APPLI CATI ON CGF MONTE CARLO METHCD
TO NEUTRON SH ELD NG | N
CRDI NARY OONCRETE

BY

DANI EL YAKUBU KUTCHI N

A thesis submtted to the Postgraduate
School Ahmadu Bello University, Zaria in
partial fulfillnent of the requirenents
for the degree of Master of Science in
Nucl ear Physics

Departnent of Physics
Faculty of Science
Ahnmadu Bell o University
Zaria - N geria

Decenber, 1986



DECLARATION

1t is hereby declared thab:_

1. The report presented in this thesis is & result
of research earried out by the author.

2. This thesis has not been submitted in whatever
form to any other institution, organization or
body, for the award of any degree.

3. A1l inclusions from the work of others have

been duly acknowledged.

"

: AR i)‘

MR. D.Y. KUTCHIN DR. E.T. MICAH
(Author) (Supervisor)
Date: = = - =~ Date: = = = =~ -

- o W = - e - e

DR. A. Dorvilo
(Co-supervisor)

(ii)



CERTLFICATION

This theais entitled - APPLICATION OF MONTE

CARLO METHOD TO NEUTRON SHIELDING IN ORDINARY CONCRETE

by DANIEL YAKULU KUTCHIN meeta the regulations govern-

ing the award of the degrec of MASTER OF SCIENCE of

Ahmadu Bello University, and is approved for its con-

tribution to knowledge and literary presentation.

- e e - T - - - - - = - -

Chairman, Supervisory Committee

Member, Supervisory Committee

Head of Department

Dean, Postgraduate School

(iii)

Date: = = = = = = = =
Date: = =« = = = = = =
Date: ~ = =« = =+ = = =
NDate: = =~ = = = = = -



ACKNOWLEDGEMENTS

My special thanks go to Dr. E.T7. Micah, my
supervisor, for his useful and ready advice at every stage
of this study; and to Dr. A, Dorvlo my co-supervisor.
My gratitude also to Mrs. A.l. Ojo who worked under great
pressure in order to complete the typing within a short
time. Dr. K.G. Boboli, Dr. S.B. Elegba and the acting
Head of Department, Dr. J. Adetunji, also deserve mention

for their words of encouragement.,

{I am very much indebted to all thoge friends,
relatives and colleagues, whose names 1 cannot mention
here, who have in their various ways contributed immensely

to the success of this work.

(iv)



ABSTRACT

Wsing the Monte Carlo formalismwe have
cal cul ated the thickness of ordinary concrete
required to shield a source of 14 MV neutrons.
A shield thickness of (2.3 = 0.2) neters was obtai ned.
This is in good agreenent with the results given in
the MBS (National Bureau of Standards) Handbook 63
(1957) and the CRINS (Gak R dge Institute of Nuclear
Studi es) Journal (1963) using the Renoval cross section

technique. Both quote 2.1 and 2.6 neters respectively.
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Chapter 1

INTRODUCTION

1.3 Purpose of the Project

The purpose of a radiation shield is to protect objects
that are vulnerable to radiation damage from being irradiated.
The present work seceks to utilise the "Monte Carlo formalism
to calculate the thickness of an ordinary concrete shield
required around the neutron renerator due to be installed
at the Physics Department of Ahmadu Bello University, Zaria

This work was inspired by the desire to establish a
rigorous approach to the shielding of neutrons, particularly,
14 MeV neutrons. So far such work has not been undertaken.
In its regulations governin; the shielding of fast neutrons
within the broad range of u; to %0 MeV, the NBS (National
Bureau of Standards) handbook 0% {(1957) recommends a shield
thickness of 2.1 meters for ordinary concrete. The Bureau
based its findings on a source of prompt fission neutrons,
whose energy spectrum is gquite unlike that of the neutron
generator. The ORINS (Oak Kid~~ Institute of Nuclear
Studies) gives a shielding requirement of 2.6 meters for
ordinary concrete. Hoth results are obtainable from the

approximate relation

b = ¢o Be Erx

where Po * initial flux,
B = buildup factor (=5),
Er = promoval cross section

= 0.0948 (ND3)

0.075 (ORINS)

1 -
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¥ = UJhield thickness, and
$ = guidance flux

= 10 neutrons/em?sec

Cloutier (1963), who actually performed a study
of a neutron generator, desipgned a2 shielding arrange-
ment accomplished by apbout 3.7 meters of distance
that included shielding concisting of 70 centimeters
of water and 40 centimeters of concrete. Beside
the fact that an empiricist technique was employed,
the #ork is not specific about the amount of shield-
ing that would be reguired if only concrete was used

as the shield material.

1.2 The Neutron Generator

The neutron generztor of this study is a Cock-
croft-Walton type of accelerator, model AT11, made by
Kaman Seiences. The particles normally accelerated are
ionised hydrogen or deuterium produced in a radio
frequency ion source, A {ull description of the unit
may be found in the instpraiont manual provided.

When the ion beam hits the target material,
nuclear reaction petween the target material and the

beam occurs, producing neutrons:

2 5 4 1
+ 2
1H 'lH + 2]{L. i ln
Reaction energy = +17.3% MeV
Neutron cnergy = 14.3% MeV



.3_

The advantages ol the model (A711) include:

1. the reduction of x-ray production due to the
efficient beam focussine ability of the lens
assembly and a pressure condition of 0,015 Torr
attained in the tube,

: & elimination of health harzards associated with
handling the expendable tritium target, The
assembly is replaced as a unit with the target
factory enclosed.

, Shielding requirements are therefore dictated
primarily by the H?(H!,n)ﬁu“ reaction. The reaction
has its maximum yield of % x 1011 neutrons/second for
thick targets at accelerating potential of 200 kv.
The distribution of neutrons from the target being

isotropic.

1.3 Recommended Radiation Level

In order to achieve the objecetives of radiation
protection, the International Commission on Radiologiéal
Protection (ICRP) recommend.. (ICRP Publiecation 26, 1977)
radiation standards in the form of dose equivalent limits
(DEL). The latter are specificd numerically in a unit
called the ‘'rem’ (Roentmen cauivalent Man). An annual
limit of 5 rems for external whole body irradiation is
recommended, By whole body Irradiation, we mean all
of the body is assumed to be immersed in a field of
radiation that would be uniform if the body were not
present. A derived maximum dose rate of 2.5 mrem/hour

will be used in this project. The limit is directly
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relatable to the ICRP rvcommendation if the position
of maximum dose rate is occupied for 2000 hours per

annum, i.e, 40 hours per week, 50 weeks per annum.

1.4 Thesis Layout

In Chapiter Tuo we will examine what general work
has been done in the aresof chielding with the aim of
finding useful hints for undc:otaking this particular
study. The various methods wi'l be examined under the
principal elements of which shielding is composed, namely,
the underlying I'hyslce and the shiclding methodology.

Chapter Three deals with the theory of the Monte
Carlo method. The latter makes use of the idea of
"random walk™ and the thzory ol probability to describe
the mechanisms of collisinns, fiight directions and
length of mean free paths. In this way the neutron
transport history througn the shield medium is mathema-
tically simulated.

Chapter Four dwells on the methodology of the
computing schemc. Bascd on a specific source and
specific shield, 2 computer algorithm is established
to "play" the Monte Carlo "fam:”. Interaction cross
sections and other radiolosical data are reduced to the
form suitable for the computation. The Chapter also
discusses the methods by which error is reduced, and
by which it is estimated.

Finally, Chapter Five gives the results of the

Monte Carlo Program and its reliability is discussed.



Chapter 2

SHIELDING MIETHODS

The various shieldins techniques will be consi-
dered under three main headings namely:
i. Point Kernel methods,
ii. Removal - Diffusion theory and

tii. Transport theory mothods

2l Point Kernel Methods

‘According to Foderaro (1368) the essence of the
Point Kernel Methods can be mathematically expressed
as

R(r) = J S(r') K(r',r)dr’ (2.1)

source

where R(r) is the responsec function of a detector at
spatial distance r.
S(r')dr' is the source strength measured in
particles per second in spatial element dr'
about r'.
K(r,r') is the response Kernel of a detector at
r to a unit point source located at r'. This
point responsc kernel depends on the type of
particles, their enerpy, and the composition of

the materials between the source and the detector.

