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ABSTRACT

The gamma-rays produced by the inelastic scattering of 14 MeV neutrons in
fusion reactor materials have been studied using a gamma-ray spectrometer
employing a sodium &’odide scintillation detector. The source nequr%Qn\_s’;}
produced by the T(d,n) He reaction using the SAMES accelerator at the University
of Aston in Birmingham. In order to eliminate the large gamma-ray background
and neutron signal due to the sensitivity of the sodium iodide detector to neutrons,
the gamma-ray detector is heavily shielded and is used together with a particle
time of flight discrimination system based on the associated particle time of
flight method. The instant of production of a source neutron is determined by
detecting the associated alpha-particle enabling discrimination between the
neutrons and gamma-rays by their different time of flight times. The electronic
system used for measuring the time of flight ’ nd gamma-rays over

=
the fixed flight path is described.

The materials studied in this work were Lithium i ,
importance as fuel breeding and shielding materials in onceptual fusion re
designs.  Several sample thicknesses were studied to determine the m
scattering effects. The observed gamma-ray spectra from each sample at se
scattering angles in the angular range O° - 90° enabled absolute diffe
gamma-ray production cross-sections and angular distributions of the
gamma-rays from Lithium to be measured and compared with published dat: ,
the Lead sample, the absolute differential gamma-ray production cross-sections
for discrete | MeV ranges and the angular distributions were measured. .

The measured angular distributions of the present work and those on Iron
from previous work are compared to the predictions of the Monte Carlo
programme M.O.R.S.E. Good agreement was obtained between the experimental
results and the theoretical predictions. In addition an empirical relation has been
constructed which describes the multiple scattering effects by a single parameter
and is capable of predicting the gamma-ray production cross-sections. for the
materials to an accuracy of + 25%. = = - . = -

Inelastic Scattering / F ast Neutrons / Gamma-
Fusion Materials. . '
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CHAPTER 1

INTRODUCTION



1.1 INTRODUCTION

Nuclear fusion involves the fusing together of light nuclei
to form heavier nuclei in a manner such that the potential energy
of the product nuclei are lower than that for the lighter nuclei.
The "lost" pofentia] energy of the product nucleus.appears in the
form of kinetic energy of the product particle and this may be
used to create heat energy and thus electrical energy via a

turbine.

Although it is possible to fuse together a number of 1light

nuclei, the reactions of greatest interest are:-

(1) M + ZM—>3H + P + 4.0MeV

~

gHe'+ n + 3.2 MeV

(i1) H o+ H—>"He+ n + 17.6 MeV

Most present fusion research is concerned with thermonuclear
fusion in which the nuclei are heated to very high temperatures
(108K) toform a plasma and the resulting thermal energy used to
fuse the nuclei together. Methods of heating the plasma differ,
but most success has been achieved by the Tokamak design K. Sako

3
et al. (). F.H. Fenny (B, s.E. munt OV,

There are four current Tokamaks either under construction or
operating and these are TFTR (USA), JT-60 (Japan), T15 (USSR) and
JET (Joint European). All these designs have the same principle
in that, the plasma is contained in a torws and is considered to

be the secondary coil of a large transformer. Large electrical



currents are supplied via the primary 66i1 fézheat fhe p]asha \
using ohmic.heating. The plasma is contained using magnetic
fields which may be used for further heating, via the pinch
effect. To obtain temperatures necessary for fusion, further
heating is provided by neutral particle injection and radio
frequency heat%ng. The problem of containment of the plasma
is one which requires the latest technology and it is hoped
that the four experimental reactors mentioned earlier, will

answer many of the gquestions concerning this.

It has been shown by Lawson(3) that the condition for a

self-sustaining fusion reactor is:

: _ 3
n t>10 cm sec.

"

where n plasma density

confinement time

1

T

Because of this condition, the D(T,n)a is of most interest for
the future, since it has the highest reaction rate and hence
imposes least stringent conditions for self-sustaining fusion.
Deuterium is plentiful, with an abundance of 1.5% and can be
obtained from natural water. Tritium however is not and must
be manufactured. The latter problem must be considered for

design of working fusion reactors.

Most conceptual fusion reactor designs conform in general
to a central core surrounded by a number of blanket materials as

shown in Figure 1.1.

The vacuum is essential to separate the 108K plasma from

the structural materials such as iron and steel.



Biological
shield

FIGURE 1.1:

Tritium breeder

Future conceptual design for a working

fusion reactor

blanket

Neutron

moderator

Plasma
Vacuum

Neutron
multiplier
and-.reflector



The Breeder blanket will be usedjfé;ﬁghﬁfacture tritium
using the 14 MeV neutrons from the fusion reaction. The most
popularly considered breeder material is natural Tithium which

gives tritium in the following reactions:-

6 . ~ 3 4
sli + n——>H + He + 4.8MeV

i + n—H + sHe+l —2. 5MeV

Lithium seven is the most important isotope of the above

since it has an abundance of 92.58%.

To enhance tritium breeding it is hoped to use (n,2n)
reactions in the neutron multiplier blanket. The materials
for such a blanket are still under speculation but Nb, Be and
Lead are of prime interest. Lead has a particularly high (n,2n)
reaction and Tow threshold since the binding energy of. the
nucleus is low. However, little information concerning the
interaction of 14 MeV neutrons, especially inelastically scatt-

ered neutrons is available.

The moderator and reflector will be made from graphite,
since this is readily available and has proved to be efficient
in moderating 14 MeV fusion neutrons in fission reactors. The
main purpose of this blanket, is to convert the kinetic energy
of the fusion neutrons, into heat energy and to produce a
thermalised neutron spectrum. Reflected neutrons will be

returned tc the breeder blanket for breeding of tritium.

Bio]dgica] shielding must have a high thermal neutron and
gamma ray absorption. For this reason likely materials to be

present in such a shield are Nb, B, Pb and concrete.




It is clear that for accurate Enéw?edgezof;gamma an
production, neutron reactions, heat degradation, structural
(iron and steel) and shield calculations, it is necessary to
have reliable data concerning the (nn'y) reactions for 14MeV
neutrons. Furthermore, since blanket materials are relatively
thick, the problem of multiple neutron scattering is important

and little data is available concerning this.

1.2 AIM OF THE PROJECT

This work is concentrated on gamma ray production cross-
sections 1in ZLi, Natural Lead and some work with iron. The
T(d,np reaction has been used to provide 14MeV neutrons for
experimental work and in this energy range the main gamma
producing reactions are (n,dy), with (ny) cross-section negli-

gible.

The differential ganma ray production cross-section is a
measure of the probability that gamma radiation of energy E,
will be scattered into solid angle 242, at an angle 6 to the
incident neutron beam. Much of the work here is concerned
with measuring this quantity experimentally, both at different

angles & and for various sample thicknesses.

Of the experimental techniques available, the most signif-
jcant for angular neutron scattering measurements, is the
associated particle time of flight method. This method uses
the a]phé particle of the T(dn)e reaction as a reference in
time. The time difference between scattered neutrons of
velocity v, and gamma rays velocity c, (velocity of light) over
a2 flight path,may then be distinguished using fast electronics

in a2 manner similar to that employed by Cox(k), M.L. Jdanicki




et a].(s) and Clarke et ai.(e)

Time of flight discrimination may then be .used to gate
only gamma rays such as in the work by Al-Shalabi et a].(7)
The advantage of this method is that closed geometry may be
used and the néutron background considerably reduced. '
Furthermore, the problem of a forward peaked elastic neutron
spectrum, interfering with the gamma ray %pectrum, as outlined
by Day(“), is eliminated, since only random coincidence

neutrons enter the spectra. These are'easily removed by

subtracting at regular intervals.

Thé cross-section is normally defined in terms of barns
per nucleus and may be measured so for very thin samples,
ideally a mono-layer. However, in the practical situation
such as a breeder blanket or indeed measuring cross-sections,‘
the sample sizes are often greater than 0.2 mean free paths
(Day s criterion(g)) fof which mu1tipie scattering effects
beccme important. The effect of multiple scattering on
gamma ray production cross-section is to increase it. This
is due to the extra gamma rays produced by multiple neutron
collisions for a constant neutron flux.  The situation is
made even more complicated by (n,2n) reactions and the slowing

down of neutrons through the sample.

Analytical methods of treating multiple scattering
problems can often become very complicated and many simpli-
fications have to be made. Monte Carlo methods are probably
the best way of treating this probiem and are the most widely
used in reactor core and blanket flux calculaticns. However,‘

even this method reguires accurate microscopic cross-section.




The main aim of the project is to,méasure4éxperimenta11y,
the effects of multiple scattering on the aforementioned possible
fusion reactor materials. It is hoped that these results will
be of use in blanket calculations, as a check for theoretical
calculations and as a source of data for future éxperimenta]ists.
The results have been analysed using a Monte Carlo programme
called M.0.R.S.E. code (10) on the central computer at Harwell
A.E.R.E. A Targe part of the research was concentrated on
this, with the aim that, the experimental and Monte.Carlo

results compliment each other.




CHAPTER 2

GENERAL CONSIDERATIONS



2.1 Kinematics of the T(d,n)He* Reaction

In the present application, 14MeV neutrons were produced using

the reacticn:

%H ¥ fH.__+ 5He + n + 17.6MeV

The alpha particles were detected at 90° to the deuteron

beam nominally 140KeV.

In general, in the laboratory frame of reference the situation

may be described by the diagram:

Md

Md = mass of deuteron

Mt = mass of tritium

Mz = mass of alpha particle
Mn = mass of neutron

Benviste and Zenger(“) have shown that the equation relating
the angle of emission of the neutron #n and that of the alpha particle

fo, with respect to the incident deuteron beam, is given by:

-3sin2@ + sinfnvvy2 - sin? gn
1 Mo

e e 1.1
-sin?@Pn + cos @n/y< - sin? @n - Fn

tan Ba

where the parameter vy is defined as, the ratio of the velocity of
the centre of mass frame, relative to the lab frame, to the velocity

of the neutron in the centre of mass frame and is given by:



Incident deuteron energy.
Q-value for the reaction given by:

Q
i

L3 M
n

Q = (My + Md - Mn - Ma)C2

Equations 1. and 2. show that for a fixed fa, the neutron angle -

fn, will depend upon the incident deuteron energy Eo. The "thick"
tritium target used throughout the -project, completely stopped 511
deuterons incident upon it. As a result deuterons of all energies:
from O to 140 KeV were producing neutrons. Fdrthenmore, the
aperture of the alpha particle detector defined @a to a possible
+3.5° half angle in the horizontal plane. The resuft, was to give
an associated possible range of neutron angles @n, which were calcul

from equation 1. and jllustrated in Figure 2.1.

The variation in deuteron energy in the thick target, will
produce a variation in the neutron yield, which is usually referred
to as the neutron yield line shape. Calculation of this'may be
carried out us{ng the proportionality:

. do(E) dW! / dE :
N(B, Eo) e QT W/ X covv i

where:
N(E Ec) = Neutron yield
dc - - . - L .
Eﬁl = Differential cross-section for the T(dn)e reaction
in the centre of mass frame
di'*t . .. L N
oW = Anisctropy Tactor, which is the ratio of the
X
3 1

id anglie in the centre of mass system

to thzt in the laboratory systam

ated

.3
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= Rate of energy loss of deuterons of4energy E in the
Ti T target.

The constant of proportionality in the latter equation is
*
4tny. However, as we are only interested in the line shape, this

\Y

constant is set to unmity. Furthermore, Allenby (2 has shown that

1
g% for deuteron energies considered approximates to unity, with an
accuracy of *1% over the small angd]ar and deuteron energy ranges
given here. The values of dc/dwl were obtained from data of Conner

et al. ¢9) and aregiven in the following table with the values of

dE/dx taken from.Benviste and Zengercl).

