frem the central line of
the sample tn the monochromator!) and wave].EngthsA at the sample
poelition.

, Ei it haax[ PJ‘EJ

1= Tef,)d B, P DS FECHYLED W ER
]'32 L7 huin{ {33}

In equation (1} T¢ r31] and T BE} are the weightine factors for
soller eollimators in frent of and hehind the monochromator

respectively:

I

i by

exp [*Hgl.fﬂ[l}a] [2al

LY

exp [-{ B,/ ey} (2b)

The parameter <’ is related ta the Eeametrical divergence o of a

soller collimator as follows:

c"{fz ____________________ 2]
2 1nczy Y



BE

Iq{ A is the intensity of neutrons of wavelength A at the entrance

window.

In this calculatien TD{}\‘.I iz taken to be 1 for all wavelengths,
The parameter R"fn for normalized power’) iz related to the total

reflectivity RTl’T for total powert},
al- gl o __ {01

where ﬂi and Qr are the spatial cross-sectiens eof incident and

reflected beams of parallel neutrong respectively. The reflectivity
T

R' is given by
b
By (0)
A o (4)
plio;

t iz the total power of the incident parallel beam of

whepre P 0
neutrons at the depth ¢t = o of the crystal and Pdt{O} ia the total
power of the diffracted beam of parallel neutrons at the depth t=o

of the erystal in unit of neutrons per sec.

In these calculations, the flux den=zity @s at the sample position
has heen derived from the reflectivity of the monochromator, the
solid apgle J1 subtended at the entrance window by the aperture at
the sample position and the flux density @u at the entrance

window:
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A 2 E -E
¢i =R, . 5. —?i‘i—‘_ . —5;- {———}3 exp( ——k—‘] {51
kT T

where R; is the integrated intensity {(in A} of a fixed crystal in
a perfectly collimated beam of white radiation, k is the Boltzmann
canetant and T is the temperature in Kelvin. Other symbols have
their u=zual meanings. This is described in detail by G.E. Bacon! ',
The total integrated intensity as calculated in MONREF is related
to Rih as Tollows:

Tsz R .‘xﬁ = al'e(h {6}

whers ﬂfi iz the horizental angle over which the entrance window is
seen from the sample position and 'BA is the wavelength range in
the incident beam over which diffraction i complete. Using the
Maxwell distributluq factor D,{ﬂle flux density at the sample

positien iz given hy

P, = 1, X, (D/an Dy (7

where o is the vertical angle over which the entrance window 1is

seen from the sample and DH&IHEL{. is given by

E , -E
D = 2{~--)" exp { ===-}/
ML KT kT A
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>

2
- A
Dyyryrrp = 2 -E]h exp | ——I]fh {8)

A Al

The factor Dyapwr, caleulated for >\T = 1.744 corresponding to the
moderator temperature of 313°%K of the TRIGA Mark II research

reactor at 3MW power level is shawn as a functien of }\in Fig. 16.

4.4 RESULTS ANT DISCUSSIONS

The calculations may be divided inte two sets: In the first set the
aryztal thickness and masaic spreads were optimized. In the second
get of calculations, the cellimation looking at the resolutions and
integraterd intensities at the sample position were optimized.
Results of the first set of calculations are plotted in three types
of curves which include variationm of integrated intenzity at the
sample pesition with (1) varjation of mosaic spread, (ii) variation
of monochromator thickness and (111} ~wvariation éf neutron
wavelength. All the calculations were done taking the geometry of
Fig. 15. Tt may be mentioned that the integrated intensity at the
sample position is very much dependent on the diffractometer

geometry and collimation of the neutron beam,

The integrated Iintensities at sample ﬁositian for different

thickness and for different mosaic spread are given in Tahle 17 for
N -]

A particular wavelength {h= 0.6 A) and the integrated intensities

at sample peszitien for different thickness and for different



6%

wavelength are given in Table 18 for a particular mosaic spread 20

minute.