The most widely used approximate kernel concept

for representing the attenuation of fast neutrons is

..5_
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the removal cross-section technique. The basic
assumption of the technique is that K(r,r') is of

exponential form i.e.

K(r,r') » e ZRIZ°E
where ZR is the effective macroscopic removal cross
section for the ghield material.

Various theoreticzl modcls have been developed that rely
on the removal cross section concept. A notable

featdre of the models is the different form taken by the
removal cross section. Thieg difference arises mainly

because the definition of 1©_ is not an intrinsic part of

K
the particular model The two most commonly used models

will be examined briefly.

(a) Albert -Welton Kernel

Albert and Welton (14,0) developed a semi-
empirical method for calculating neutron attenuation
through lLiydrogenceous shiclds. The basis of this theory
lies in the fact that the collision of a neutron with
a hydrogen atom can rouglly be cguated to an absorption
process in thiek shields since the average logarithmic
energy decrement is large 2nd the rapid inerease of
the elastic scattering cross section of hydrogen with
decreasing neutron energy leads to a rapid moderation.
For shielding purvoses, inelastic scattering by heavy
nuclei likewisc has the character of absorption if the

shielding medium contains water besides the heavy
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material, The attenuating effect of the shield is
represented by the varicus removal cross sections. For
hydrogen the removal cross scction is taken to be the
energy dependent removal cross scction. The Albert-
Welton expression for the removal component of fast
neutrons which penetrate through a mixture of hydrogen
and heavy materinls from a point isotropic source is

given by

K .. Wpyp . (1))
PR 7 WmET | ° i

uzi(gizﬂ
(2.2)

where ¢, is the total removal flux density at a
distance R from the source
Enii) is the macroscopic effeetive removal
cross sectinn for the 1-th heavy element,
5y is the volume fraction of the i-th non-
hydrogencous element .
ZH(E) is the total macroscopic cross section
for nydrogen.

K is a suitable constant of proporticnality.

(b) Spinney Kernel

Spinney (1957) econcieved the method which also
considers hydrogen as a specinl case. It predicts the
penetration of those neutrons whieh have had one or
more collisiong but have suffcvred only a small angular
deflection or insignificant energy loss by means of a

simple uncollided point Kernel,
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where ¢ is the removal flux and L, is the removal
eross section. S and R are the source strength

and distance respectivaly

Spinney observed that the removal cross section
referred to should be less than the total cross
gection for a material, and can be expressed generally

as

where L is the clastic scattering cross section,
f is the fraction of clastic eollisions which
can be regarded as rlancing.

£ is the total macrouscepice eross-section,

Point Kcornel methods are considered unsuitable
for this project because, firstly, the methods are
based on empirical concepts The macroscopic removal
cross section for a ziven materinal can only be deduced
experimentally. Dut no source of 14 MeV neutrons is
presently available for such experimental deduction,
Secondly, Point EKernz1 mcthods are usually applied to
fission neutron spectra. For fast neutrons, the
expressions are only volid if 2 minimun of 50 cm of
water is placed betwecn the point of interest and the
shield material However, this work intends to use only
a single shield material-ordinary concrete. Thirdly,
the methods arc¢ based on approximate expressions. It is
the desire of this projeet to cstablish a more reliable

technijue, bascd on a rigorous theory.
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2.2 Removal Diffusion rI'heory

One of the most offective of the non-rigorous
procedures for sclving the problem of the complete
attenuation of the neutrons through a shield is the .
method of combined Removal-Diffusion. This procedure
treats the complete attenuation by a combination of
two different methods:

i. the behaviour of the penetrative fast neutron
beam is desecribed oy removal theory which relies

heavily on the concept of removal cross-section.

ii. the behaviour of the slowing-down and thermali-

zing neutrons is deseribed by diffusion theory.

Most combincd Removal viffusion methods in
current use are based on the earlier work by Spinney
(1957) and latcr by Avery. ct al (1960}, It is
instructive to focus on the Spinney removal method as
described by Avery.

In the Spinney approach, the energy spectrum of
neutrons is divided into cight inturvals covering the
range 0-18 MeV. A)) neutrons entering the shield are
assumed to penztrate initially acecording to a removal

Kernel of the form

w - (E)R
¢ ~ [ r(E) e dr (2.4)
(o)

where f(E) is the neutron cozetrum and

EH(E) is the removal cross section,
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Neutrons making "removal®” collisions are treated as
sources for multigroup diffusion caleculation.

For most oractical npplications of the energy
dependent diffusion cjuation it is found convenient to
discretize the enerpgy variable E. 'The effect of
discretizing the energy in this woy is to replace the
energy dependent equation by 2 scb of coupled multigroup
equations. Each member of the set can then be treated
as a 1-speed diffusion equation for the neutron flux
corrFBponding to the particuiar group, thereby simplify-
ing the numerical solution of the problem. Gotenhuis
and Butler (1956). Ducan (1958) have used this approach
to determine the shicld dimcnsion for the boiling water
test and organic moderated reactors respectively.

If the shielding modium has insufficient moderat-
ing power to justify the application of the neutron
removal cross gection cither as the source term of the
thermal group in the one-group diffusion theory or in
the case of fast neutron shiclding as a means of obtain-
ing a better deseription of th. ncutron absorption
density, an intermediate pgroup is introduced. Vernon
(1950) reportcd the use of this nporoach for preliminary
caleulation of the concrete shicld thickness required
by a Sodium Cooled Experimental Reactor.

The Removal-Diffusion method ean not be used in
this projeect, however., because it is based on empirical

concepts.
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23 Transport Theory Methods

Transport theory methods are based upon, and are
identifiable with, the solution of the Boltzmann
transport equatinn. Three mcethods in particular have

proved of greatest importance in shielding studies,

these are

(a) Moments method

(b) Discrete-ordinates mcthod, and
(e) Monte-Carlo method

Moments Method

The method, developed by Spencer and Fano (1951),
is a semi-numericnl theorr “or solving the Boltzmann
" transport equation for angl: and energy dependent flux
in an infinite hemogcnecus medium.

The theory can be divided into two stages:
s 1 The angular {lux denzity and sourece are treated
by spherical harmonics, thus the flux becomes, for 1-

dimension geomnetry

(22+ 1)
$(x,E u) = L 2
=0

FQ(X,E)Pz(u)
{2.5)
where ¢(x,E,u) is the flux density,

Fz(x,E) and

Pz(u) are the spatisl and direction coefficients
respectively.,
1% The spatinl dependence is treated by the moments,

an, defined as
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' 1 - |
M o(E) = S5=r l XnFR(X,E)dX (2.6)

The spatial distribution is reconstructed from
the moments directly or by fitting the moments of the
simple functions such as exp(-px) or exp(-(yx)?) to

the ecalculated moments.

]

Altﬁough this technique is applicable to both
neutron and gamma rays, it has only been found to be
successful in gamma ray build-up factors. However, the
practical restriction to an infinite medium due to the
difficulty of the spatial reconstruction severely limits

the applicability of the moments in shield design.

Discret Ordinates Method

Carlson (1955) introduced the first Discrete
Ordinates or 8n method. It has been reviewed by Lee

(1962), Carlson (1963), Larthop (1965) and Mynatt (1968).
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The 8n method is 2 numerical technique for
solving the finite differenee form of the Boltzmann
transport equation. The method may be applied to a

spherical peometry by converting the steady state

transport equation in sphericol seometry into a
finite difference equation. In a sphere the phase-
space is

dVdEdp = Hyr?dr dE du

where dV, dE and du are the elements defining volume
energy and direction of the phase-space
The finite cell is
Y

vtﬁum M‘:G ) k1B (ri*I ) I';)(“(;Hl‘ud)

The volume from r=- to the outer radius R is

subdivided into intervals bounded by the radii r The

i
energy is treated by the multigroup method., The G th
group has boundaries EE’ Eg+l‘ NDiserete angles are
chosen having dircction cosines W with m= 1 to n+1,

A value of n=d is most commonly chousen, These directions
define the midroint or avers,e cosine. The solid

angles nassocinted with each dircction is defined by a
corresponding woight W The number and values of U

w, are chosen to meet certain conditions such as accurate
representation of the anisotropic angular flux density
and accurate integration over the differential scattering
cross section. The integration is 3 numerical quadra-

ture weight W Thig wny the integro-~differential

equation can be replaced by a serics of coupled finite-
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diffcrence equation in the discrete spatial co-ordinate

T discrete angle cos_i(um) and energy integrated

ghoup, g. The discrete ordinates are the Nj, m, g, that

is the angular flux densities that we want to find.
The scalar [lux density ¢i’ # is obtained from
the relation
$i.8 ~ ﬁ? m”i,m,g
Mynatt (1968) reported the following advantages
about ﬁhe method.