TJABLE 2.1  Table from Bemviste and Zenger

(ng) gﬁj(barns/st) %% (KeV/Mg/cm?)
20 4.744 x 103 B 140
40 0.05716 220
60 0.162 260
80 0.304 X 282
100 0.3955 308
110 0.405 315
120 0.403 "323
140 0.3725 333

The latter values were used in equation 1.3 to find the shape of

*(n, = no. of tritium nuclei per unit vol.)

5
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TABLE 2.2:

TABULATION FOR NEUTRON BEAM PROFILE

DEUTERON ENERGY (KeV) E,
S N(E, 8)dE on
LOWER UPPER £
LIMIT E; | LIMIT E, | -1 F (DEG.)
140 140 0 0 78.5
110 140 363.4 0.36 79.0
80 140 734.5 0.72 80.0
60 140 902.2 0.89 81.0
40 140 987.7 0.97 82.0
20 140 1014.6 0.999 83.0
15 140 1015.7 1.0 84.0
5 140 1016 1.0 85.0
0 140 1016 1.0 86.0
10 115 716.6 0.71 87.0
10 85 337.8 0.33 88.0
10 60 113.8 0.11 89.0
10 40 28.4 0.03 90.0
10 20 1.5 0.001 91.0




the neutron yield curve which is shown in Figure 2.2.

From the neutron y¢¢.ld curve, the neutron beam profile could

be calculiated. This factor is defined by:

Es
j'N(@,Eo) d
. El
Foo=
Ar
where £, = upper limit for deutron energy
Ey = lower 1imit for deutron energy E; < E;
AT = the total neutron output defined by:
Eo= 140KeV
Ar = g N(§,Eo) dE
0
For AT’ 5KeV intervals were taken using the trapezium rule to estimate
the total area under the neutron line shape curve. The value

attained was AT = 1016. Table 2.2 illustrates the full calcul-

ation of the neutron beam profile which is shown in Figure 2.3.

The full width at half maximum is shown to be 7.2° and it is
_centred at 83.5° to the incident deuteron beam. This angle was

chosen as the 0° neutron scattering angle in the practical arfangement.
The following diagram shows the angular relationships in the labor-

atory Trame:

igure 2.L: Angular relationships in the lab. frame
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2.2 Interaction of gamma rays in matié{‘”

When photons interact with matter, there are three main

absorptive preocesses to take into account:

1. Photo e]éctric effect
2. Pair production

3. Compton scattering
Each of the above processes will dominate in a specific photon
energy region, which will depend upon the atomic number of the

element in a manner summarised in the following table.

TABLE 2.3 Interaction of gamma rays in matter

PHOTO-ELECTRIC EFFECT | COMPTON SCATTERING | PAIR PRODUCTION

LIGHT
ELEMENTS BELOW 50 KeV 50KeV-15MeV ABOVE 15MeV
HEAVY
ELEMENTS BELOW 0.5 MeV 0.5MeV-5MeV ABOVE 5MeV

A

2.2.1 Photo~electric effect

Absorption takes place when an incident photon gives all its

energy to eject an electron from the atom. The energy of the

emitted electron is given by:

E = hv - 1

=0
]

Planck's constant
Frequency of incident radiation

<
n

-1
1]

Binding energy of electron




The following classical representation shows how high and low

energy photons may give up all their energy to remove electron:

from atomic shells:

/o .

VA L

-. S/,
%

/

/

L {
ELECTRON %9// .
SHELLS " ¢
(i) U.V. PHOTONS (i1) X-RAY PHOTONS
INCIDENT INCIDENT

The diagrams show'that, low energy photbns lose energy by remov-
ing the loosely bound outer electrons and as the energy of the incident
photon is increased, more tightly bound inner electrons can be
removed until finally the K-shell electron is removed. The effect
of this on the mass absorption coefficient versus enefgy curve, is a
series of discontinuities corresponding to the K L M etc. absorption
edges. Typical curves for the region in which photoelectric.
effect predominates are illustrates in Figure 2.5 taken from Price

et a].(lw

For photon energies above the K-shell absorption edge, 80% of
jonising events are due to K-electron emission. This is particularly.
important in gamma ray absorption where the cross-section for K-shell
ionisation per atom is calculated by Heit]er‘laz

gmr2

o o 25 ch%
K PLE. =2 b 42 (HU‘)

fn
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classical radius of electron

-
]

=3

O
N
!

0.51MeV  (rest energy of electron)
The latter simplifies to:

7

K P.E. 1x10° 75 Eo 2

1}

Eo = Incident photon energy

The formula illustrates the very strong dependence of the
photo-electric cross-section on the atomic number Z of the absorb-
ing element. More elaborate formulae have been reported by
Allison (IQ, Sauter‘ln and Stobbe1(1@, but the basic Z dependence

still remains.

When the K-shell electron has been removed by a gamma ray
photon, secondary fluorescent radiation will result from subsequent
transitions of L and M electrons to the K-shell, giving the
characteristic Ko and KB radjation. These photorsmay in turn
give rise to Auger electrons by outer electron reabsorption. The
cross-section for the production of fluorescent K radiation is

given by:

T+ 1.12 x 108 z™

o
I

However, this radiation is always less energetic than the initial
gamma ray producing it and it is readily stopped by either shield-

ing or electronic discrimination techniques.




2.2.2 Pair Production

Above 1.02MeV, i.e. twice the rest mass of the electron
2mc?, pair production may take place. The incident photon, in
the presence of the nucleus, may create an eleﬁtron-positron pair,
with total energy equal to that of the photon. The unstable
positron very quickly annihilates with a free electron in the
material, to produce two 0.511MeV photons. There is also a
probability of producing only one 0.511MeV photon, however, the
probability for this is low and only takes place with bound
electrons. The explanation of the mechanism of pair production
is very complicated. One simplified picture is the Dirac electron

hole image. To ex:plain this theory, consider the following

diagram:
c = velocity of Tight ,/BREMSSTRAHLUNG '
- Mostly empty
m = mass of electron //:::i::%::;:::%::;//// positive states
‘ +mc2
,| PAIR
2me” | pRODUCTION 0

Mostly full”
//////’//negative states

The whole of space above the threshold of mc? is considered
to be a continuum of positive electron states. The negative
solution in Dirac's theory is shown as constituting a similar
high density of filled negative electron states. The only way
an electron can be observed is if it crosses the energy gap 2mc?
to become a free electron in cne of the empty positive electron

states. The resulting hole in the negative energy region is then




observed as the positron in pair production. For the intermediate

-1 :
energy region 2mc? << hv << 137mc? Z 3, the cross-section for pair

production in the field of the nucleus is given by:

2 e (28 2hv 218
= 7f_&7 chvy |
PP . (41rsomc2>[ T) fog e (ch) ﬂ

The symbols are as before except:

charge on the electron

[0
]

permitivity of free space.

The formula shows the general Z dependence and that the cross-
section increases rapidly above threshold. This increase falls
off at very high gamma ray energies and a constant value is

reached.

It has been shown by Perrin(w) that pair production will also
take place in the presence of orbital electrons. However, the
threshold for this process is 2.04MeV and has a smaller cross-

section than the above, in the ratio ]/Z .

2.2.3 Scattering of gamma rays

The most important scattering process, for present purposes
is Compton scattering. The incident photon collides with a free
electron in the material to lose some of its energy, by conserva-

tion of momentum as shown below:



INCIDENT PHOTON -

hv/c

N\f\/\/l“ )
hvt

(i) Collision process (i1) Vectorial representation

mass of electron

3
]

velocity of electron

<
]

—

hvt = energy of scattered photon
It can be shown from the vectorial representation, and the

conservation of energy and momentum laws, that the change in

wavelength of the incident photon is given by:

AN = Ao (1 - Cos 8) (2.1)

Ay = h/mc known as the compton wavelength.

Equation (2.1) shows that maximum change in energy of the
incident photon occurs for 180° backward scattering and no change

in energy for forward 0° scattering.

The Compton differential cross-section per electron C(8)d®
is proportional to the probability that an unpolarised photon
will be scattered through an angle & into solid angle dq. It

is given by the Klein Nishina formula:

. .1 + cos?s 1
C(8)de = r* dg - - . -
C(8)da fo ©¢ ( 2 [T+ yo(T-Cossy] 2
v (1 - cosg)?
X {1+

(1 + CosZs) (1T + yo(1 - Cos&))

y_ = hv/mc? for the incident photon

classical radius of electron.

(@]
i




The formula gives rise to forward peaking which is shown in

Figure 2.6.

Other types of photon scattering may be Tisted:

(i) Rayleigh scattering
(ii)  Thompson scattering

(1i7)  Nuclear resonance scattering

Rayleigh scattering involves the interaction of the incident

photon with bound electrons in matter. It is mainly observable

at low photon energies below 0.5MeV. However, photo-electric
effect predominates in this region. Furthermore, since collision
occurs with a bound electron, then recoil of the atom is very
small and scattering is essentially elastic. As a result, this
type of scattering is often referred to as coherent scattering and

interference effects may be observed.

Thompson scattering, also coherent, has a negligible cross-
section, compared with Rayleigh scattering and Compton scattering

and involves scattering between the incident photon and the nucleus.

Nuclear resonance scattering is the analogue of atomic
fluorescence and has a very low probability for all practical

purposes.

Figure 2.7, taken from White(zm illustrates the range over

which the main absorptive processes predominate, including the

effects of coherent and incoherent (Compton) scattering.




Attenuation of gamma rays in matter and thé:Tdtgi Mass Attenuatigh
Coefficient

For a narrow beam of photons with an incident flux Io,
incident on a sample of thickness x, the equation relating the

attenuated flux to the former is:

In all reports tabulating the attenuation coefficient use is
made of the total mass attenuation coefficient which is given by
(u/p) where p is the density of the attenuating sample. If the

sample is a compound then the following relation is used:

Cr) = b (),

th

W, = Weighted fraction of the i~ element in the compound

(¥/p)= Total mass attenuation coefficient for the i element -

The mass attenuation coefficient has been calculated by
varijous workers including White(zw, A]]ison(la, Victoreenca) and
5 .
Grodstein@ . A1l their calculations were based upon theory

and empirical data using the basic assumption:

(Fro) = (/o) + (*10) +(°/p)
(T/p) = Totz] mass attenuation coefficient for photo-electric effect
(x/e) = " " " " " pair production
(%) = v0® " " " Compton scattering

~calculated from the Klein Nishina formuia.

The summation of these three effects is illustrated in Figurels
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CHAPTER 3
DESCRIPTION OF APPARATUS




3.1 Production of Neutrons

The neutrons were produced using the T(d,n)a reaction. In

this process, deuterons were accelerated to 140keV, using a
S.A.M.E.S. type J accelerator and made to impinge onto a titan-
jum tritide target. The deuterons were supplied by a 100MHz
rédio frequency ion source and were extracted using a 0 to + 6kV

~variable potential, into a beam tube approximately 6m in length.
The beam was focussed onto the target by a + 45kV focussing
electrode, at the machine end, a quadrupole focussing arrangement
designed and described in detail by Baynaﬁzﬁand finally a pair of
def]éctor plates at the target end (see Figure 3.1).

The TiT target assembly was insulated from the beam tube
by an araldite flange and hence a target current could be
| measured via a large resistor and ammeter to earth (typically
3uA).  The large resistor was chosen to raise the potential of
the target to +200 volts, so that any electrons energetically

removed from the targef by deuterons, were suppressed from back-

. streaming.towards the accelerator. The deuteron beam was
defined by a 2>x 30mm copper aperture which was also insulated
from the main beam tube. The target itself was rotated by a
small electric motor at 60 r.p.m. The titanium tritide layer
was 2000nm thiék and deposited on a thin copper plate. The
target was cooled by circulating water, the copper plate acting
as a heat exchanger. At 90° to the beam tube the target
assembly provides for a a-detector at 9cm from the target as

shown in Figure 3.2.
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3.2 The Alpha Detector

In choosing an alpha detector for present applications,

certain basic properties were considered important. Firstly,

the detector must have a high alpa particle detection efficiency,
for the energy>range under consideration. Secondly, a low neutron
and gamma ray response was preferable, to minimise background
contributions. Finally, a fast response time for nanosecond

timing was essential.