Table 1% shows results of the present study and that of Graf5 with
extinetion factors of 1.0. In this table. 'O’ refers to the present
ralculations and ‘H' to those of reference 5. The distance from
menochromator tae entrance window of the neutrons was 372.9 cm 1in
the present calculation and 468.0 om for that of Graf, The
conllimators for these two cassas weare Jdifferent. In our
caleculations, we used saller collimaters before and behind the
monochroemator while Grat did wmet use the soller collimators in
these positions. At sample pasitien the neutron beam diversence was
1/2° for both cases. These two results show a large difference in
integrated intensities at sample position. Also dune to  the
differenre 1n collimators, the optimum parameters of the
monochromators have been Found different. The integrated intensity
at sample pesition for the present case was abont three times
[:!Eééj}than that of Graf's case for all wavelengths and mosaic
spreads except for wavelength of 0.6 g.
j

Three types of curves which include wvariation of integrated
intensity at sample position with {1) variastion of mosaic spread,
{ii} wvariation of monochromator thickness and (iii) variation of
neutron wavelength have been plotted Iﬂf which only a few
represestative ones are showntFig. 17 shows the variationm of
integrated inftensity nat the sample position with variation of

mosaic spread for different crystal thickness. The aphtimum mosaic
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spread ean be found for a particular crystal thickness from these
curves, Fig., 18 give integrated intensities at sample pesition with
respect to variation of crystal thickness for different mnosatce
apreads. These curves give the optimum thickness of a crystal for
a particular mosaic spread. The third set of curves, shown In Fig.
19, are the plots of integrated intensities at the sample pesition
with respect to wvariation of A for aptimim mogain spread=s. These
curves show the limitations of choosing ) for a plane of the Cu
crrstal. The integrated intensity 1is always increasing with
increasing mosaic spread uapkto a certain limit despite the inverse
behavicur of the peak reflectivity. The calculations show that the
thick erystal with small mosalc spread has higher reflectivity than

a thin one with large mosalc spread.

In the present calculations, the intedrated intensity at sample
b L]
position is in units of rad - A, but omne can easily =alculats the

. C . - -1 .
flux density at sgample position in units of n—cmE sec  hy using

equation (7}, whare UHHHM is found from Fig. 16 The above
discussions make it alear that for the particular diffractometer
geometry af the prezent cﬁse, these calculations are verv useful

for designing the diffractometer and choosing the aoptimum size of

the Cw monochromator.
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Table 17! Integrated intensities at sample positlon for diffecent
thickness and for different mosaic spread

Saller ry- Primary Wave- Thick- Integraled intensities Ii{t} for mosaic spread
Colli- stal extinc— Tength NBEES = e e e e e e e e e T o S Sm e
mators plane tion f e 5 10 15 2n 25 30 35 40 45
Xy

fA)

1 014079 0. 16520 0. 16880 0. 16384 0. 15489 (h, 14407 0.13355 0.12381 0, 1462
2 0D.16575 G 20622 0. 21705 0. 27441 0. 20479 . 15235 0.17950 0.16730 . 15558
3 0.17132 0, 21732 0.23147 025042 0, 221%0) 0. 20874 0, 19545 0.18269 0. 17031
a 20 CaZ20d  1.00 0.6 4  0.17275 N, 22049 0.23590 N, 23558 n.22679 . 21434 0, 20102 0. 18815 0.175062
5 0,17316 (22144 0. 2%730 0.23726 . 22863 0. 21626 0, 20294 . 19015 0. 17754
6 017329 0. 22174 . 23775 0, 25782 i1.22926 21692 . 20365 Q.19079 0.17823
oo 0.17334 022184 0.23789 0. 23800 022947 0.21715 0.20389 (0.19104 0.17848
B aQ.1733% n.23187 1, 23794 0. 23806 (b, 22954 0.21723 0.20397 0.19112 0. t78s7
9 017336 (. 22188 N0.23796 0. 23809 1, 224956 0.21726 0, 20480 0.19116 0. 17861

W 017374 n. 22189 0.23797 . 23809 n, 23947 0.1

~{
[ 4]
=]

(. 20401 01311y 117682
11 0.17%36 0.22189 0. 23797 0, 23810 0, 22958 0. 21727 N, 20402 0.t9117 0, 17862

12 0.17334 i, 221849 0. 23797 0. 23810 {0, 2295H 21727 . 20402 o, 19117 0, 17863
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Tahle 18; Integrated intensities at sampie position for different thickness and
for different wavelength for a particular mosaic spread.