Lo Depending somewhat on the sophistieation desired,
the Sn calculations arc easy to prepare,

. 5 1 The method is not stochastiec and flux errors at
deep penetration are systematic rather than
statistical.

111, Production problems having similar characteristics
benefit from fluxcs enlculated in similar case.

iv, The nculron encrey range Urom hipher fission
energies to thermal, including up-scattering
miy be calculated by the same method.

Ve The one-dimensional ealculations are much faster
than similar Monte Carlo ealeulations.

Its disadvantages weres

i. Convergence of the iterative method is not always
uniform and well defined.

» B Flux abberations are frequently observed in two
dimensions due to loealized sources and propaga=~

tion in discrete directions.
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iii. The method is not suitable for 3-dimensional
calculations for the same reason, and

ive No basie zround rules exist which define for a
particular problem the best direction, set,
space, ma2sh, multigroup and polynomial expan-

sion.

Monte Carlo Method

The Monte Carlo method is an artificial sampling
method which can be used for solving complicated problems
in an analyt.c formuiation ~nd for simulating purely
statistical problems.

The usc of “lonte Carlo in solving the transport
of neutrons may be interpreted in two ways:

Firstly, 't is 1 stochastical method to simulate
stoehistie processes. Tronsport of neutrons is
characterized by travel loung path between widely
rpaced collision points. ©On eollision, the particles
may be absorted r scattered into a new direction and
energy. The Moute Carlo method simulates this behaviour,
and then obtoin. the flut density by averaging the score
from thousands of individual partiele tracks.

Secondly, “ontce Carlo is a stochastic method for
solving deterministic problous. The transport of neutrons
inay be presentcd as the "nicgral form of the Boltzmann
zquation

F(R) = S(R) + S K(R'»R)F(R")dR’ (2.7)

‘here F(R) ie thc density of particles in phase-point R
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S(R) is the density of particles from source
K(R'»R) is the dcnsity of particles at R due to

a source at R

Usually in transport calculations we want to
estimate the functional quantity A

A = Sh(R)P(R) ar (2.8)
where h(R) is thce responsge Junction. In equation
(2.7) K(R'+R) moy be split into 2 parts

K(R'*R) = Ky (E'+R) * Kp(R'+R)
The first part discribes the muliviplying process. It
becomes zero in shieldine problems. The second part
describes non-multinlying transport. Equation (2.7)
and (2.8) may be normalized if for all R

S(R) AR > 0O

Kn(R'R) > 0

and that
f8'R) dR - 1,

JK (R'+R) 4R < 1
Thus it moans that 21! narticles will be ultimately

eliminated

We now cupnnd equation 2.7 in finite Neumann series

F(R) = Eviﬁlﬂ

S{(R) and

with FD(R)

F, = JF,_ (R') K(R'R) 4R’

Thus we obtain the Monte Carlo estimates as a sum

over discrete contribution:s



_1?.-

&y h(R")

=l

If N becomes large
n g
Trangport thoory technigues, Monte Carlo being

one, are sometimes refoerred to 2s higher order transport

methods, thereby implyinz th:t the solutions that they
provide are intrinsically more accurate than those
obtainable from diffusion theory or Kernel methods. 1In
addifion, the Mont. Carlo method has the following
desirable fentures suitable for our work which the

other transport methods do not.

1 The limited size and speed of the computing
machine at our disposal does not enable us to
perform an excessively complex process in a
practicable time. However, direct analogue
technique and appliecation of variance reduction
schemes make it possible to obtain reasonable
results from Monte tCarlo,

5 I Scattering of neutrons in & shield is a three-
dimensional nroececcs. Therefore in order to
adequately account Cor the contribution of the
secattercd radi~ti~n at a piven point outside the
shield one must enmploy a three-dimensional
technique. Varicus 2uthors (Schmidt, 1978,
Maienschein, 1370 for example) agree that Monte
Carlo is the only rirorous technique available

for such task.
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In the basgie form of the method, the programmer
carries out a gaweor 'experiment' on the computer
by simulating the actual physical processes

which govern the real particle's behaviour. Thus
the physical realism that can be retained in the
mathematical formulation makes the scheme easy

to handle



Chapter 3

THECRY

3.1 Neutron Interaction with Matter

In eontrast to the interactions of charged parti-
cles and gamma rays with matter. which are mainly
electromagnetic in naturc, nd have eross sections that
vary relatively smoothly with atomie number, the inter-
actions of neutrons with maitter oceur mainly through
strong nuclear forces, DiTf:rent but general trends
follow mass number due t2 the charee independence of the
nuclear forec. Because the pange of the nuclear force

is about 10712

eentimeters, eompared with interactomic

spacing of abcut ]0"8 coentimeters, it is expected that the

mean free path is of th- opder of several cm between the
nuclear encounters.
The genernl trund may be summarized as follows:

, I The probability of absorptiosn of neutrons at high
energy is much smallcr than at lower energies.
Consequently neutron 2ttenuation in shields is
accomplished by slowing douwn the neutrons in order
that they may be bsorbed.

1i. The lower the sLoule numbor of the scattering
nucleus the greater the encrgy loss per collision.
Hydrogen, which is far superior to all other
elements in this respect, greatly enhances the
efficiency »f ncutron shiclds by its presence.

In deed, the Monte Carlo study of shield pene -

tration is implied oy 2 hirh hydrogen content

lﬂ .
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becausc of the regular behaviour of the
hydrogen eross section. In the absence of
hydrogen, the path of the neutron within the
shield becomes much more complicated and the

analysis more difficult

The principal interactions »f neutrons with matter

in the energy range oi interest (i.e. less than 15 MeV) are:

: I elastic seattering (n.n),

: & I inelastic scattering (n, n'),

113, ;; radiative capture (n, gamma),

) absorption with charsed particle emission

(e.g. (n,p)),
V. fission (n, F), and

vi. (n, 2n) and similar reactions.

3.1.1, Elastic Scattering

A widely used Monte Carlo model for neutron attenua-
tion in shields uses the concept of neutron elastic scatter-
ing to obtain a simple relationship between the new energy
and the neutron angle of scattering Elastic scattering
is dominant in concrete since it consists, mainly of
lighter nuclei. Elastic collisi ns of neutrons with nuclei
are of two types. The onc of major interest in nuclear
systems is the sou-enlled npotential secattering (Profio,
1979); for nuclei of low 2252 number it oceurs with neutron
energies up to a few MecV. In this type of scattering there
is no compound nucleus formation and scattering results

from short range forces =2¢tinpg on the neutron as it
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approaches the nucleus. In the othor type of elastic
scattering known as resonance (or compound nucleus) scab-
tering a compound nuecleus expels a neutron leaving the
target in its ground state. The end result of these
interactions iz the same in so far as shielding is con-
cerned and the sum of their crose seetions will form the
total elastic secatterins cross section.