Of the detectors available, two were considered to closely
fulfil the above requirements. These were the plastic scintillator
detectors and the solid state detectors. Both were considered
and a choice was made based upon the relative characteristics of

each, discussed below.

In the process of manufacture of Si(Li) detectors, Li is
drifted under the influence of heat and an electric field, into
a p-type silicon extrinsic semi-conductor. The result is a
§f depletion or detection region in a PN junction which is of
relatively small volume. For this reason, the response of the
~ detector to neutrons and gamma rays is low. Furthermore, the
fast response time (=Ins) is also ensured with a small detection
region.  The alpha particles would be detected with 100%
efficiency, as they are doubly charged and heavily jonised.
However, the Si(Li) detector is susceptible to radiation damage.
Using the data from Ref.(24) a 3.5MeV alpha source of 107
; particles per second at 90mm from the detector, results in a

lifetime of only 280 hours, before the junction needs redrifting.



For the Tatter reason, an NE102A plastic scintillator was

used in present work. The scintillator wés comprised of low Z
elements and was readily available in thin sheets, so that the
neutron gamma response was low. The decay time of the scintill-
~ator was =2Zns which was sufficient for present purposes. The
main advantage' arose from its resistance to radiation damage.
According to ref. (25) for a 3.5MeV alpha source, under the
conditions quoted above for the Si(Li) detector, the expected
lifetime for which the efficiency falls by half its original

value is 6 x 10%hours.

3.2.1 Design of the alpha detector

The range of 3.5MeV alpha particles in NE102A plastic
scintillator, is quoted by the manufacturers as 0.025mm. In
the present application, the chosen thickness was 0.5mm to ensure
100% efficiency. To avoid housing the detector inside the
vacuum chamber, the scintillator was coupled to a 56 AVP phot-
multiplier tube via an air tight perspex light pipe, similar to

that of 0'Nei11@9.

Tt was also necessary to shield the detector from both,
scattered deuterons at 90° to the incident beam and 8 radiation
from the build up of activity of the target. The main source of
activity arose from beta particles, emitted in the decay of
tritium with a half 1ife of 12.3 years. The maximum kinetic
energy of which was 18.6KeV and using Marion et al.@7) the range

of such beta's 1in 25A1 was 0.002mm.



Deuterons of energy 200KeV have a range of 0.52mgcm 2
or 0.002mm in aluminium.  The latter result being calculated by
scaling proton data of Wha1ing@® in which, protons of 100KeV

were reported to have a range of 0.26mgem 2 in aluminium.

The chosen thickness of aluminium foil was 0.0044mm
which stopped all sources of radiation quoted above. The foil
was pTaced over the face of and in contact with, the NE-102A
scintillator.  The range of 3.5MeV alpha particles in aluminium
was taken from the data of wha1ingG“§ to be 0.017mm and hence

easily passed through the foil.

The angle of acceptance of the alpha detector was
defined by an aperture of dimensions 1.09 x 1.8%cm. With the
detector placed at 90°mm from the target, the latter gave rise
to an angular spread in the.neutron beam, defined by a half angle

of 6° in the vertical plane and 3.5° in the horizontal plane.



3.3 The Gamma ray Detector

Of the detectors available for gamma ray spectroscopy, the

two most widely used are the NaI(T1) scintillation detector and
the Ge(Li) solid state detector. The properties of these are

discussed below.

Ge(Li) detectors are manufactured by diffusing Lithium

- into p-type germanium, at a temperature of about 50°C and an
applied electric field. The resulting PN-junction is reverse
biased using a typical operating voltage of 3kV. The detectioﬁ
region is the depletion region between the N- and P-type mater-
ials. Any ions formed here, by the incident radiation, are
quickly swept away and the resulting signal collected across a
large resistor (typically 10MQ) and amplified. Because of this
method of detection, the Ge(Li) detector exhibits a very high
resolution and is the main advantage in using this detector. In
genera],-for the 0.662MeV photopeak from thelgzs source, the
resolution is 0.5% for a 30cm® detection volume. As is shown

in the diagram from ref. (29) overleaf, the resolution oflthe Ge(L1i)
detector is about 20 times better than that for NaI(T1). The
main Timitation in the energy resolution is due to the fluctuation
in the production of ion pairs in the depletion region, resulting
in the so-called Fano factor. The Fano factor is defined as the
ratio of the number of jon pairs produced per MeV of radiation

to the mean sguare of the variance in yield per MeV of radiation.

The full width at half maximum is then given by

FWHM = 2.35/cEF (1 Me)
F = Fano factor ¢ = average number of volts
E = Energy of incident gamma ray required to produce an ion

pair
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Since the detection region is small then it is inherent that

the response time is also very good (=20ns). In fact, the
smaller the depletion region the better the response time.
However, a trade off between efficiency and response time must

meet somewhere along the line.

The Ge(Li) detector responds to both slow and fast neutrons.
For slow neutrons, below 0.5MeV, the main reaction is (n,y) in
Ge = 2.45 barns/nucleus according to ref.(30). There are
three isotopes of Ge: 7%e (20.6%) , wée (36.5%) aﬁd WEe (7.7%).
In radiative capture the isotope 7%e (nsy) cross-éection is 0.06
barns/nucleus and gives activated 7Ee which decays by electron-
capture with a half 1ife of 11 days. The main activity results
from 7Ee (n,y) with a cross-section of 0.16 barns/nucleus and

75 , -
Ge the product nucleus which decays by 8 emission with a half

1ife of 85 mins.

To summarise the main reaction caused by fast neutrons in
the 0.5-20MeV energy range, Ge contains many closely packed
levels and because of this, many gamma rays of different energies

are emitted. The main reactions in this region are (n,a),

. h,n'y), (n,2n) and (n:p)'

The (n,a) and (n,p) produce unstable products resulting in
activity from the nuclei 7%a, 7Ea and Téa. These all decay
initially by 8~ emission followed by gamma ray emission with half
lives of 21 mins, 14 mins and 8 mins respectively.

For the (n,c) reaction 697_“and Zin are the product nuclei

which decay by 8 emission with half lives of 5.5mins and 2.5

mins respectively.



Scattering of recoil protons also occurs but this is not a

major problem.

The main problems with using a Ge(Li) detector are, firstly,
because of the sméT] energy gap in the band strﬁcture of the
junction, it i5 necessary to keep it at liquid nitrogen tempera-
tures all the time (77K). Also the detector has an inherently
Tow efficiency, because of the small detection region employed.
Finally, fast neutrons produce damage in the crystal structure,
i.e. displacement of atoms from their equilibrium position,
lTeaving vacancies and interstitial atoms. The result, after a
period of time the crystal loses its efficienéy and needs re-
'drifting. The ORTET specification of maximum exposure is 108n/
cm?.  This means that with 50 neutrons per second incident on the
Jjunction over a flight path of 50cm, accounting for a 10% loss ‘
in intensity due to shielding, the expeéted Tifetime would be 200

hours and redrifting is expensive and uneconomical.

The NaI(T1) gamma ray detector is a scintillator device
which also relies upon doping for improved efficiency. \ When the
photons are incident upon the Nal{Tl) crystal, the effect is to
remove electrons from the valence band and place them in the
conduction band. On de-excitation, the electrons release
photons. The effect of thallium is to introduce an impurity
1e9e1 half-way between the éonduction band and the valence and
this effectively doubles light output when the electron returns

to the valence band.

The actual Nal(T1) crystal itself if hygroscopic and
delique scent and hence must be stored in a vacuum. For this

reason it is unsuited to particle detection. A typical photon



output per MeV of radiation is about 20,000 photons. This

however, depends upon factors such as doping, uniformity and

optical transference properties.

To amplify the signal obtained fromAthe NaI(T1) scintilla-
tor, a photomultiplier tube is used. The photons produced
impinge onto a photo-cathode, which is coated with a photo-
electric material such as SbCsO. The latter converts photons_inte
electrons with an efficiency which is typically 10 percent.

The resultant photo-electrons producéd by the photo cathode are~
then accelerated through a series of dynodes. Each dynode, made
from a material such as Be Cu, multiplies the number of electrons
by a factor of about six at each stage. The-voltage per stage

is typically 150V. At the final stage of the photomultiplier
tube, the resultant signal is collected at the anode. The

signal is taken across a large resistor and sent to an amplifier
via a decoupling capacitor. In general the gain of the amplifier

obeys GaV" where n = 8 for a 14 stage tube.

NaI(T1) can be manufactured as very dense crystals (p =
3670kgm 3 ) and since 12G has such a large atomic number then, as
a gamma ray detector, the efficiency will be high, since gamma
ray absorption in matter depends upon these properties. Another
tfactor contributing towards a high efficiency is the fact that the
NaI(T1) crystal can be manufactured in relatively large bulk

size. Typical detection volume would be 3" x 3" diameter crystal.

The resolution of the detactor depends upon the following

main factors:

1) Excitatien and ionisation aleng the frack of the

radiation within the crystal



conversion of the energy of excitation into light
enerqy by fluourescence

111)  transfer of light through the crystal and onto the
photocathode of the photomultiplier tube

iv)  absorption of light at the photocathode with emission
of photv-electrons

v) electron muitiplication at successive dynodes of the
photomultiplier tube.

For gamma ray energies above a few KeV the resolution
varies according to the inverse of the square rgot of the gamma

ray energy according to:

AE 2 B

<_E—) = A+ /E
where
tE = Full width at half maximum of the photopeak
£ = Energy of gamma ray incident on detector

A and B are constants

A further broadening of the full width at half maximum has
been reported by Zerby et a].(aw. In this work it has been
shown that a further non-Tinear response must be taken into.

account and the true equation for energy resolution should be:

AE, 2 _ . . B -
(T_') = A+ /E * X(C)
where X(E) = R%

R = The effective intrinsic line width, as it is termed,

r—4

. . 2\ ,
and is given by R, = (R2 - RE )%, where

R = The full width at half maximum of the total absorption
peak, and

p = Full width at half maximum cue to the photomultiplier



tube alone as investigated in ref 3%%7where they found
Rp = 4% for the 0.662MeV peak from Cs.

For both the references, the results indicate that in general,
the lower the incident gamma ray energy the greater the effect of
intrinsic broadening. For a line width resolution of~7.8%.from
137C5'spectrum, 4.9% is the contribution from the photomultiplier
tube, 4.6% from transfer process and 4% from intrinsic broadening.
The origin of intrinsic broadening is believed to be concerned
with the pfobabi]ity of formation of an energy carrier, depending

on the specific loss of energy of the incident photon.

The response time of the crystal is governed by both the
activator, thallium and the temperature. The general expression

giving the number of phofons per unit time produced in the crystal

is:
n(t) = [exp (%) - exp (?)}
D R R
N = Number of photons emitted in the scintillator
AR = rise time constant
A = dead time decay constant

Of the latter constants, the most important is the decay time
.constant which has a typical value of-z 0.34us (i.e. large
compared with Ap ~ 60ns) as quoted from Eby(Bﬁ and Niého]son et
a1.@“>. Tnis value is large compared with the Ge(Li) detector,

but with fast electronics this problem can be overcome.

The neutron response of the NaI(T1) crystal is governed by

four main reaction types:




Radiative capture (n,y)

ii) Inelastic scattering (n,n'y)

i11)  Charged particle emission (n,a) (n,p)

iv)  (n.2n) reactions.