Snllgr Crv- Masaic Pri- Thicl- Intesrated intenﬁiti_?s Is{t} for wavelenzths
inlli- stal spread mary ness Rad- Ax1
(mix) (B} gphtmge—m—mm =g e = e .
o, «, plone -tion [} =0. b4 =1.24 =1. 64 =2_04
i G. 16R80 033788 0.41973 047638 0.5
2 021705 1,46099 0.54%85 0.611%%  O.f¥y
3 0.23147 D.51073 0.60097 0.66436 0.720
4 0. 23590 0.3%189  0.62334  0.h388IF  0.7:
0 20 ©u 2(H 70 1.040 5 0. 23730 0.35123  .87338%9  D.70010 0.7
b 0.23%75 (1.34349 0,39 D.¥Y0633 {7
7 0. 23789 G.34749  D,6a200 0.709%3% 0.7
i 1.237%4 fi.94846 0. Ra%36 3.7120% 0.7
4 0. 237494 N.346895 064446 0.71232  L75
10 f1.2379% fo34H80 0, 64599 0. ¥14a%4 0.729
11 . 23797 3.34932 0.64532  0.7146%  0.759

2 O, 23797 f.54939 .64332 071302 0, Y&
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Table 19: Meagrated intensity I (t. ) for large crystal thickness and II(t} for a
eryztal thickness of E mm far primarﬂy extinction 1.00, for Cu monochromators.
I, is given in units of (x107 rad. & )

Optimum mosaic spread Wavelength Crystal Plane Cu 200 Optimum Crystal plane

mosaic Cu 200
h spread
(0) (1) 'y (0) (1) (7 (F)

15" 25" 1 T S S — 15! -
I(t) : 0.238 0,270 -

I(te ): 0.550 1.66 0.510
20" 25" 1.2 s ]
I(t) : 0.545 1.61 0.500
I(t.d: 0,646 2,11 0.620
20" 25° 1.6 @ e 3
IL(t) t+ 0.640 2.02 0.610
I{t,): 0.715  2.31 0. 660
20" 25" 2.0 e '
I{t) : 0.0706 2.21 0.650
T (ke ): 0.760 - 0,640
20" 25° 2.4 e 200 meee—-
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CONCLUSIONS

4 beam of neutrons from a collimating tube in the reactor'falls on
to a monochromating crystal which 1s gurrounded by & massive shield
attached to the reactor face. Shielding of this seort is essential
for protecting bath the operator and the detectind apparatus from
the majn beam of neutronz and damma-rars emerging from the
collimater. Only abaut 1 percent of this mixed radiation, namely
thermal neutrons having wavelengths within a narrow band is
refleacted by the wonochromator and used in the subsequent nenfron
diffraction measurements. Many af the scattered neutrons would
enter the counter and give a large backgronnd count against which
it will be wvery difficult teo distinguish the diffracted neutgmn
beams. The Ffast nentrons are sinwed down by collision with the
hvdrogen atoms in the horated paraffin shield and subsequently
abhsorbed by the boron which has a high absorption eross-section for
slow neutrons. (o the other hand, the gamma-rays are abanrbed hy
the lead scTeen. in effective system of shielding is important net
anly to reduce the background of scatterad neutrons which would be
picked by the counter but also to ensure that the general level of
radiation in the neighbourhooed is suffigiently 1aw from health and
gsafety points of view“qh The main obisctive of the present
investigations is to develop technical know how for design and
fahrication of a wmonochromator drum of a double-axis neutron

spectropeter.

The resalts on the shielding effectiveness for neutron sugdest that
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the shielding materials ST1 and T2 have a higher neutron removal
cross-section than other shielding materials under investigation.
For a small thickness of the shielding material, ST2 shows more
attenuation effect than S8T! and for large thickness, STl gives more
attenuation effect than ST2. Tt is concluded that adding more
polyethbrlene causes bigher neutron attenuation effert for small

thickness.