We will cxamine the elastic scattering of a neutrnon
by a nucleus with mass number A. Such a scattering
procegss is determined by 1 pair of random variables, which
may canvenient]y be taken -s the angle 8 of scattering
in a system of c¢o-ordinatcs stotionary with respect to
the center of mass <f the neutron and nucleus, and

azimuthal anglc. ¥ of scattering:

The relxti-nship of cnergy lost by the neutron and
the angle throuyh which it seatters is derived in appendix
A from considerations of conservation of energy and momen-
tum. The energy after collision £, is given in terms

"

of the energy before collision. I, by

! - :"\ i 2 A cos @ L | (3 1)
(A = g8

where A is the atomic mass of the scattering nucleus in
atomic mass units and
8 is the scattering angle in the center of mass

coordinates,
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The angle of secattering, ¢ in the laboratory

system is given by

A Cosp  + 1
cos P T (AT 1250050 +1)° (3.2)
The probability distribution of the seattering angle

varies with the scattoring nuclcus nand with the energy

of the neutron. The distribution tends toward isotropy
except for very encrpetic ncutrons (Selph, 1968). For
hydrogen the distributi_n is isotropic within a factor

of two energies up to about 40 MeV., FPor heavier elements
the practical uppcr limit is F = § MeV Aﬂg/j. The
refraction of the neutrens around the cdge of the nucleus
producesg a forward peak in the distribution which becomes
more pronounced with increasing cnericy. Treatment of

direction of scatturing in the medelling of neutron

history is covered in scetion 3.2.3.

3.1.2 Inelastic Scattering

This type of scatcering is said to occur when a
fast neutron is first capturcd by the target nucleus to
form an exeited state of the compound nueleus, 2 neutron
of lower kinetic energy is then emitted leaving the target
nucleus in an excited state. ‘The excess energy 1s subse-
quently emitted =s one or more gamma radiations.

It is perhaps instructive to note that another type
of inelastic secattcring can occur at low neutron energies,

generally below a few eV, il the scattering atom (or
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nucleus) is not free but is bhound in a molecule or in a
solid (Selph. 1968; tlasstone and Sesonke, 1981). 1In
the collision of a low c¢ner:y neutron with a bound scat-
tering atom, thure can be a2 loss or pgain of internal
energy associnatea wit's 2 ehonpe in the vibrational or
rotational statee. There is no> compound nucleus forma-
tion in this low enurgy type of inelastic scattering.,
This type of inclastic scttering is usually ignored in
shielding cenmputations beeruse of the low incident
neutFon energy involved.

For concrefe the inelastic scattering process occurs
in all elements «xcept hydro-en For elements of moder-
rate and high mass number, Lhe threshold energy is
usually 0.1 €5 1 MeV. With decreansing mass number of the
nucleus there is a general tendency for the excitation
energy+, increasc so that the ncutrons must have higher
energies if they are to undergo inelastic scattering. The
threshold for such scutterin> in cxygen is about 6 MeV
and it is 5 MeV in carbon. Inelastic scattering by reduc-
ing the neutron envizy to a level where it will more
readily interact clastically with the light elements.

Inelastic seattering con be isotropic and aniso-~
tropic, but it is usually assumed to be isotropic in the
laboratory system of coordinates (Profio, 1979). The
energy distributicn, according to Shreider (1967), is
given by empiric-1 or scmi-empirienl curves. In many
cases when the inelastic scattering of neutrons from mass-
ive nueclei is beings considered, the distribution of the

energy E' of the scatter:d neutron is proportional to



where T = a VvE
a is the constant of proportionality depending
on the nature of the material

E is the ecnergy before eollision, and

The formula for E' may be presented in the form

_E'/T E'/T
1- e (1+E'/T) = y[1-e (1+ B/T) (3.3)
Equgfion (3.3) has 2 unique nositive root € when
0 < € < 1\
This root may be computed by an iterative method. If
y(v? ¢ 5

is arbitrary. then

y(s+1J In(1+y(s)) - In €

where s is an interer

3.1.3 Other Interactions

The remaining types of reactions (types iii to

vi) are usually grouped and referred to as absorption

reactions in Monte Cario computations. We will discuss

their chariacteristics briefly.

Radiative Capturc

Radiative capture of neutrons generally refers

to reactions in whieh a low or intermediate energy neutron

is assimilated into the nucleus and no particles are

emitted, The compound nuclcus formed in this manner has
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an excitation due to the neutron binding energy. The
excitation enersy is rcleased as one or more gamma rays.

This reaction, whiclh ocecurs in all concrete
elements, is the ultimate fate of the neutrons attenuated
by the shicld. 'The gnmﬁq radintion given off from this
interaction is »ften the major econtributor to the radia-
tion dose penetrating a2 shicld beeause it is highly energe-
tiec and is genercted throughout the shield (Selph, 1968,
Profio, 1979). Some types of concrete used in neutron
shielding contain boron to roduce the generation of these

penetrating gamma rays.

Charged Particlc Emission

Absorption with emission of charged particles .
such as (n,p) and (n, nlpha) reactions, is possible when
the excitation enerpy is osulficient tc give a’significant
probability of penetrating the coulomb barrier. There
are no charged particle emitting reactions in hydrogen.

In a few light elements of concrete (n,p) and (n, alpha)
reactions are excergic and thus occur even with thermal
neutrons. In others the (n,p) wnd (n, alpha) reactions are
endoergic. Thercefore chorved particle reactions are most
prevalent for neubron encrsics in the MeV range and are
characteristic of fast ncutron reactions along with
inelastic, elastic and other reactions, such as (n, 2n)
(Profio, 1979). One of these rsactions, 10B(n, alpha)TLi,
is useful for depressging the thermal neutron flux without

giving rise to energetic zamma rays.
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Fission and Other Reactions

At high encrgies the exeited nucleus remaining
after emission of one neutron may emit additional neutrons
instead of charrod particles or gamma rays, thus (n,2n)
and (n, 3n) reactions may occur  As these reactions are
always endcergic, they arc characterized by a threshold and
release a broad speectrum of low energy neutrons. The
actual energy spectrum may be known or may be approximated
by an evaporation model sprectrum fof the form

e . E/T
n{E) = constant =, e

)
where n(E) is the number density cxpressed as a function

of the energy variable E, and T is a nuclear

'temperature' exproessed in energy units.

It is usunlly assuued that emission is isotropic
in the laboratory system (Profio. 1979 and Shreider,
1967). Shields, however, do not generally contain

fissionable materisls.

3.2 Modelling of Neutron History

The 1life history of ~ ncutron is built up from
a knowledge of its trajectory through the particular
system of interest. In o>rder to track the neutron during
its journey we requirc to know its spatial coordinates
(x,y,2); the spherical coordinates (0 9) of its direction;
and its energy E. These variables are sufficient to

define the state a, of the particle, where

o = alx,y,2, £.8, ¢)
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A neutron's trajectory from collision to collision can
be constructed as a succession of states B Qs seee Qp,y

where the i th state is

a, = oay(xy, ¥y, 250 By 8, ;)

That is, in the ith state, a neutron has the spatial

coordinates of the ith collision point and the energy

th

and direction of the neutron after the 1 collision.

with;the exception of the initial state, each successive
state is a function of the previous state and the scat-
tering laws governing the neutron in the medium. Thus
one could commence with initial, or source conditions,
define A chooge by random sampling from the relevant
probability distributions the new values of the variables

which determine a, and so on. In this way the individual

life history can be constructed.

3.2.1 Direction of Ncutron Flight from Source

The neutron generator is a source of isotropic
neutrons. Thus the problom is that of choosing a vector
at random from a unit sphere in three-~-dimensional
space. As the penerator is assumed to be a point source,

we use spherical coordinates (8,¢)

0<B® < =, 0 < ¢, < em

as shown in figure 3.1 Cos 0 is distributed in the

range (=1,1). So is the number (1-2r1),r1 being



Figure 3.1 - Spherical co-ordinates of
a unit veetor . P is
any point on the surface of
the unit sphere.
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being a random number unif ruly distributed in the range
(0,1). By the inverse cummulative function method, which
states that a random variable from a given probability
distribution function can be expressed as a function of
another randoin variable that is uniformly distributed
between zero and one {i.c from the caonical distribution),
Wwe may express

3 ) (3.4)

(1-2 r

8 = Cos A

In the same manner, ¢ is selected uniformly by

6 = m(2r, - 1) (3.5)

where r, is a random variable
The cosines with respeet to the x,y,z axis
(u,v,w respectively) may be chosen by selecting the point

p on the unit sphere

Referring to fipure 3.1, we may put

w = c¢c.a 8 % (1-2r_)

1
and projecting the unit dircction vector on the u-v
plane the project radius
p = (u® - v-‘)5
(1-w? )}
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The direction cosines aru

w=Cos 8 = (1 - 2r1)
u = p Cos ¢ (3.6)
vV = pSin ¢. ¢= 1 (2r2—1)

3.2.2 Length of Mean Frec Path

Suppege T(x) ig the intensity of the neutrons
that have not collided after penetrating the distance
x into the shield Then tLhoe decrease in intensity is

given by

d o
‘-I*‘-(‘-""}“x = Lt 1x

Where I is the macroscopic cross section for all types

t
of reactions.