The slow neutron response occurs in the energy range 0.leV-
0.5MeV. Cross-sections for this region are typically (from

Barnb Jok(sg):

Cross-section tabu]ation for constitutent elements

in Nal(T1):

ELEMENT ENERGY
0.025eV 0.1MeV
23Na 0.525 barn/nucleus 1.3 barns/nucleus
127I 7.0 barn/nucleus 0.43 barns/nucleus
T 3.5 barn/nucleus -

128
The major effect is that of 1271 which becomes I on capture

of a neutron. The spectrum for this reaction is continuous with

a max. pulse neight at 6.71 MeV which is the binding energy of a
128 :

neutron in I. The sodium accounts for less than 10% of these

reactions.

Capture of neutrons results in a build up of activity in the
crystal which comes mainly from the beta decay of 1281 to !28Xe.
This reaches saturation in approximately three half lives = 75 mins.
It has also been shown that (n,y) reactions are significant only up
to 1MeV neutron energies. Studies of f,n'y) made by Loef et aT.(sa
in the energy range 0.52 to 3.15MeV reveal further build up of

- activity mainly due toc 1271.




More significantly, at higher neutron:eqekgies in the 14MeV
region, (n,2n) reactions dominate along wi th (nsa) and (h,p)
reactions. Cross-section for the respective reactions are

taken from the barn book(39; (En = 14.5MeV)

ELEMENT (n,2n) (nsa) (n,sp)
127
I 1.3 barn/nucl.| Imb/nucl. {230mb/nucl.
23
Na 20mb/nucl. 180mb/nucl.] 38mb/nucl.

Long Tived activity is induced by these reactions. For
example, the 1127 (n,2n) reaction produces I1'26 which decays to
tel26 by g8 emission and g~ emission to Xel26 with half life of

13 days. Long half 1lives as such cause a slow build up of
activity in the crystal, however, the crystal has an excellent
resistance to radiation damage and hence does not, as in the
case of Ge(Li) detectors require returning to the manufacturers

at regular intervals.

For the present work the NaI(y1) detector was employed.
The main reasons for this choice 1ie in the relatively high
efficiency of this detector as opposed to the Ge(Li) detector
(i.e. about a factor of five between the efficiency of a 30cm?
Ge(Li) detector and a 3 x 3 NaI(71) detector). Since in the
present application the gamma ray cross-sections are in the
millibarn region, then high efficiency was essential for real-
istic spectra accumulation times. Furthermore, high resolution
was not an essential priority for the work to be undertaken here
and in view of this fact, the inherently high resolution of the
Ge(Li) detector was not needed. Finally in using the Nal(t1)

detector, the efficiency remains constant throughout the work,




owing to its durability in withstanding neutron radiation damage.

3.3.1 Descripticn of detector

The NaI(T1) scintillator used was a Nuclear Enterprises
76.2 x 76.2mm crystal. This was coupled to a 56AVP photomulti-
plier tube via a perspex light pipe. The quoted time spread
for the tube was <0.5ns. Its construction consisted of a 14
stage dynode chain in which equal voltages were applied to the
first fiye dynodes and increasing voltages to the last nine.
Parallel fed capacitors were used across the last four stages
in order to stabilise the dynode potential as recommended by

manufacturer (see diagram - Figure 3.4).

A Mu-metal shield was incorporated to shield the
dynodes from the effect of the earths magnetic field. It has
been shown in Engstrom et a].(sﬁ and Conner et a].es) that
variations in even weak magnetic fields, produce changes in gain
of the photomultiplier tube. Sin;e the detector used in this
work was not fixed with respect to the earth's magnetic field,

then shielding was essential.

The operating voltage was typically 1800 volts (-ve)
with a dynode chain current of typically ~2.7mA. Two signals
were taken, from the anode to supply the timing line and the
second, from the 13th dynode of the photomultiplier tube, via

a 500 resistor, for the energy line.
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3.3.2 Efficiency of the gamma ray défééfb}

Unlike other scintillators, NaI(T1) can be made very

accurately, such that the variation in properties of similar
volumes of crystal, is very low. As a result of this, there is
much literature available on the pfoperties of standard sizad
NaI(TT) detectors(3@ (+0) from which efficfency measurements may

be compared.

There are a number of ways of defining efficiency of which

the two most general definitions are:

1. The absolute total gamma ray efficiency eAbs(Ey)

No. of pulses recorded (Total area under pulse
height)
NO. OT radiation quanta emitted by source

©Abs

2. The intrinsic total gamma ray detection efficiency eInt(Ey)

Number of pulses recorded

eInt(Ey)=
No. of radiation quanta incident on detector

Both of the above efficiencies depend upon the detector

properties and geometry. They are related by the equation:

dr
elnt = EAbS m
A = solid angle subtended by the detector at the .gamma ray

source.

In gamma ray spectroscopy however, because of Compton
degradation and absorption within the detector, it is more

useful to define two similar efficiencies, that are related

directly to the photopeak ¢f the pulse height spectrum:



Number of full energy eVeﬁig in;photogedk
Number of quanta emitted by source =

i) ep-abs

Number of full energy events in photopeak
Number oT radiation quanta incident on the
detector

1]

i)  ep-int

To measure the efficiency of the NaI(T1) detector experi-
mentally, it is necessary to define another factor called the peak

to total ratio:

ep-abs

€Abs

‘ 137
The latter was determined for the 0.662MeV peak from Cs and

the 1.28MeV peak for “Na source. In both cases the results agreed
0

to within 3% of other workers Conne]oa), Heath(£>, A]-sha]abi(L+ ).

Figure3.5shows the overall agreement, between results for the peak

to total ratio.

The total gamma ray efficiency eans (Ey) was calculated using
the product of the fraction of incident gamma rays penetrating
the detector window and the fraction of interactions within the

crystal:

“ts(ey) = exa(-upky) [1 - exp(-ux )]

The entrance window was made of aluminium with a thickness
XA quoted as 280mg/cm? by the manufacturers. Ko was taken as
76.2mm, the crystal thickness. The total linear absorption
coefficients Ha and He for aluminium and Nal respectively were

taken from Ref (41).

The density of the Nal{T1) crystal was quoted as 3760Kgm 3

by manufacturers and was necessary in calculatingthe total linear




absorption coefficient from the tabulated total Mass absorption
coefficients. The actual peak efficiency was then found using

the values of Figure 3.5 and the equation:

ED"AbS = XEA“bS"

Figure 3.6 shows the overall photopeak efficiencies.
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3.4 Shielding of the Nal(T1) detector

Construction of the NalI(T1) detector shield has been
described in detail by Conne1(qa. Briefly, the design of any
such shield, where closed geometry is being used, should take

into account the following important properties:

i) Moderation of fast neutrons
ii)  Absorption of subsequently moderated slow neutrons

iii)  Absorption of secondary gamma radiation.

The actual shield used is shown in Figure (3.7) and consists
of three concentric cylinders designed to achieve the considerations
outlined above. The fast neutrons were moderated with paraffin
wax, whose chemical formula was of the form Cn Han+2.  The main
source of energy loss here, was elastic scattering from the
hydrogen atoms. Gamma rays of energy 4.43MeV were emitted by
inelastic scattering to excite the carbon nuclei. However, the
cross-section for this reaction was very Tow compared to that of
elastic scattering. A further source of gamma rays produced in
the paraffin wax, was due to thermal neutron capture of hydrogen
emitting 2.23MeV gamma rays. Absorption of subsequently modera-
ted neutrons was achieved using a layer of boric oxide. The
boron has a thermal neutron cross-section of about 3800 barns/
nucleus, varying as the inverse of velocity of the neutron, to
6 barns/nucleus at 10“eV. The main absorpticn reaction was due

to (n,a) and the product nucleus gLi gave a 0.474MeV gamma ray.

A1l secondary gamma rays were then absorbed in the lead
shield layer. Lead is ideal for this purpose, since it has a

high density and high atomic number.
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3.5 Description of the Electronics

The electronic system is summarised in Figure 3.8. The
spectrometer relies upon time of flight coincidence gating, to
separate neutrons from gamma rays. Negative pulses from the
anodes of botﬁ the gamma ray detector and the alpha detector
supply the time of flight circuit which will be discussed in
section 3.5.1. The time of flight circuit provides pulses to
open the Tinear gate oh]y when a gamma ray arrives along the linear
line. The signal for the linear line is taken from.the 13th
dynode of the 56 AVP photomultiplier tube. These positive
pulses then pass through an ORTEC 113 all transistor amplifier,
which has a high input impedance (~IM@) and a variable output
impedance. Since the gamma ray detector was placed in a separate
room to the control room and electronic apparatus, the variable
output impedance of the preamp, was used to match the lengthy
(~10m) coaxial cable, to the rest of the circuit. This was
achieved by setting the output impedance to 50%, which was the
nominal impedénce of the cable. Since the pre-amp was non-
inverting with a gain of unity, .output pulses were amplified
and shaped using an ORTEC-485 linear amplifier. This provided
approximately Gaussian shaped positive pulses to the Tinear delay.
The linear delay was also a non-inverting amplifier with a gain
of unity (Nuclear enterprises) and was used to egualise the delay
time in both, linear line and time of flight line, so that gamma
rays arrived at the linear gate (ORTEC-426) at the same time as it
Qas opened by the timing circuit. Resulting gamma ray spectrea

were accumulated in a 100 channel TMC pulse height analyser.
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3.5.1

Time of flight electronics

The time of flight technique employed here is similar

to that in refs. 4 and 5. Nanosecond timing resolution is
essential since in general, the time difference between a gamma
ray and neutron of energy E MeV over a flight path D metres is

given by:

st = 72.3EF “ip-opse
C = Velocity of light.

The formula shows that for a 14MeV neutron over a flight

path of 85cm, At will be about l6éns.

The diagram overleaf (Figure 3.9) shows the electronics
used to obtain this kind of fast timing resolution. A reference
signal was obtained from the a-particles associated with the
production of neutrons in the T(d,n) qu reaction. The resultant
negative pulses, produced at the anode of the photomultiplier tube,
were passed to a very fast 100MHz ORTEC 436 amplifier. The input
impedance of this amplifier served to match the coaxial cable to
the circuit, with a variable discrimination level between 50mV and
500 mV. The discrimination level for the alpha pulses was set
using the circuit shown in Figure 3.10. The resultant spectrum is
shown in Figure 3.11 for-the discriminator set at 125mV. | Nega-
tive pulses from the 100MHz discriminator were then passed through
an ORTEC 416A gate and delay generator, the purpose of which was
to delay the alpha pulses with respect to the heutrons and gamma
pulses. The output consisted of very fast negative logic pulses
with rise times of < 10ns and widths of abou{ 25ns. These pulses

were then sent to the start input of a Nuclear Enterprises time
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to pulse height converter.

The gamma ray-neutron pulses were also negative, being taken
from the anode of the 56 AVP photomultiplier tube of the gamma
detector. These pulses were fed to an ORTEC 463 constant
fraction discriminator which again had an input inpedance of 500
for matching.  This unit provided a negative logic pulse for each
input pulse. Basically, the input pulse was used to charge a
capacitor circuit such that a constant fraction of the total
charge, depending on the discriminator setting, would be drawn

o*f and the logic pulse produced would be proportional to this.

Discrimination by this method in timing circuits has the advantage
that it overcomes the problem of "time walk". This problem will
occur when timing from the leading edges of different sized

pulses, as illustrated in the following diagram:

| 47| TIME |
1 [ Ka
| |
: DISCRIMINATION
VOLTAGE i LEJEL

As can be seen, the discriminator level setting introduces
the uncertainty AT known as time walk. The constant fraction
discriminator overcomes this probiem, since it considers only a

set fraction of the charge produced by the pulses.

The difference in time between the neutron-gamma pulses and

the alpha pulses were converted to voltage differences by the




Nuclear enterprises time to pulse height conve%ter. The output

was sent to a 100 channel TMC pulse height analyser. Figure

3.12 shows the pulse spectrum for the direct neutron beam at 0°
and gives a full width half maximum ofiBJ%us. A F{gure 3.13
illustrates a typical time spectrum, the resolution of tﬁe gamma
peak being.f3ﬁs for a Scm thick LiF sample with the detector at
45°;  The time spectrum also illustrates, how the electronic
window of the single channel analyser may be-set, to allow only
gamma signals to open the gate of the full electronic circuit

of Figure 3.8.