The results on the shielding effectiveness for gamma tays shaw that
shielding materiel ST5 has greater gamma-ray attepuation affect
than the others. Tt is observed that higher wvalue of gamma-ray
attenuation co-efficient arises due to the higher density of the
material. It has already been mentioned fthat gamma-ray attenuation
ca-efficients and relarxation lengths for 8T5 and 5T4 are hetter
than these of 5T1, STé and 5T3. From Table 16, it is seen that
shielding material 8T: and 3T4 have smaller relaxation lengths than
5T1, BT2Z and ST32. This suggests that ST5 and 5T4 have npmore
scattering centres and obviously the build-up factors are higher
for ST3 anmd 5T4 due to the multiple scattering thanm theose of

others.

From the above discussions, it may be concluded that shielding
materials 3TH and ST4 are more effective than 5T1, §T2 and ST3 for
gamma-ray shielding measurements. It is mentioned that STS is more
effective than 5T4. For meutron shielding measurements, sﬁielding
materials 3T, and ST2 are more effective than those of ST4 and

8T5., 3Se, in designing of the monochromator drum shielding
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arrangement, the monochromator drum requires 18 cm of lead i.e. S5T5
(for gasma ray) 50 cm of borated paraffin i.e. 5T1 and 8T2 { for
slowing down cof fast neutrons and subsequent capturel, 1.5 em of
stainless steel {for epithermal and fast neutron partly) and 20 cm
oF TI-M concrete i.e. ST4 [for gamma-rays and neutron radiations).
The comparative studies of the shielding materials pclyboron“izh
and borated paraffin are as follows: The ratiog of the components
of the presently prepared borated paraffin are paraffin wax:
polyethylene : bovie acid :: 3:2:1. This material 15 catled in the
text as STEZ. Az rcan be =seen from Tahle 16, the damma-ray
attenuation co-efficients and neutron remeval cross-sechtlons are
approximately same for both the materials. The relaxation length of
polyboren for damma-Tays is slightly higher than that of 5T2. But
the relaxation length of polyboron for neutrons is slightly smaller
than that of 8T2. This small variation in relaxation lendgth does
not make any significant difference. Therefore, it may be concluded
that the shielding material used in the present experiment will

guffice and moreover, it will be cheaper than polyboron.

The integrated intensity at sample position is very much dependent
on di ffractometer geomatry and collimation of the neutren beam. The
results of the present study show that the cptimum parameters of
the monoechromators have heen found different due to the difference
in caollimations (compared with Graf's casel. The integrated
intensity at sample position for the present case was about three

times greater than that in Graf’s case for all wavelengths and



mosaic spreads except for the wavelength 0.84A. It is clear that for
designing the diffractometer and cheosing the optimum size of the
Cu monothromator 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

thin one with larde mo=alc spread.

Finally, it iIs concluded that knowledge about monochromator drum
and optimization of monochromator crystal will be helpful in
designing a two-axis neutron spectrometer at the IHW TRIGA Mark-I1

research reactor at AERE, BAEC, Savar. Dhaka, Bangladesh.
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AFFERDIX I

***CALCULATIONS DONE POR VARIABLE THICKNESS *x%

**CALCULATIONS DONE FOR FIXED COLLIMATION =**

* CU Z00:STANDARD DIFFRACTOMETER CONFIG. WITH DIFF. SOLER COLL**

CRYSTAL TYPE: Cu 200
LAMBDA=1.20 ANGSTR. INCIDENT ENERGY.=56.805 MEV PRIM. EXT.=1.00

MOSAIC SPREAD = 20.0 MIN. ALPHATI = 0.0 MIN. ALPHAZ = 20.0 MIN.

SQUARED SCATTERING LENGTH DENSITY (F/VCELL**2} 0.2900D+22(1/CM*+*4)

ZERD WAVE-LENGTH: 1.200 {ANGSTROEM)
ZERO BRAGG ANGLE: 19.3%7(DEGREES)
ABSORPTION FACTOR: 0.700(1/CM}
CRYSTAL THICKNESS: 1.000(MM)
MOSATCSPREAD (FWHH): 20.000(MINUTES )
PRIM. EXTINCTION:  1.000(1.=NO EXT.)
BETA (=DEVIATION FROM ZERO BRAGG POSITION)} : 0.000(DEGREES)
DEL(= ANGLE BETWEEN NET PLANE AND CRYSTAL SURFACE}: 0.000(DEGREES)
CLNEG (= LEFT {-PHI2) SIDE LENGTH OF THE MONOCHROMATOR: -50.000{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): 0.000({MM),