Since the quantity 4I(x) is equally the number of
neutrons out of 2 total of I(x) that collide in dx, it

follows that

is the probabilit; that a ncutron survives up to x without
a collision, intcracts in the next dx. In other words
the path length, ¢, or distance £ . the collision point

should be exponentially distributed.

¥ 3 as

Pl(x) = k. e

t

where s is th2 distance from the previous collision, along

the direetion of motion of the neutron.
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The probability of the neutron having an
interaction at ony distance less than x is
b 4 =
P(S<x) = 1 -e‘fo I‘t:rm

In a homogencous material, for which I, does not

depend on s, the averape longth of @ free path is

The length of the frec path is simulated thus: If we

set 3 random numbor, r

r = P (2 <x) = P(L)

or P(L) = 1 - clt¥
N #
where L = . 2 th
A
we obtain
L s In(1-r)
= ‘Inr

because r is distributed in the samce way as (1-r).L is
also called the physical vath lensth in units of the

mean free path.

For a heterogeneous naterial such as concrete, it
may be subdivided into 2 small number of regions inside
each of which the constitution of the material may be
regarded as being constant., This can be stated more
explieitly by illustrating with a medium that consists of

n types of nuclides. Let their eross sections be
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21,22,...,zn respectively. Let 2 neutron start from
the point r, and move in the direction of a unit vector
. The equation of the trajectory (or path) may be
written in the form
S .
where r' is the new position and
£ is the path loncth,
The value of 2 is abtained from the path

length of the i nuelide, its eross scetion being Iy

3 ) ) LnR
‘ b=t = v Fr
i
The ith nuelide is ehosen if
}:1 ¥ z‘) 4 o o o + Zi_l P R . £1|'22+--v+zi-
zl i L? + Aa.-+ E‘n_ e 21+22+l.n+f;1

where R is a r»andom number

3.2.3 Direction of Scattering

In 1946 Von Nouronn and Ulam made the observation
that the angular distribution of the scattered neutron as
a function of its incident cnergy ind mass of the target
nucleus may be divided into threc types,
£ Isotropic sentterins: in the center of mass system.
In hydrogen and most other light elements, scattering is
isotropic in the coenter of mass system up to about 10 MeV,
Cos g is ther:f.re distributed uniformly in the interval

(-1, + 1) and the angle ¢ is distributed uniformly in the
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interval (0, 2n). The rule of simulating the scattering is

thus:
Find a pnir of random numbers r, and r, and put .
Chrs 0 = 2?1-1, X = 2nr2
Then find Cos ¥ »nd E' by mumns of equations (3.1) and
£3.2).
i1, Ainisotropie sc2tturing in the ceonter of mass system.

This is specinlly for higher energies and heavier elements.
The azimuthal an;zle Xq 75 beffore in assumed to be uniform
over the range (0. 2w) The formula for simulating the

variable

has the form

7
Jnf o (8) du = rog
| ae
@)
wherc oe(e) is the diffesoniinl lastic saattering cross
section in the conter of mass system,
Or is the scatterine cross section in the
laborat.r, system, and

r is 2 random number

From the condition of normality of the probability
density function

8y = L
gt.- 9) qn
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Substituting we get
wu = (2r - 1)

$11. Elastie gecattering from 2 massive nucleus (A))1).
It follows from equation (5.1) 'nd (3.,2) that

E' % E Con % Cos ©

Experimental results show that majority of massive nuclei
Becatter neutrons nnisctro-icilly. The corresponding
differential sentterin, cross seetion is therefore not
constant. However in our computations we will neglect the
effe;t of eloastiec scattering in type iii, since most
concrete nuclides are rather light nuclides.

Hence in cilculatings the dircetion, based on the
foregoing discussion, we may gencrally assume that light
nuclei on one hand, scatt_r isotropically in the center
of mass system, and heavy clements in the laboratory
system (cf. Lu -.nd Bull, 1972).

If 2 wunit vector in the Jdirection of the
velocity of a neutron before scattering is denoted by

then in cartesian cuordinates

8= oui v o owk

o

U< # v 4 we |
A unit vector i1 the direction of the velocity of the
neutron after scattering is cenotoa by 2'and its coordinates

are denoted by u', v', w', @', ¢°.

(i) Isotropic scattering in the center of mass system
The expressions Cor the new coordinates in terms

of the old may be written as
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w' = wCos ¢ + S5in ¢ Cos x (1-w’)5
' 5 1 f O o A 2 }T
v ¥ ey v{cos p-~ww')+ Sin p8in yu(l-w )J (3.7)
nut = 2 . u(Cos P-ww') - Siny Sin v(i-wa)i’
1--w? ! - . X I
5 Isotropic secatterineg in the laboratory system

of . coordinates,
Accordin; to Shreider (1967), the new direction

Q' does not depend on 2. It is convenient to simulate

it thus:
1. Take 2 random numbor r and put
Cogs €' = 2pr-1
2, Take two random numbers r, and Poe Ir
7 - & i 2
(2ry 1) rd > 1
then the pair is rejected and annther pair is taken. If
(2ry - 1)% 4 rs < 1
then
Cos ¢* = $2ri - 1)*-rj
(2, ~ 1F4r1
Sin ¢°* 2{2rq - 1) 1)

(?Pl -1V2 yp?
2

In Cartesian coordinates
w!' = Cos 81
v o= (1--(3r_1s.-'t3')!‘| Sin ¢°f

(3.8)

ut = (3 i;'-)seﬂ')é Cos ¢!
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Diagram showing sgcattering vectors

0 and 2', where P is the plane of
scnttering passing through the vectors
2' and Q. The plane R passes through
the axiz o2 and @, and the angle x is
the =angle subtonded by plane P and

R at 0 (Shreidor, 1967)



Chapter 4

COMPUTER IMPLEMENTATION

4.1 General Description

In writine 2 Monte Carlo program it is useful to
distinguish betwcen two techniaues. The strongly
physically dirccted tracking technique, or the direct
analogue Monte Carlo, and L. non analogue approach in
which the simulation is modified to improve statistical
efficiency, and the pscudo -particles are no longer the
direct counterparts of the real particles. Various
authors are divided on the better approach. For example,
Maienschein et nl (1970) and Putler (1970) find the
direct analoguc calculations impractical. They therefore
suggest that in developing a Montc Carlo program major
effort should bu directed toward focussing attention on
the important particles by tiasing the selection of the
samples. Whereag K Dcvillers, et al (1970), Lu and Bull
(1972) and Schnizr (1970) favour the direct analogue
approach., They eritieisc the statistical techniques on
the ground that they ecan be nisleading.

However . in the present work cmphasis is placed on
the straight foruard direct analopguc technique because the
non-analogue approach 1l1so necessitates a number of trial
runs. This enlls for a pgood deal of skill and experience
in order to guess some ~spects of the solutions. The

process starts by selecting a2 neutron from the spectrum

- 3?_
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and ends when the neutron is lost (absorbed by or escape(d)
from the medium system. This is analogous to one neutron

life eycle. The procedurc is as follows (see appendix B
for program).

15 Under %soureo", the program 2ssipgns initial
coordinates, x,v .z dircetion cosincs, u,v,w; and energy,
E to the particle. We ma» deseribe the source by separa-
tion of variables

“(x,y,2.,u,v.%,B) = A s(x,y,z)e(u,v,w)P(E)
We will considoer the tritium tavpet of the generator
to be a point source. loeatod at the center of the
spheriecal shield., Hence the spatinl distribution of
the neutrons m2ay b: expressced simply as

s(x,v ») = 8(o,0,c)

Also, the neutrons produccd are monoencergetic, and have a
unifo:m angular distribut’ 'n ir the laboratory system,
Thus

°E) = P(E), E, = 14,3 MeV

The treatment of the direction cosines (u,v,w) is

discussed in sec-’on 3.2.1.