3.5.2 Calibration of linear line

Calibration of the linear line was achieved using standard
gamma ray sources and the ~ircuit shown over]eéf. As can be seen,
puises from the BNC pulse generator were ﬁsed to simulate tﬁose
being produced in the actual experiment. The standard sources

used are tabulated:

SOURCE ENERGY (MeV)
137
Cs 0.66",
60 .
Co 1.17
| 1.33
22Na 0.511
1.28
2L”Am/gBe 4.43

o/

The calibration was found to be linear to within = 1%.
During this process the constant fraction discriminator Tevel was

22
set to 50mV using the 0.517MeV peak from Na as a reference.
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CHAPTER 4

EXPERIMENTAL PROCEDURE AND RESULTS



Experimental Procedure

At the beginning of each run it was necessary to switch on
all E.H.T. supplies and electronics, for a period of about one hour,
to stabilise before any calibration could be made. The S.A.M.E.S.
accelerator was also allowed to stabilise so as to produce a

constant beam current before each run.

Initially the gamma ray detector was arranged at 0° with
no sample in position, and hence the direct neutron beam could bé
found. using the time of flight circuit. The gate and delay
generator were varied to position the neutron peak in about channel
number 50 of the 100 channel TMC pulse height analyser. The
gamma detector was then moved to 30° scattering angle, for the
same flight path (=85cm) and a sample placed on the sample stand.
A time spectrum could then be accumulated and the single channel
analyser wfndow set to allow only the gamma ray pulses through

the time of flight circuit.

A schematic diagram (Figure 4.1) illustrates the overall
laboratory arrangemeht. Samples were positioned between 25cm and
10cm from the neutron source, for angles between 30° and 90°
respectively. These distances were chosen according to how
afficiently the shadow bar could be used to shield the detector
from the direct neutron source background. In each case the
shadow bar was arranged such that, the whole sample was in view
through the detector collimator, yet, the tritium target could not

be seen, thus preventing any unscattered beam entering the detector.

The next stage was to calibrate the linear line using

standard sources in the way described in Section (3.5.2).
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During operation the S.A.M.E.S. accelerator was arranged to
give a constant incident beam of 60 000 neutrons per sec. A
gamma ray spectrum was obtained by accumulating for a preset
incident neutron count, with the sample in position and then,
using the subtraction mode of the TMC analyser, the random
background was subtracted for the same counts with no sample in
position.  Since the overall random background in the laboratory
increased throughout the day, due to a build up in activity, it
was found best to accumulate and subtract in approximately half
hour intervals throughout the day.' For the case of Tithium
samples, empty aluminium containers were used for the subtraction

mode.

It was important to keep the beam constant because the back-
ground flux depends upon random coincidence of background detected
by the gamma ray detector and the alpha pulses. The background
B, is thus proportional to the product of background flux. and
alpha particle count rate. Both the latter are proportional

to the incident neutron flux No, thus
BaNS

since the latter is not a linear relationship the beam must be
held at a constant level forboth accumulation and subtraction

modes so that a true integrated flux may be estimated.

o

W

e
Rmu
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4.2 Differential Cross-section Measurement

In general for a sample of thickness b, with an incident
neutron flux No, the total flux of scattered particles is given
by:

CTOTAL FLUX = No (1 - e7ZP)

where I = Total macroscopic cross-section

zb

(1 - e °) = Fraction of incident particles interacting.

The total gamma ray yield is then given by multiplying by the

fraction of scattered particles that yield gamma rays of

interest
6 = No (1-e20) clny)
°7
o1 = Total cross-section
o{nn'y) = Cross-section for gamma ray production.

To find the yield of gamma réys y(8) scattered into a
specific so0lid angle, the formula can be made to include the

differential cross=-section:

T
Q

y(e) = Mo (1-e) 1 g‘;i‘% &

If the integral is over only a very small solid angle aQ, then
do AQ

the integral may be replaced by the product = . Rearranging
the formula gives:
ds un'y) | y(8)ot e AT
de = To (T - exp(-b))aq

For practical purposes a number of correction factors have to be

included and these are discussed below.
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4.2.1 Gamma ray self absorption factor

Although y(8) is the actual number of gamma rays produéed

i ample, for inci . .
in the sample, an incident neutron flux No, a fraction of these

will be self absorbed. To calculate this fraction, consider the
diagram overleaf.  The fraction of gamma rays absorbed in element

dx at an angle 8 is given by:

dS(6,E,x) = exp(-ul) dx
=
u = Gamma ray absorption coefficient
from the diagram:
1 = X
cos 8 . 1 b A
T S(8,E,x) = = S exp (-ux/coS g) dx
0
. Cos 8 T b
S(O,E,X) = _1;5—_ ,-.l - EXD('lé‘aSe )J

By a similar argument, for angles greater than 6 we have:

S(e'E,X) = sin 6 _ _ n
S [ee  fs))]
where
5, = tan? (4
M 75

For a compound such as LiF then:

b e
-

(l:-) = Wy (-p}—)

Where p is the density of the compount ana Wi is the proportion

L - L. " F iF:
by weight of an element in a compound. Thus for L1
19 /-
(LY o+ Cr
sz (F)

“/ ) values were found from refs.ié and 1¢.
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4.2.2 Geometry factor correction

The neutron beam has a finite size, being defined by the
aperture of the alpha particle detector. From the target the
beam has a 6° half angle in the vertical plane and a 3.5° half

angle in the horizontal plane. The effect of this is to give

~an extended gamma ray source within the sample. Since the

neutron beam is highly forward peaked, then as a weighted fraction,
the effective area A emitting gamma rays in the direction of the
detector, will depend mainly on the defined neutron beam.

Because of the collimation and finite area of the detector face,
then %or large samples a correction factor had to be made to take
into account the fact that, all the gamma rays leaving the

sample at a specific angle, did not enter the detector. This
factor was calculated by determining the effective area of sample
emitting gamma rays in the plane of the detector, in the direction
of the detector and dividing this by the area of the detector
face, Ad:

-

Figure 4.3 illustrates how AF is found and hence the
geometry factor calculated either by scale drawing or trigono-
metry. A programme in B.A.S.I.C. Tanguage is given in the appendix

1 for calculation of this factor by trigonometry.

4.2.3  Efficiency of the detector

Since the gamma ray detector is not 100% efficient in

detecting gamma rays, a correction must be made to the measured

counts P(s). The efficiency of the detector was discussed in
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section (3.3.2). In the case of the Jead cross-section measure-
ments an average efficiency over an e€nergy range was determined

The average value was found using Figure3.gand the following

formuia:
1=En
[ = 51.
I=E&
(En = Ek)
where:

Average efficiency between energy Ek and En

o
fl

™
|

i = 1th value of efficiency taken between limits E, and En

of efficiency curve.

The formula was easily evaluated using a P.E.T. Commodore computer

for the energy ranges required.

4.2.4 Background correction factor F,

The neutron flux is determined by counting the associated
alpha particles from the T(dn)a reaction. However, the measured
counts have to be corrected for both prompt and activation back-

ground resulting from the excitation of the target assembly materials.

The gamma ray spectrum for the activation background has
been investigated by Conne11(“$ who found photopeaks of energies
0.511, 0.85, 1.81 and 2.12MeV. The main target material

constituents are Cu, Zn and Fe and the most probable reaction

‘Producing the last three photopeaks is:

s BT m_*

Fre (n,p) M > Fe




The (n,p) reaction has a cross-section of 110mb for 14MeV
neutrons and a half 1ife of 2.6hours. However, the gamma rays

are produced by subsequent decay'of the iron.

The 0.51MeV peak was found to have a half 1ife of 10mins.
and was due toxannihilation radiation produced by positron
emission in the following reaction:

B+

83Cu (n,2n)62 Cy - 82N,

The cross-section for this reaction is high being 550mb.

The correction due to activation background was measured
experimentally by monitoring the background throughout the day of a
typical run. When the deuteron beam is switched off, the count
rate from the alpha detector may be observed, from which it has
been found that on average the correction factor is 0.5%. To
allow the activation background to reach saturation the machine
was allowed to stabilise for a period of about 60mins before each

run.

The main correction factor to the neutron flux, was due to
fast neutron background, the main source of which was neutrons
being scattered at 90° to the incident deuteron beam. This
was also measured experimentally by running the machine to give
a8 constant 60 OOO'a1pha‘s per second and counting for a preset
time.  This process was then repeated by replacing the alpha
detector aperture plate with a solid 1mm thick aluminium plate.

The range of 3.5MeV alpha particles in aluminium was given by

Whaﬁngc+3> to be 0.017mm and hence all alpha particles would be

? Stopped by the Tmm plate. The resulting counts could then be

ONly due +n fact nanirane and prompt gamma rays which penetrate




the aluminium. In this way, the tota] correction factor for

background was found to be: F1 = 0.945 + 0.005.

4.2.5  Neutron absorption in the target assembly

Neutrons produced in the target pass through -2.5mm to =
0.03mm of steel and 1.3mm = 0.03mm of water, according to target
manufacturers data, before hitting the actual sample. A correc-
tion factor Fy must be made using cross-section data supplied by

4
K.A. Conne11( 3 for 14MeV neutrons:

IRON o o = 2.32 barns z 0.05
OXYGEN o = 1.52 barns = 0.05
HYDROGEN o = 0.64 barns = 0.05%

The correction factor was then found using the formula:

Fo = exp [-ZFE XFe - XHzo (zH + EO)]

where
ZF = facroscopic cross-section for iron
e
Iy = Macroscepic cross-section for hydrogen
Zo = Macroscopic cross-section for oxygen

X = Thickness, vwith subscript giving chemical symbols

as for latter.

[8)]

.

From this the correction was F, = 0.53% = 0.00

The Jatter i1lustrates the final correction to the cross-
saction formula 1 and differentizl cross-sections were found from
the new form:

dr . Vo
9 No (1-exp(-zb}jan S(&,E,x) FiFze

L




4.3 Measurement of P(s)

Typical gamma ray spectra may contain many photopeaks due
to the de-excitation of levels within a target nucleus. The
complexity of the spectrum, will depend upon the target nucleus
level density and the energy of excitation of the incident
nucleon. Because of the interaction of gamma rays in matter,
each de-excitation will produce a photopeak containing an assoc-
jated continuous Compton background and maybe two escape peaks,
depending on the size of the Nal(T1) crystal and the incident
gamma ray energy. There are a number of methods available for
the analysis of such complicated spectra and these will be discus-

sed below.

Graphical stripping is a popular method of analysing such
spectra. This method requires the use of a catalogue of standard
mono peak gamma ray sources, to obtain the reéponse of the detector,
for each gamma ray in the spectrum. By starting at the high
energy end of the spectrum, the standard source shape may be
fitted as shown in Figure 4.4a. In doing this, the associated
counts and background may be estimated in the highest energy peak
and this contribution subtracted, as shown in Figure 4.4b. In
this manner, the spectrum may be unfolded and each peak analysed.
The main problem with this method, is that it depends strongly
on the resolution of the detector. Very often, peaks in a complex
spectrum will be unresolved, making the fitting process difficult.

Furthermore, an extensive catalogue of standard sources is neces-

sary and this is not usually available.

Another, more subjective method, involves estimating the

y

L
background by eye. This method 1is reported by Abbandano et a]§
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and uses the fact that, the sum of Compton backgrounds for a
complex spectrum, forms an exponentially shaped background.

The background line is drawn in using the valleys of the photo-
peaks as a guide and the counts above this 1ine are then easily
estimated. The main problem with this method, is thét 1£
depends heavily on the individual skill and integrity of the
analyst. For this reason it was decided to use a less subjec-

tive method for present work.