ALPHA 1 (SOLLER COLLIMATOR 1}: 0,000(HINUTES)
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ALPHA2 (SOLLER COLLIMATOR 2): 20.000(MINUTES)

PHIZ-MIN (0. MEANS USE CALCULATED LIMIT} : -0.500(DEGREES)
PHI2-MAX (0. MEANS USE CALCULATED LIMIT} : 0.5300{DEGREES}

LIMIT FOR PHIZ-MIN CALCULATED FEUM CLNEG: —G.éﬁE{DEGﬁEES}

LIMIT FOR PHIZ-MIX CALCULATED FEOM CLPOS: (.487 (DEGREES )

THE ENTRANCE FLUX FIO : €.10000D+13 {N.CM-2.85-1)
THE VERTICAL CONVERGENCE -- : 0.0200 RAD
THE GEOMETRICAL LIMITATIONS BETWEEN MONCCHROMATOR
"BND CORE {IN MM.)}

DISTANCE FROM LEFT OPENRING RIGHT OPENING

MONOCHROMATCOR (-PHI1-SIDE) (+PHI1-SIDE)

1 16¢. 000 -25.000 25.000
2 410. 000 -25.000 25.000
3 1320.000 -25.000 25.000
4 2850.350 -25.000 25.000
5 4034 .625 -76., 200 T6.200

FARAMETERS FOR THE TRAFEZOIDAL INTEGRATIN
OVER PHIZ:

FROM-0.4645 TO 0.4870 IN 101 STEPS

OVER LAMDA:
ALL WVYELENGTHS SCATTERED WITHIN +/- 2.5 TIMES ETA IN 101 STEPS
(ETA IS THE STANDARD DEVIATION OF THE MOSARIC DISTR.)

VARTIABLE PARRMETERS
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MOSAIC SPREAD : 20.000{MINUTES)

THICKNESS 1.000({MM)
RADIUS 0.000{MM)

WEETA 0.000({ DEGREES }
WDEL 6.000{DEGREES )

INTENSITY PROFILE OVER PH1Z WITH RESPECT TO ANGLE (FACTOR = 0.16234D+05

-0.860 0.000
~0.550 0.000
~0.500 0.000
~0.450 0.132
—0. 400 0.554
-0, 350 2.018
-0.300 5.865
-0. 250 12.843
-0, 200 28,369
-0.150 49.271
-0.100 72.920
~ 1. 050 92.276
0.000 100.000
0.050 92.610
0.100 73.353
0.150 49.352
0.200 28,594

0.250 14.083
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63.401 16.613
64.500 8.993
65.600 4,394
66.699 1.938
67.798 0.721
58.898 0.259
£9.997 0,083
71.096 0.000
72.196 8.000

THIC{MM) SPHI {RAD*ANG) TPHI {N.CM-2., 3-1)} ERES(MEV) ARES (DEG) DLAM/ALAM

1.00 0.33788D-04 0.32803D+05 8.51390 0.29711 0.03015
2.00 0.46099D-04 0.46119D+05 £.49703 0.29652 0.03009
.00 0.51073D-04 0.51096D+05 8.49442 29641 . 83008
.00 0.53189D-04 0.53213D+05 §.49733 . 29650 03009
.00 0.54123D-04 0,54147D+05 8.50175 29664 .03011
.00 0.54549D-04 0.54573D+05 &.50594 29677 .03012
.00 0.54749D-04 0.54774D+05 8.50929 .29683 03013
.00 0.54846D-04 0.54871D405 8.51175 29696 03014
.00 0.54895D-04 ©.54919D405 8.51346 29702 03015
10.00 0.54919D-04 ©.54944D+05 8.51461 6.29705 0.03015
11.00 0.54932D-04 0.54957D+05 8.51536 0.29708 0.03016
12,00 0.54939D-04 0.54964D+05 8.51584 0.29709 0.03016
g,
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