2. The next step is Lo compute the path length or
distance to the firzt (or noxt) collision. This step

is captioned "patn lengt®’., Subroutine "select" is

built on the guideline of section 3.2.2, to handle neutron
flight in a heteroseneous medium. The medium is ordinary
concrete which has 10 nuclides. The subroutine begins

by taking a random number R from a random sequence., The

ith nueclide is chogsen 1f
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where I, is the total macroscopic cross section of the

ith nuclide.

A new weight is then assipgned to the particle.
The cross section and mass number of the chosen nuclide
are also assigned by the uuoroutine, Subroutine "Path"
is only called to compute the path length and assign new
spatial coordinates to the particle if its new weight and
enérgy are not less than the cut-off weight and cut-off
energy respectively. If ther are, the history is termi-
nated and a new particle is initiated.
i The "'geometry" step determines if an outer
boundary is crossed. If it is, the program advances to

"score", I{ not, the program moves to "collision",

l, At "ecollision" the particle eventually makes a
collision Subroutine "scatter' is called to select the
angle of scatterineg with Lhe aid of random numbers, compu-
tes the scattered enerrr and transforms the direction as
discussesd in section %,3.3, The program then returns to

"path" and the history is continued.

5o The step labelled "score' decides if the neutron
ig "slow" ,"intermadiate" or ‘fast” -~ depending on the
enersy. It then tallies the score and records the
particle's contribution to the quantities of interest.
Angther source particle is initiated. If all source
particles have been processed the program advances to

"output",
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6, In "output", the transmission coefficients for
"slow", "intermediate™ and "fast" neutrons are normali-
zed over the total number of source particles generated.

The equivalent flux is computed from the relation:

b7

r\E

b
11

where T is the transmission coefficient,

by the initial flux {(at 1 cm)
_ o hx1ott
S Pl neutrons/sce-em? ,
. r = shield radius {in centimeters), and

H ¢ is the flux at the shield boundary (/sgem-sec)

The equivalent dose is calculated from the expression

equivalent equivalent conversion factor
dose i flux X
(mrem/h) (/sgem -sec) (mrem/h)/(neutron/
sec cm?

The conversion factor values are obtainable from ICRP
publication 26 (1977). ‘he conversion factor for "slow,"
"intermediate" and "fast' neutrons is approximated to
0.003, 0.004 ana 0.050 (mrem /h)/{ncutrons/sqcm-s)respec-

tively,

y. 2 Variance Rceduction Proccdure

The law of large numbers tells us that we may

write our Monte Carleo results as

x % g’ﬁi : {1!.1)

where x is the mean score of independent variables, X,
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.
A

o = (x* - (%) )
is the standard deviation of individual samples
and

N is the number of narticles processed.

It is obvious rom ecquation (4.1) that we could
reduce the error by eithcr inereasing the number of
particles studied or by altering the schematization of
the problem so that ¢ is reduced, but the meaning of X
remains the same. The mcthod by which the magnitude of
N is increased gets to a point at which unacceptably
large computing times are required Thus a more practi-
cal alternative is to reduce the variance or o.

The only stratcgem currently being incorporated
into direct-analosue Monte Carle is the method of survival
weighis. With the introduction of weights the program
does not allow the absorption of ncutrons, as such, all
collisions are forced to be scatterings. In subroutine
"select" the effect of absorption is accounted for by
modifying the weight (initially it is 1.0). The particle's
weight alter co’lision is the weirht before collision
multiplied by the survival probability after collision
(i.e. ratio of scatterin; cross scetion to the total cross
section). With the introduction of this scheme, it is
necessary to establish additional c¢riteria for terminating
a life history which is to "kill" when its weight
becomes less than a cut off weipht.

There is no strict mathematical basis for the

introduction of weights, Dut it is intuitively obvious
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that it would be more elficient to follow only those
particles that experience only scattering collisions; since
these have the best charnce of ultimately penetrating the
shield. The effect is that the result is sampled from

many more neutrons, each ol lower weight, which should

reduce the variance while leaving the mean score unchanged.,

h.,3 Deseription of Heutron Crocs Section Data

In consildering the applicability of the Monte
Carle procedure it is most important to obtain a reliable
cross: sectional data. BDecause of the irregular dependence
of the neutron intepraction :ross seetions on their energies,
most shield designers rely heavily on evaluated values.
Plots and references “or measured neutron cross section
and similar refercnces arc compliled in the "barn book" or
data {iles prepared at centers such as the UK Nuclear
Data Library. However, scasured nuclear data are still
as Profio (1973) puts it. "incomplete, imprecise, or
disordant” for many nuclides and energies. The data must
hence be evaluated to seleeil the best fit, decide between
conflicting measurements awi fill in the gaps.

Many radiation transnort computer programs use
the multigroup approximation in which the continuous
variation of the cross scctlion with energy is replaced by

weighted mean over the interval &, to E

1 2
bg

L_.lu(l'-i) w(E) dE
g (By, E,) = (4.2)

l;;_‘
JF w(E) dE
1
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g (barns)
- ‘l_ — ——
Slow Intermedinte Fast
Nuclide| (0,0001-1eV (1eV-1000eV) 1keV - 20 MeV
4 A
- ® - - - - R
A N % % % ] % 5
Al 1.4 ] 0.2 2.3 0,18 I % . Bm 0.29
Si 2.1 {06 2.5 ) 0.101" ] 3.0 | 9.3m 0.15
Mg 1.7 11,7 | 5.1 1.4 2.8 | 5.8p 0.92
|
Fe 11.3 | 2.26 ! 10.3 | 1.28 2.5 7.9m 0.62
|
]
Ca 7.0 3.3 ! 8.4 | 4.1 | 2.9 | 28m 0.74
== _..,....._,L_.._._.___.,_._____,l._ =
| | ;
LY Y
E S, S,
| ! i
H 45.3 | 0,29 | 17,2 ! 9.141%2 ] £.0 |0.039m | O
i
c 4.69 | 3.0m i &.42; 1.5m 2.361 | 0.06m 0.011
0 3.35| 0.28m 1.74 ‘ 0.13m ; 2.8 7.1m 3.2
i |
Na 3.3 | 0.47 i 8.8 ' 0.3t 5,18 j2.1m 0.48
| i
K 242 1.8 | 2.2 | 120 | 2.70 0.1 0.10
|
Table 4.1 Valve of rross sections from UK Nuclear Data
Library except values marked +, which are
recommended cross sections from 1969 IAEA
fit (G.C. Hanna et. al. Atomic Energy Review 7,
No. 4, P. 3). -
m indicntes that eross section is in mb
Gr is referred to as the sverage cross section o
©if the nucleus remains in the ground state
after the interaction.
dn' is the cross section if it is left in an
an excited state
GY is the radintive capterecross section
BT is the total cross total cross section for all
events
such that Oh " O0p m O T Un" the absorption cross

section
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where w(E) is the weighting factor.

A common structur: for group cross sections uses
equal lethargy intervals. Beecause too much computer
storage and time are required to perform calculations
with many grouns, it is desirable in this work to reduce
the set to a fewer broad group cross sections.

For many elements, 6 an examination of the group
reveals the existence of three repiona. There is firstly
a low energy region, where the cross section decreases
steadily with increasing ncutron cnergy. The cross
section varies (approximately) inversely as the square
of the energy. The average cross section can be shown

to be (see Kaye and Laby. 1975):

l‘I‘l A
i - e :
U(E-) - UO( -—-u—rjq; )
where ‘1‘n is the temperature of the surrounding and

¢ 1is the cross section corresponding to an energy
o

KT ., T = 294 K
o' o

The integrations in equation (4.2) were taken

over the range 0 0001 eV to leV, although most of the

contribution comes from a narrower range around 0.025eV.
Following the v-1 region (or E"l), the elements

exhibit a rescnance region usually for neutrons of

roughly 0.1 to 1 keV energy. This region is characteri-

zed by the resonance of peaks where the cross section

rises fairly sharply to high values for certain neutron
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energies and then falls again. The average cross
section is equal to

Ea
JE (o/E) dE

“ " 1
o (B) = TR(E;7E])

2' 71
The numerator is referred to as resonance integral since
it gives cummulative absorntion cross sections in the
various resonances as the neutron slows down from
enerpgy E2 to El.
and-ﬁE2 = 2MeV although the values are usually insensi-

Table 4.1 shows values for E1 = 0.55%5eV

tive-to the upper limit.