There are many computing methods available for unfolding
spectra.  Such methods have been reported by Heath<“$, Heath et
ai.@e) and Bergere+a. In general, these methods can be made fo
give high accuracy, for spectra with well resolved peaks.
However, the complexity of the computer programmes 1nvo1ved;
depends heavily upon the complexity of the spectrum under analysis,
Furthermore, the accuracy of the fitting procedures employed,

depends upon the resolution of the spectrometer.

For complicated spectra in which peaks are well resolved,
a method due tc Covedl(u@ may be employed. A known fraction of
the photopeak of interest, is compared with the same fraction of
the photopeak, for a standard source of the same gamma energy.
(See Figures 4.5a and 4.5b). Taking the same number of channels
either side of a, for the experimental and standard spectrum

cases, one obtains the same fractional area. Both Ay or A, may

be calculated using the equation:

n n
A, = ao + T An + I bn -.(n+§)(an+bn)
n=1 n=1

since the area A, bears a constant proportionality to the full

area under the peak then:



Gamma ray source emission rate in disintegrations per second

Efficiency of detector for the standard source photopeak
energy

Time of accumulation of the standard source spectrum

Solid angle subtended by the detector at the source.

By the same reasoning, the counts P(8), in the photopeak under

analysis, will also bear a constant relationship to the fraction A;:

P(@) o A

dividing the latter equations out gives:

A further correction factor may be included if the source available,

does not correspond exactly, to the energy of the photopeak under

analysis.

It can be shown that if the spectrum to be analysed

has a peak energy E; and the standard source E,, then the areas A,

and A, will be normalised by multiplying by the ratios of the full

width at half maxima, hence:

P(e) = Ay Wp Gptrez &

A2 wl 4

ratio of F.W.H.M. for standard source to that of peak in
experimental spectrum.

Covell's method relies only upon the digital data output from

the pulse height analyser and hence gives an objective method of
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spectrum analysis.  Furthermore, in the case of LiF spectra,

the 1ithium peak is well resolved from the 1MeV peaks froem fluorine,
making 1t an ideal method of analysis for present work. A1l the
parameters in equation (4.1) were readily calculated using a
standardls%s source to compare the 0.662MeV standard photopeak to
the 0.478MeV peak in the LiF spectra. The (Wz) facﬁor was deter-
mined using the fact that, the square of the réso1ution of a NaI(T1)
detector, is very nearly proportional to the inverse of the energy
above about 400KeV, as reported by C.D. Zerby et aT.GZJ Standard

137 2 o
sources Cs, Na and Co were used to verify this fact.

In heavy nuclei such as Lead, the nuclear level density is
very high and consequently, when excited by 14MeV neutrons, many
gamma rays are emitted. The resulting spectra are very complicated
and mosf of the interlevel decay probabilities cannot be found,
since peaks cannot be resolved. Under such circumstances, it may
be assumed that the spectrum is continuous and an attempt made to

determine the total gamma ray production in set energy intervals.

‘The ﬁethod of analysis of such spectra is based upon graphical
stripping and is {1lustrated at TID by Nellis et a].@%
The continuous distribution to the left of a typical photopeak, is
more or less flat above about 500KeV. It is pdssib]e to establish
an empirical relationship between the height of the combton distri-

bution and the counts per channel in the photopeak using the

following relationship:

a)
o= (2l 6.2
LC
AC = width of photopeak &t base
P(s) = counts in photopeak
ne = average height of distribution to tne left of the

ohctopeak
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K = constant to be determined.

By using the standard sourcesl3Es,22Na,6°Co and 2L+]7ﬂ\m(ou,n)9Be
the value of K was determined and found to be as given in the foll-

owing table:

TABLE 4.1: : .

Tabulation of ENERGY RANGE .

constants for (MeV) K

measurement

of P(9)
0.65 - 1 0.85
1 - 2 0.89
2 - 3 0.95
3 - 4 1.0
4 - 5 1.1

P(6) in egn. (4.2) was found by approximating the photopeak shape
to an isoscdes triangle. Ac was found from where the triangle

cut the abscissa.

The lead spectra were divided into 0.5MeV intervals. The
counts per channel were then estimated in the highest energy interval
and equation (4.2) used to obtain theAheight of the compton
distribution to the left of this region. This background was
then subtracted in é manner analogous to graphical stripping.

The process was repeated until all energy jntervals had been analysed.
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COUNTS

A

> CHANNEL
NUMBER

a. FITTING A STANDARD SHAPE AT THE HIGHEST ENERGY

GAMMA RAY

COUNTS

A




COUNTS
4 a

> CHANNEL
NUMBER

a.  SPECTRUM UNDER ANALYSIS

COUNTS
A

3, CHANNEL
NUMBER

b.  STANDARD SOURCE SPECTRUY

FIGURE 4.5  ILLUSTRATION OF COVELL'S METHOD
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4.4 Experimental Results Section

The following section contains the experimental results

which are both tabulated and illustrated graphically.

The angular distribution data has been fitted to Legendre

polynomials of the form:

%% = Ao+ A 00528 + ALCOS™D tuernvnnn.ns 4.3

This is consistent with the statistical model which predicts
the above equation for reactions of the type A(a,b,y)B. The fitting
procedure and the calculation of error in the coefficient are given

in Appendix 2.

Results showing the variation of differential gamma rays
production cross-section with sample thickness, have been fitted

to an equation of the form:

do doyy do, '
T - ( = - T ) (1 - exp(-sz» Fogg e

where

d; = Di fferential gamma ray production cross-section at a
thickness x

de ' .

Hﬁﬂ = Differential gamma ray production cross-section tor
a theoretically infinitly thick sample

de ‘ .

359 = Differential gamma ray production cross-section for

a theoretically zero thickness sample

i, = Total Macroscopic cross-section




x = sample thickness.

Derivation of the above equation is given in Appendix 3.

The fitted parameters are given in the appropriate tables.

i
i




4.4.1 Interpretation of LiF spectra

Figure 4.6 shows a typical LiF spectrum. The only gamma
ray emitted from ‘Li is due to prompt de-excitation of the 0.478
MeV level shown in the energy level diagram of Figure 4.7, due to
T. Lauritsen et‘a1.(5%' A11 other 7Li energy levels decay directly
by particle emission when excited with 14MeV neutrons. The 0.478MeV
photopeak is the most prominent feature of the LiF spectrum and is
well separated from any gamma ray lines emitted from the Fluorine.
The most probably gamma rays emitted from Fluorine are shown on the
spectrum and have been deduced from the energy level diagram of
Figure 4.8 (ref. (51)). Although 6Li is a natural isotope‘of 11thium,
its abundance is only 7.42% énd no gamma rays due to this were

observed.
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¥ 14.0

12.5

11.713

9.7

7 .48~

6 .59
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URE 4.7

LEVEL STRUCTURE OF “Li

(Ref. 50)
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0.110

s ro- g o
+ '+

FIGURE 4.8 LEVEL STRUCTURE OF 9F (Ref. 51)




SAMPLE THICKNESS DIFFERENTIAL CROSS-
LiE SECTION A 90° FOR
0.478MeV LEVEL IN
YR
(cm) (m.f.p.)
4 0.31 3.1 + 1.0
9 0.77 11.2 + 1.2
13 1.16 14.1 = 1.6
17 1.42 15.9 + 1.8
22 1.8 17.2 + 2.0

FITTING PARAMETERS:

do

do
da

TABLE 4.2

= 19.3

-2 = 4.3

VARIATION OF GAMMA RAY PRODUCTION CROSS-
SECTION OF 7Li WITH THICKNESS OF SAMPLE
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ANGLE DIFFERENTIAL CROSS-SECTION
(DEGREES) FOR 0.478MeV LEVEL IN 714
(mb/st)

30 9.1 =+ 1.2

45 0.1 = 1.4

60 9.1 =+ 1.2

75 9.3 + 1.2

90 9.1 + 1.2

- TABLE 4.3 TABULATED EXPERIMENTAL RESULTS FOR 4ecm THICK

LiF SAMPLE
ANGLE DIFFERENTIAL CROSS-SECE}ON
FOR 0.478MeV LEVEL IN ‘Li
(DEGREES) (mb/st)
30 10.5 =+ 1.4
45 0.8 = 1.4
60 | 11.7 = 1.6
75 1.4 = 1.5
90 11.2 = 1.5

TABLE 4.4 TABULATED EXPERIMENTAL RESULTS FOR 9cm THICK
LiF SAMPLES




— | BT
(mb/st)
30 20.2 + 2.6
45 23.8 + 2.9
60 20,6 =+ 2.8
75 21.4 + 2.5
30 17.2 = 2.1

TABLE 4.5 TABULATED ANGULAR DISTRIBUTION FOR 22cm
LiF SAMPLES




LEGENDRE

SAMPLE THICKNESS

COEFFICIENTS 4em 9cm 22cm
Ao + o 0.2 £+ 2.1 11.3 £ 0.8 18.8 + 5.6
A, *+ «a -1.7 + 5.6 1.3+ 1.5 28.5 15
A, £ oy 3.9+ 7.3 -3.2 + 2.9 ~37.5 £19

TABLE 4.6

LEGENDRE FITTING PARAMETERS FOR LiF ANGULAR DATA
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4.4.2 Discussion of results for LiF

The 0.478 MeV level in 7Li has a threshold of 0.547 MeV
and decays by prompt gamma ray emission directly to the ground
state. The internal conversion coefficient is negligible and
since AJ = 1 with no parity change for'this transition, then
magnetic dipole radiation will be emitted. This type of gamma
radiation is not in general very directional, having such a low
multipoTe moment and since J" = 3~ thenL = 0 for this Tevel and

an isotropic angular distribution would be expected.

In general the results agree with the conclusion as shown in
Figures 4.10 - 4.12. Even as the sample thickness is increased,
the isotropy remains. The fourth order polynomial fitting is

intended for use in interpolating the experimental data.

A1l other published work concerning the Lithium gamma ray
production cross-section assumes isctropy for the 0.478 MeV gamma
ray. Results are only available at 90°.  For comparison, the 4cm
(0.31 mfp) "thinnest" sample used in present work was too thick to
exclude multiple scattering. However, Day(g) has shown that multiple

scattering is negligible below about 0.2 mean free paths. Hence,

by extrapolating the curve of Figure4.9 to 0.2 mfp's a comparison

between present data and other workers may be made. The following

table i1lustrates this:
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4.4,3 Comparison of thin sample gamma ray production
cross-section at 90°

d
REFERENCE & (mb/st)
MORGAN (52) 5.3+ 0.6
ORNL (s3) 8.0 + 1.6
ENDF/B AT. 6.0 + (NO ERROR
416/ (5) " QUOTED)
PRESENT WORK 6.6 + 0.9

In general the results agree with each other to within

the quoted experimental uncertainties.

The results of ORNL(S% seem a little high in comparison
to the average value of 6.5 mb/st. One possible reason, is that
thick samples of LiF were used in this work and although correc-
tions were made for multiple scattering, it is possible that these
were not enough. However, the experimental uncertainty quoted
keeps the result within the range of both the average value and
present work.  The work of Morgan (2 is a little low compared

to the other results. The reason for this is not obvious since the

experimental uncertainty quoted is Tow.

The variation of measured cross-section with sample thickness

s dealt with in the theoretical Chapter 5.
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4.4.4 Interpretation of Lead Spectra

Lead has four isotopes which are listed below along with the

relative abundances of each:

204

Pb 1-4% (2.6 MeV alpha decay Ty = 4.42 x 10Seq)
206 z

22 Pb 23.6

207

25 Pb 22.6%

208

2 5ph 52.3

The known energy levels of the three main isotopes are very
complicated and are shown in Figure 4.13 taken from Ref. (). As a
result of this, when 14MeV neutrons are‘used to excite natural
lead samples, the spectrum of gamma rays contains many unresolved
peaks and this is illustrated in the typical gamma ray spectrum
for a 15cm sample at 90°. The prominant features of this spectrum
are shown in Figure 4.14. The following gives the main decay

modes which result in the gamma rays shown in the spectrum.




5.2

4.62
4,37

3.61

FIGURE 4.13

LEVELS IN LEAD ISOTOPES (R
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ENERGY RANGE
(MeV)

FITTING PARAMETERS (mb/st)

do
a

d
@

0.65

!
p—

60.6
92.2
102.5
-3.46
1.5

146.7

214.4

140
92.9
57.8

TABLE 4.8 FITTING PARAMETERS FOR LEAD SAMPLES
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4,4.5 Discussion of Tead results

The complex energy 1eve1’structure of natural lead makes
a theoretical discussion of results very difficult, since for each
energy group i@ which production Cross-section was measured, there
will be many gamma rays of different multipole moments emitted.
Present work indicates that the result of this is to produce
jsotropic distribution of gamma rays. Anisotropy is observed
in the 4 - 5MeV region and this is perhaps expected since in this
enefgy range there would be fewer mixed gamma rays and the higher
order spins of the Tevels would result in higher order multi-

polarities and thus a more probable anisotropic distribution.

Unfortunately there is very little data available on
gamma ray production cross-section from lead, most of the work
concentrating on the 2.62MeV gamma emitted from de-excitation of

the first level in 2%Pb such as refs. (56)and (57).

Engesser et a1.(s@ has made an attempt to resolve as
many gamma rayé as possible between 0.5 and 2.62MeV and these
results have been summed for each energy region and are shown in

the table that follows along with the work of others.
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IAEEEai;lg ’gompar1son,of data for lead cross-sections

oNERGY RANGE | PRESENT | ENGESSER®Y | scherrer®Y | eneray rane NELLIs )
VeV (mb/st) | (mb/st) | (mbyst) MeV (mb/st)
0.65 -1 | 101 90 - 0.85 - 2.8 | 210
1 o-2 | 130 85 - 2.8 - 4.09 | 27.97
2 -3 ] 18 30 - 4.09 - 5.16 | 13.26
3 -4 28 - -
4 -5 26 - 48

SUM BETHEEN

1-5 MeV 302 334 278

The results of Engesser et a1.(5) are expectantly lower than
present results since only resolvable peaks were measured and summed.
Comparison between present data and other workers is best made by
considering the total gamma production cross-section between 1 and
SMeV in which all results agree with each other to within = 10% of an

average value of 305mb/st.

The effects of multiple scattering will be dealt with in the

next chapter.

Experimental uncertainties

In the formula for-%% section4.3.5 nearly all the quantities

involved are of a statistical nature with errors mainly due to

counting statistics. It is common to evaluate the errors by

ula:
i

adding in quadrature according to the general form
2 2 . 2

%1 : + —-{]- X 100
ERROR (%) = + —‘l—; + -N-; e a e Nn




where o is the experimental] uncertainty in the quantity N
A1l the errors have been calculated in this manner and are

illustrated in the appropriate tables.




CHAPTER 5

METHODS OF ANALYSING MULTIPLE SCATTERING
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5.1 Methods of analysing multiple scattering

In gamma ray production cross-section measurements, as the
sample thickness is increased, the probability of multiple scatter-
ing is also inFreased. The result is an effective increase in
the measured cross-section, due to the extra gamma rays ﬁroduced

by further reactions for a constant neutron flux.

Analysis of how the effective cross-section varies with
thickness of sample is often very difficult because of complicated
geometry and variation of neutron cross-sections with energy and
angle of scatter. Some of the more recent methods will be

discussed below.

In the work by Day(g) using cylindrical geometry, a beam of
neutrons incident along the z-axis is scattered by iron samples of
various thicknesses. Analysis was made by considering the gamma

ray yield from the first and second interactions, given by:

i ~udy gin
Yi = No (1 -8e7) o7
oin Nod cuz _ do (8) (1-e“-”) dVdsﬁ
.Y2=’K2;.—V—.J‘fe n-ah—

where
No = Number of incident neutrons
°T = Total neutron cross-section
sin = Total inelastic scattering cross-section
H = Total neutron attenuation coefficient

Number of scatterer nuclei per unit volume

e §
i

or gamma ray under consideration

[aXFaN
2faQ
!

P . - oy £
= Differential cross-section i




d = scatterer thickness

1 = neutron path length from first s
catter point
of sample Point to surface
K, = fraction of neutrons that produce an elastic event after

the first scatter.

The integral was evaluated using a computer and the Gaussian
integration formula., From the ratio of Yz : ‘
- /Y1 it was then possible
to estimate the effect of even higher order scatters by using the
assumption that the ratio of the probability of the ith + 1 collis-

jon to the probability of the ith collision is constant (P1‘+1/P )
The total gamma ray yield would then be given by: 1

N

- o1 :
i=l i=1
n

N s i-1

= NOP] %lﬂ Kia

T i=]
Wh . = . =
ere a P1+]/P. constant

1 .
NoK,i = Number of neutrons that can produce an event in the

jon collision

. The experimental results and theoretical variation in cross-

section, for excitation of the 0.845MeV level in ®Fe using 2.6MeV

neutrons, with thickness of sample, are shown in Figure 5.1.

However, the assumption made in using this methed is that the total

macroscopic cross-section does not change appreciably with energy

of neutron.  This assumption may be true for the case in question,

however, it would not be true for very thick samples. since the

energy degradation of the incident neutrons would be large and the

: inve of
total macroscopic cross-section varies overall as the inverse
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velocity. Furthermore, nuclear leve] density, incident neutron energy

and atomic number would affect these assumptions.

Other analytical methods of measuring the effect of multiple
scattering havg been reported by Westard et a],(G"»,‘», Al-shalab; &9

(61)

Cranberg et al. and Anvarian(sz). In aﬁ cases simplifications

had to be made in order to estimate the increase in yield and with
the exception of Day'®), the approximations made would not give
accurate quantitative results over a large range of mean free

paths.  Even the results of Day are shown over only 0.8mfps.
Particularly interesting are the results of A]—shalabi(w) on iron

and concrete using 14MeV neutrons. This work shows the effect of
multiple scattering on angular distribution and uses Fermi-age

theory as a basis Qf analysis. Although the theoretically predicted
results do not give quantitatively accurate results, the shape of

the angular distributions is predicted well
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5.2 Monte Carlo methods

Practical problems which employ the Monte Carlg method require

the use of large computing facilities with the capability of random

number generat1on and large virtya) storage space. Althcugh the

orinciple of Mont= Carlo may be used in many applications it is

particularly suited to neutron transport problems. Usua]]y, a

number of source neutrons are considered to travel througn a system

and the individual neutron histories traced. Random numbers are

used to determine the sequence of events in each neutron's 1ife

history in a manner which will be discussed.

Consider the problem of a beam of neutrons incident upon a

sample of thickness h as shown below:
x

~

pos

¥
O

FIGURE 5.2:

o o

simple Mornte Carlo problem

[t is assumed that there is a line source of moncenergetic neutrons

£ . - . - . * - ,
to, of intensity I_, so that the initial direction COsine 15 KNOWN
o)

and that no fission takes place, such that:

1
L

- - DTS
P - -

T et fo T Cin
I1 = total macroscopic cross section
te = total macroscopic cross section for elastic scattering ?
Zjn = Total macrosccpic cross secticn Tor inelastic scattering

)
(SR

or capturs

“¢c = total macrosccpic cress section



The problem of tracing the neutron histories may be divided

into a number of discrete sections as given by Schriedner@3)

5.2.1 Path Length

In this section of a computer programme, a random number is il
generated to determine the first interaction point Z,. This’is

achieved by using the path length distribution law:

Probability of interactionatz,= y = e ZoZ7(E0)

where

y = random number generated.
From the above, Z, is found:

AR )

Hence, by generating random numbers path lengths throughout

the sample may be found using the more general expression:

7 = 4r1 - uﬂﬁ]o ey

n=1,2, 3....etc.

=
i

n., - cosé, ~ defined in the diagram and will be defined later.
) "1

. : inat nditions are
On calculation of a particular coordinate Zn co

St up and tested in the programme:

(1) 1f 2 - h>0 Then the neutron has escaped plate

n









then 6 and x are easily f

’If‘séétterTng is not isaxropi‘*’

the fact that the probability de

the differential~eTastieﬁscatté/ n

differential elast1c scatte jtisectionfihhﬁkgimaf

" frame for e

.m'
—_
D)
~-
n

. ‘From ‘the 1atterAexpressibﬁ5 /

the other variables. :

5.2.4. . Inelastic scattering
Inelastic scattering is more cqmﬁii;&ff

dealing with the problem is to assuméfifgﬁr/

of the scattered particles is Maxwgiiiéﬁf

E. = Energyvof,particle before scattéf%ng:

E' = Energy of _inelastically scattered particles
a =  Constantidepending:on the Propert1ey of the materaaT,i\’“\“

To obtain E' one may use the foﬁmula



1-e sy
which may be written:

eV (1+y)

it
m

where

y =E/T

Equation (5.1) has a unique positive root when 0 < e < 1. This
root may be computed'using an‘iteration methodwwhiéhvproceeds by
initially choesing an arbitrary value for y(o) > 0 then:

(s+1)

y Toge (1 +1xﬁ§)) - log €

From this, y may be found and hence the energy of the scatteréd

particle.

Assuming inelastic scattering is isotfopi@iihéﬁﬂﬁj/ugnsidEr-
ing the unit vector in the direction of the/neutfbhivéiocity befbre-y’g

scattering:

w = wli + woj + w3k

n
—

wf + w0 + wg?

In spherical coordinates:

wp =sinecos?y ; wp =sinesing ; w3 = cos e

If oy, oy, andds, &' and q' define the scattered neutron, then it

can be shown that

cos 8' = cos6 cosy + sine siny cosy

. _ sin y siny
sin (9'-9) = sing’



old are:

€
S w
[}

w3CosY + siny cosy v1 - wj

r E % o 2 F @ S s S .
wp(COSY = waw3) = sinmy sinx wy?v

_
(T-ug?) -

€
[\
I

€
—
]

: 1w32) w1 (COSY - w3w3) - SiNY siny wy/l-uz }

where as before

Azimuthal angle of scattering

]

X

¥

Angle between w and w'

If scattering is isotropic then a random number may be generated

t0 f:";l'l’ld:

cos 8 w e 3T alsei -

Then by taking two random numbers the fo110wihg"cohdﬁffﬁﬁjmay”bﬁfi1xff'$”'

employed:

It (2, - N b2 s

Then reject this pair and proceed with éhethéF?§aiﬁ"Qﬁ%ﬁﬁ5;,:z1‘"&j

% Ygz < 1 then




5.3 More General Methqu

The 1atter methods emp]oyed to so]ve elastic and 1ne1ast

scattering serve as an example of how Monte Carlo prob]ems are

solved in th1s.part1cu1ar application. In gehera] however, espec-
ially with 1ne]ast1c scattering, theore+1ca] formu]ae for energy
distributions and angular d1str1bu;1ons re]y upon approxumatwons

IT it were the case that one had to re1y upon these 1n the Monte
Carlo method, then one m1ght as well use analyt1ca1 metnods through-
out. However, much cross-section data has been generated and it is
possible to use the known probabilities for first scatter events to

predict successive events.

If for example, it has been found in section 5.2.2 that a
neutron has undergone inelastic scattering at a/point:in the sample.
The angular distribution for such an event may be known and stored
on magnetic tape as a series of legendre coefficients. If the
distribution is divided up into a number of discrete angU]af
regions, the probability for scattering into a certain region is
proportional to the area under the angular distribution curve for
this angular range. In fact by.normalising the angular distri-
bution, the actual probabjlities may be determined. The angle into
which an inelastic neutron is scattered is then found by the same
principle as in the "reaction type" section. That is to say,
since the sum cf the probabilities is equal to unity, then they
may be managed on a line between 0 and 1. A random number is
then generated to see wnich region it falls into and hence the

associated angle is known.