At higher energies, apart from resonances,
neutron cross cctions decrevase steadily with increasing
neutron energy. 'The cross sections can be averaged over

a neutron spectrum whieh conventionally is expressed as

E/b

-

~ E |
¢ - e ©

where b = 2.0 MeV,

In the table (table 4,1) the average values have been
taken over the ranege 1 KeV to 20 MeV, although most of
the contribution comes from 2 much narrower range around

2 MeV,

h.4 Estimation of Accuracy

Let Xy be the value of the state variable in the
process we are nodelling for each N independent tests.
We assume that this variable has a finite mathematical

expectation (usually called the true mean) 'a' and a
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variance o¢?, Then its arithmetic mean

L X3
N

is approximately the valuc of the true mean 'a'. The
quantity X is the result of the solution of the problem
by the Monte Carlo method. The difference between this
quantity and the required mathematical expectation,

|x - a| is the error of the method.

An estimation of the error of the method &, follows

1

fbom Chebyshev's inequality

§= |x-al < ¢ o (4.3)

where 1 - ¢ is the certainty of the estimation. In order
to make the inequality in cquation (4.3) more precise,

we denote that the variable x is sampled over a large
number of independent random variables. Therefore the

law of distribution of the variable ¥ may be found from
the Central Limit Theorem. The thecorem states that the
variable x is distributed almost according to the Gaussian

law if the quantity

is sufficiently small, where b is the so-called third
moment of the variable X5 Since large values of N are
usually used in the Monte Carlo method, then Gauss's law

is usually applicable, The Gaussian distribution funetion



P(x < T)

where

p(T) =

(€m

enables us to ecstimate the probability of the deviation

of X from its truc mean

talt.

We will take an arbitrary

degree of certainty,

D.

Let Tp bz the root of the

equation
;_)¢(Tp) -1 P(x <T)

The probability of the inequality in equation 4.3

T o

I A

is approximately eaual to p
It is frejuently recommended that Tp should be
taken as 3 which corresponds to p >0.99. But such an
estimate is too excessive in practice. Therefore Wood
(1982) and Shreider (1967) suggest a 50% degree of
certainty. The nrobable error is thus defined as
5 = 0.675 o

such that the inequalitics

are equally probable.
Ordinarily it is rather difficult to estimate the
variance ¢?, prior to solving the problem. When solving

a specific problem a statistical cstimate of the variance is

obtained during the process as an estimate of the error
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In order tc do this, it is sufficicent to compute the

2
squares x; together with the x; and then

: - N(X)?)

g? = %T:-i*{yx
i=1
since ¢? is not required with great accuracy we may use

the saimpler formula

a

xi) ¥

]

N

1

g? x2=-{= ¥
y CATE

ne-1 =

i 1
-

for large N(sce the corresponding computer program in

appendix c¢).



Chapter 5

DISCUSSION

5.1 Results " _

Two programs : one to caléuiaﬁe, primarily, the
dose rate at the shield boundary: and the other to
estimate the corresponding error -~ were complled and
executed for 1000 neutron histories (see appendix B
and C respectively). The cutput table is shown in
.appeﬁdix D. Fipgure 5.1 shows a curve of neutron dose
r&teyas a function of the shicld thickness.

| A derived dose rate limit of 2.5 mrem/h was

adopted based on ICRP rcvcommendation (see section 1.3). The curw
(Fig.5.1) thercfore shdws that the thickness required
for an ordinary concretz ghield surrounding the neutron
generator (Energy = 14,3 MeV, flux = 4,0 x 1011 neutrons/
second) should be about 2.3 m. The composition of the
ordinary concrete material as used in this program is
defined in appendix E, IR o

The corresponding étatisticai errﬁf was estimatedl
by assuming an cxponentinl Eorm fo: the curve in the
_fegion around r = 2.3 m L .
| Dose,

N "\ P

which implies that

AD

this Jjustifies the¢ following approximate relation

~49-




Neutron dose (mrem/hour)

10

Figure 51:Estimate of the dose rate outside an ordinary concrete
shield enclosing a source of 14:3MeV neutrons

(flux =4 x 10" neutrons/sec)

. .l

L

10 220 ~23m
Shield radius (meters)
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Error- in '[relative error of the dose rate]
r
| R B K

K being the slope of the curve. A value of about 0.2 m
(about 10% relative error) was thus obtained as error of

the program,

Source Recommended
: Shield Thickness
NBS Handbook _ _ 2,2 meters
o 63 (1957)
}{  ORINS (1963) 2.6 meters
Present VWork _ 2.3 £ 0.2 m
Table 5.1 ~ Summary of results cobtained by
. various sources
5.2 Limitations of this work
a. Inaccuracy of cross secfion values used

Because of the irregular dependence of the neutron
interaction cross sections on thelr energies most Monte Carlo
procedures rely heavily on evaluated values. However; Profio
(1979) cautions that such data are still incomplete, o
imprecise and disordant. In the multigroup approximation
the continuous variation of the cross section with energy
is replaced by a weighted mean. But one of the difficul-
ties which arise when cross sections are averaged is that

this yields a large [ractional error - sometimes up to 20%.
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Another problem is, a weipghting spectrum may not give
the correct spectrum shape within a group when it
comes to averaging over rcsonances. This problem is
difficult to solve even with very fine group cross
section. Morcover, not 211 elements show the type

of behaviour described in scetion 4.3, For example
for light nuclides at low energies scattering is
dominated by potentinl scattering and the cross
section tends to be independent of energy. Departures
alsb arise at low encrgics in crystalliine materials
where the neutron waﬁelength is comparable to the
lattice svacinz. and in molecular compounds where
collision energy is comparable to the vibrational

quanta of the molecular oscillations.

b. Difficulty in estimating the error

In Monte Carlo computationz precise error
estimates are venerally impossible. The accuracy of
a complicated caleculation is judged according to
various supplementary considerations. Such criteria
may be provided by the law of large numbers which
tells us that =2 llonte¢ Carlo result converges to the
true mean s the number 2f particles increases.
However, in order to obtain more specific informa-
tion about the accuracy of our calculations. we must
turn to the Centr2l Limit Theorem., The latter states

that the probability, p, that the exact or true value



-5}_

'6f'the mean lies in the interval (x - Tpo, X+Tpa)

is equal to 2P(Tp)—1, wherc P(y) is the normal

cummulative distribution function if the number of

oy

‘samples is large, X is the calculated mean. The .

prcbable relative error is then given

0.63 ,variance :
- ( i =)
&3 |

?;i; . Error =

where N is the number of histories (section 4.4),

¥ . Strictly speaking the Central Limit Theorem

refers to the true standard deviction of the sampled

population. But in practice, an estimate of this
‘quantity is calculated and used to determine the
estimated error. Moreover, the theorem ig based on

 ffindependent samples. but Monte Carlo procedures do

" not guarantee this.,

€. Inadequacy of the Scattering Model

" The treatment in subroutine "scatter' (see

s

¢ appendix B) is a2 neutron elastic scattering process,
S
w7 which assumes that when the neutron scatters it does

o

.77 80 in a manner which can be regarded as isotropic in

3
Y
)
i
a1

" i the center of mnss coordinate system (for Atomic Mass
..?Eifi 16), or isotropic in the laboratory system (for
ilAtomic Mass ; 16). Even though this treatment may

3 appear simplistic., similar models of neutron inter-
action are widely used in Monte Carlo calculations

% (Wood, 1982; Lu and Bull, 1970). The limitations

'a?f.or the model we have adopted sre, namely
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(1)  The assumption that the target is at rest

Below 1eV. a different scattering model is
necessary-one which makes allownnece for the kinetic
motion of the target atoms, »nd nlso takes into
account the fact that the struck nucleus is not free
to recoil, due to chemical binding effects of the atom
in a molecule or a crystal lattice. But to follow by
Monte Carlo method the histories of neutrons bearing
high energies (14 MeV) to their eventual death by
absorption as themal neutrons would entail excessively
large computine times, if two diflerent sets of
scattering models are used For this reason, this
Monte Carlo model was confined to the stages of the

fast meutron's slowine down career.

(ii) The Heglect of In:lastic Scattering Process

It is evident from table 4.1 that for fast
neutron attenuation calculations the inelastic
scattering process should not be neglected, particu-
larly, for the heavy nuclides present. It was,
however, inevitably neplected due to incomplete
information vorardine the scheme Jor simulating the

scattering {(se¢c Secetion 5.3.2).

5«3 Compensating for Cecondary Badintions

Up to this point our calculations have been
confined to the atternuation of the primary radiation -
the neutrons. 1In the proccss of' attenuating the
fast neutrons by the shield other radiations are

inevitably produced, particularly gimma rays.
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=
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10 21

Neutrop energy, McV

Figure 5.2 Ratio of camma ray dose to neutron dose for

neutrons incident on slabs of concrete, based
on Q = 10 for neutrons. (From Clark, F.F. et
al, ORML - 2°:z%,  1566),
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Regarding other possible forms of secondary
radiation, like alpha-particles and beta-rays, it

is not ncecessary to shield against them because their
ranges are short., Table 5.2 summarizes pamma ray
energies encountz2red in neutron capture for concrete
shield. Despite efforts beins; made in recent years
there ia no iacecurate theoretical treatment - Monte
Carlo or otherwise - of the secondary famma rays.
This is due to the complexity of the radiation

spectrum within the shield.

| Cross i ilighest Averape Number
Target Sections energy Y- ray of Photons per
(barns) ‘J (Hel) Capture
Al 0.215 % 1.724 ! 2
0 - ’ i -
si 0.160 ) 16.55 ’ V.L
‘Fe 2.43 i 10.16 { fad
Ca 0.4G6 | 7,83 | fu7
K 0.0045 { 4,595 i V.L
Na G.47 1 L4 | 1.3
1.89 { 9.2 I < 2
H 0,320 : 2,230 I V.L
Mg 0.259 b 9.216 I Vi
V.L. = Very low
Table 5.4 Zawma reys from therm~l neutron

capture in ordinary concrete

elemente (Yol.an from iiittelman, 0.S.
and lied'e, T.A., Mucleonic 13 Neo. 5,
5051 1955)
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Prom fipure 5.2 the ratio of the dose rate from
gamma rays produced in slabs of conerete to the dose
rate from necuirons that have penctrated the slabs is
shown for various slab thicknesses nnd as a function
of the encergy of the incident neutrons. 1t will be
cbserved that with an inecident beam of 14 MeV neutrons,
the gamma ray and the néutron dose rates are about for
200 centimeters slab, Thus it would probably be accurate
to assume that the 2.3 moters sheild thickness calcu-
lated for the neutron ~ttenuation is adequate for
attenuating the gamma rays also In any case, if the
otherwise is [eared, boron which has a large gamma
absorption coet'ficient (3,900 b) may nlways be added
in the form of boron compounds such as colemanite,

boron frita or irlass.

5.0 Conclusion

A remarkable aspoect o the Monte Carlo
method is the¢ little time, effort and cost it takes
to estimate shicld thickncsses, when compared with
the elaborate apparatus needed to undertake the study
by most other mathods. "This worik also demonstrates
the ease with which c¢niculations may be made in three
dimensional reometries. Thig is onc area of shielding
calculations in which the “ionte Carlo method has not
been rivalled by othcr methods.

Granted . the colculational procedure has

suffered major simplifying assumptions such as the
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use of highly approximate cross section values and
inaccurate scattering model. These steps were taken
largely to reduce computing time.

Thts work roecommends a thicknessa of 2.3
meters for an ordinary concrete material to encase
the fast neutron generator under consideration. A
maximum statistical ¢vrror of 10Z wns obtained for
this value Systenatic errors are also envisaged for
the calculatiosn. coming from assumptions mentioned
abdve and also discussed in section §.2.

Another important consideration not covered
by this work i3 the rapid liss of water at tempe-=
ratures above 99YC (heat gencsration rate of 0.8 m
W em-’, or temperature risc of 6°C em=’), since
neutron attunuation is woverned mainly by the
hydroren -~ hence water - concentration, Even at low
temperatures there is 1 gradual loss of water.
Profio (1979) recomm.nds that to allow for this, the

shield thicknsss should 2¢ increased by about 12%.
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; APPENDIX A: SCATTERING ANGULE AND SCATTERING ENERGY _
Y - o O A NEUTROM UNDERGOING ELASTIC COLLISIONS

We shall consider by means of the laws of classical
mechanics, based on the principles of the conservation
of kinetic energy and momentum, the clastic scattering
of a neutron by a nucleus with mass number A, Such a
scattering is determincd by the angle of scattering 8 in
a system of co-ordinates stationary with respect to the
center of mass of the neutron and nucléﬁs and the

azimuthal angle of scattering, x

4

Do 0 < 8 < m, 0o x t en

The conditidns befbre and after =2 collision as |
represented in the laboratory and center of mass systems,
‘are shown in figures A.1 and A.2.

The neutron, having a mass of appfoximately unity
on the conventional atomic mass scale, moves with a
G speed v, relative to the nucleus of mass number A.

The gpeed Voo of the relative center of mass in the
laboratory system is piven by .
_ .

m T A T - ST (h.1)

.
i

In the center of mass system, the velocity of the neutron

gfb' before collision is vy = v, or from equation (A1),

Av1

, V1 i Vm = W . o (A.2)
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Following the collision, if V_ is the speed of the |
neutron and v, that of the nucleus after collision in thé
center of mass system, then conservation of momentum
requires that

v = Av

v, - (8:3)

- The conservation of energylin'the center of mass system

may therefore be written as

Av, . A4

1 ACUNE I
i(“ﬁ‘_'_—l) 4 £ ﬂt;{:l) = 1‘ V; + i AVB

[

Upon solving (A.3) and (A.L) for v, and v, we'get

4

)'W,i ‘ vy P '
Va *wm o Y ¢ oma . (AS)
In order to determine the loss of kinetic energy of
the neutron after collision with an essentially
stationary nucleus, it is necessary %o transform the
results obtained for the center of mass back to the

laboratory system.

Now, the finzl velocity of the neutron after colli-

‘sion in the laboratory systaem is obtained by adding the

vector v to V.- The vector addition is shown in Figure
A3, 7 ”

| Let Vo be the velocity the neutron has in the
1ab§ratory system after collisinn. The energy, E' it
retaing is obtained by applying the cosine rule on

figure A.2
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Figures N.1 and A. 2 show neutron scattering in laboratory
and center of mass systems respectively.
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Figure A.3 Transformation of center of mass system to
laboratory system.
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vt = v:i o+ y?2 - 2y vy N
2 m a amcse

Substitute for v and v, from equation (A.1) and (A.5)

vz Ave 2Av: cos @
vZ = 1.._ + 1 L. 1 R
2 A+ (A¥1)*? (A+1)*
Therefore
r @
E' _ "2 _ 1 4+ A% & 2/ coss 2.6
| ' U{" ' R+ 170 ¢ ’

The angle through which the neutron is deflected
from its initial dircetisn ¢ appears in the expression

equating velocitics along the initial flight direction

V..005 = v cos 8 + v
2 v a m

Agnin substitute for v, and v, we ret

v
~ 1
V, 08 ¥ = g (1 + A cos 8)
substituting v, we get
=
) 1 + A Uos A (RCT)
ros B = (T+A%i4cosh) )
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APPENDIX B: COMPUTER PROGRAM TO ESTIMATL ''HE DOSE RATE
OUTSIDE A SHIELD,
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