In a similar manner, the variation in cross-section with

energy may be divided into energy groups and the probability for



scattering down into lower groups may be found. There will éigﬁtfiv;*;‘i
be a probability of ' upscattered neutronsinto a higher energy
group if fission occurs as shown by Dickinson et a1g(eﬂeﬁ7ﬁd@evéﬁa

‘this is not of concern in the present application.

The above illustrates how the energy and angle of a scattered
neutron is determined in more modern computing codes using the Monte

Carlo Method.  Although in principle, any reaction may be catered

section data for each reaction type, at different neutron energies.
The M.0.R.S.E. code chosen for present work uses this principle

and will be discussed in more detail in section 5.6.



5.4  Terminating Neutrcn Histories and the M

Weights

The history of a neutron may be ended by either escaping from
the sample, being captured, reaching a pre-determined energy cut
off or by a method known as Russian Roullete. The latter method

necessitates the use of statistical weights.

In general, when the trajectory of a particle is modelled,
it is necessary to introduce random variables €15625E3 4 v enn By
with associated probability density functions Py(x), P,(x), P3(x)
.......PN(x) respectively. The trajectories are then found from
the mean va]uevof a third function f(e; ¢, 53....5N). Suppose at
each state instead of using the random variableek, we use n, with
another probability density function ﬁk(n). Then another trajectory

could be found and the averaged function would be given by:

f(ﬂl:nzgf‘l:.g ..... .T]N> Pl(nl)Pz(nz)....PN(nN)
Pr(ny)P2(nz) ... Py(ny)

From which we see that the statistical weight of a particle is

altered according to the rule:

I
-

k(“k) where Wy

>

Pring) kK =1 to N

In the most general Monte Carlo programmes the weighting procedure
is useful when the weight of a particle falls below a certain
predetermined value and Russian Roullete is involved. In this a
random number is generated and if a particle has a lower weight
than this number, its history is termined. If not, the particle

Vi

1s given a larger weight and allowed to carry on its journey.



To give a clearer understanding of weights consider its
application to more modern computing codes. Each neutron incident
on a given sample is assigned a weight usually unity. - Then, as
the particle makes its track through the sample, at each collision
it is multiplied by the non—absbrption probability. For example,
if the non-absérption probability is 0.6 and if one takes a 1000
neutrons then on average after the first collision 400 will be
absorbed.  However, using weights there will still be 1000 neutrons

each with a weight of 0.6 after the first collision.

After each collision the weight is tested using a random
number and if the weight of a particle is less than a value w s
then Russian Roullete is played and the neutron is assigned a
new Va]UELﬁ3>wn or is 'killed'. If the weight of a neutron
becomes too high then it is split into two neutrons each of lower
weight Wy At any instant the neutron will be left to track

if its weight 1ies in the region LpSwp < Wy

Russian Roullete does not in any way bias the calculations
since, a neutron whose weight falls below a certain value w < W
has a survival probability w/mA. If a random number vy is
generated such that vy < w/wA the neutron continues its history with
weight wy.  Otherwise if y < w/mA the neutron is killed with a
weight of zero. Hence, from the theory of probability that the
probability of an event A or B happening is given by A P(R) +
A P (B) = Probability of event), then the expected weight after

a collision involving Russian Roullete would be:




In the M.0.R.S.E. code,®) because o%ifhe‘1éﬁge ﬁumber-of
applications and general versatility of the programme, statistical M
weﬁghts are used to increase its efficiency. | It also Teads to N
more accurate predictions in parameters such as the neutron multi-

plicity factor in fission reactor core calculations.




5.5 Computing techniques in neutron transpbﬁt~prob1ems

Tracing the history of a neutron and its associated scattered
particles through a sample involves the compqtation of a "family
tree" for the neutron which may become very complex if fission
occurs and the.region size is large. Two methods of storage and

computation of trees are available at present.

The first is called, processing by generations. This is
suitable for long branches which are not very 'branching'. This
means that from the particles of one generation, all the particles
of the next generation are calculated and stored for calculation
of the next generation. As a result only two ‘generations need

be stored at any one time.

The secqnd kind of processing is called lexicographic process-
ing of trees. This is suitable for short but highly branching
trees. In this method, calculation is carried out along a
particular branch until the end is reached. The cdmputation
then moves back one step and the last branch is eliminated from the

memory by being output. The two methods are illustrated in

Figure 5.3,
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5.6 The M.Q0.R.S.E. Code

The M.0.R.S.E. Code (Multigroup QOak Ridge Stochastic-EXpefis
ment) is a programme which is used tc solve the neutron transport
problem in three modes for neutrons only, gamma rays only and neutron-
gamma ray scattering. The programme has been developed over a
period of about twenty yeérs, mainly at Oak Ridge Labecratory,
although in recent years changes have been made at Harwell (U.K.A.E.).
Because of this the programme has become very large and versati]e

and only a summary of the main subroutines and overall programme

can be given here. For full details the M.0.R.S.E. manua]oaj

should be consulted. The programme can be divided into six main

sections.

5.6.1 User

The main subroutine in this section is called SCORIN and
this deals with general information about the user. Accounting

and bookkeeping can be dealt with herz.

5.6.2 Source

This section contains specific information about the neutron
source to be used in a simulated experiment. It has the capabil-
ity of providing any combination of monoernergetic, mixed energy,

isotropic, or anisotropic neutron sources. IT the sourcs were

chosen to be of mixed neutron energy, then the input requires the
user to define the desired energy groups as taken from the cross-

section iibrary. Provision is zlsc made for biasing each source

neutron-energy group using weights, so that a distribution or




effective beam profile may be obtaiﬁed@ ‘Thé&sour¢e is deffnedu ;
and normalised to a standard 1 neutron/second batch. Input into
theprogramme would be the number of neutrons per baﬁch\and the numbér\\
of batches to be run. Typically one would take 1000 neutrons per
batch and 30 batches. A restart option is then available if by

this time the statistics are not good enough.

For present work, a monoenergetic 14MeV (average for group)
point source was chosen to be about 20cm from the sample, with all
neutrons incident along the z-axis, normal to the face of the

sample.

5.6.3 Cross-Section

This section reads in the main subroutines XSEC, JINPUT and

READSG. The function of these is:

XSEC - Sets aside parameters necessary for storage

JINPUT - Mixing parameters for data. This requires a knowledge
of the densities of various elements that might be
present in a compound sample

READSG - Reads the actual cross-sections.

The group cross-sections are stored on a library tape
DLC’37F ANISN cross=-sections in this case;'formulated from the
ctNDF/B-IV data. To access the cross-sections for a particular
medium, element identifiers are called for which are defined as a
number on the ANISN tape. Furthermore, the P-order of the Legendre
polynomials for each element is asked for as input. Altogether

there are 100 neutron groups and 21 gamma ray energy groups and these




' 141/1/;

are defined in Tables 5.1 and 5.2. The cros ns are stored

in a 124 X 121 matrix in the form shown in/F¥QUﬁe 5,4v For thé‘,7
present work, within the group the gamﬁa ray scattering corres-

- ponded to the compton scattering probabilities and were set to zero,
since the Compton flux contribution was not~reqﬁiﬁed for the ulti-

mate flux evaluation.

The Legendre polynomials are converted into angles and probab-
ilities of scattering at those angles by using the angular distri-

bution as a weight function:

+1
J f(u)w(u) du = Z‘f’(u,‘a)wi

where:

flu) is any polynomial of order 2N-1 or less.

w(y) _ 1s the angular distribution for scattering cosine p
M is a set of discrete cosines

W, is the probability of scattering at these cosines

To find ¥ and W, that satisfy the above equations it is

necessary to define a set of orthogonal polynomials:

+17

=1

Ny, 1s the normalisation coefficient. The moments of the angular

distribution determine the orthogonal polynomials.

The probabilities are obtzined by




TABLE 5.1

Group
1 1.
2 1.
3 1.
4 1.
5 1.
6 9.
7 8.
8 7.
] 6.
10 6.
11 5.
12 4,
13 4.
14 4.,
l5 3&
16 3.
17 3.
18 L2,
19 2,
20 2,
21 2.
22 1.
23 1.
24 1.
25 1.
26 1.
27 1.
28 1.
29 9.
30 8.
31 7.
32 6.
33 6.
34 5.
35 4.
36 4,
37 4.
38 3.
35 3.
40 3.
4l 2.
42 2.
43 2.
b 2.
46 L.
47 1.
Lé 1.
49 i)
30 1.

100~-Group Neutron Structure

#Read 14816

Energy Ranze (eV) Group Energy Range (eV)
4918E 07%  1.349GE 07 51 8.6517E 04 6.7380F 04
3499E 07 1.2214E 07 52 6.7380E 04 5.2475E 04
2214E 07 1.1052E 07 53 5.2475E 04 4 ,0868E 04
10528 07 1.0000E Q7 54 4 .0868E 04 3,1828E 04
0000E 07 9.0484E 06 55 3.1828E 04 2.4788E 04
0484E 06 8.1873E 06 56 2.,4788E 04 . 1.,9305F 04
1873E 06 7.4082E 06 57 1.9305E 04 1,5034E 04
4082E 06 6.7032E 06 58 1.5034E 04 1.1709E 04
7032E 06 6.0653E 06 59 1.1709E 04 9.1188E 03
0653E 06 5.4881FE 06 60 9.1188E 03 7.1018E 03
4LB881E 06 4.9659E 06 61 - 7.1018E 03 5.5309E 03
9659E 06 4,4933E 06 62 5.5309E 03 4.3074E 03
4933E 06 4.0657E 06 63 4,3074E 03 3.3546E 03
0657E 06 3.6788E 06 64 3.3546E 03 2.6126E 03
6788 06 3.3287¢ 06 65 2.6126E 03  2.0347% 03
3287E 06 3.0119E 06 66 2.03478 03 - 1.5B46E 03
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Group Boundaries (MeV)

1.2E01~1.4E01%
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7.5E00-8.0E00
7.0E00=7 .5E00
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3.5E00-4.0E00
3.0E00-3.5E00
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1.0E00-1.5E00
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1.0E~01-2,0E~01
1.0E=02-1.0E~01
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5.6.4 Geometrz

This section is one of the main features of M.0.R.S.E. and
is read in by the subroutine JOMIN. Provision is made to enable
very complicated three dimensional problems to be set up. The

manner in which this js achieved will be discussed below.

The combinational geometry module employs standard simple
shapes, such as rectangular block cylinder or sphere, and by combin-
ing these, using the principles of Boolean algebra, complicated
shapes are formed. The’possib1e standard shapes are termed zones

and may be listed:

1.  Rectangular parallelepiped

2. Rectangular block

3. Sphere

4. Right cfrcu]ar cylinder

5.  Right elliptical cylinder

6. Truncated Right angle cone

7. Ellipsoid

8. Right angle wedge

9. Arbitrary polyhedron (4, 5 or 6 sides)

There are two other possible zone features, in that once a
region is formed it may be labelled as either an internal void,
in which a neutron may be tracked with no interaction taking place,
or an external void in which a neutron's history is immediately
terminated. A two-dimensional example of how different shapes
may be combined will be illustrated overleaf using the following

operators:




T

(i1) Cylinder of

(i) Sphere of material 1

material 2

+ 2 - 3 Gives (iii) Sphere with
- hole in which
material 2 fits

(ii) Cylinder of

(i) Sphere of material 1

FIGURE 5.5

material or + 1 or +2 gives (iii) above
labelled 2 shape all of
but same as 1 same material

. 0L EAN ALGEBRA METHOD OF 'COMBINING STANDARD SHAPES
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- 25em SCATTERED 3m

- NEUTRONS o
NEUTRON e
SOURCE INCIDENT : ' g
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F // v
EXTERNAL INTERNAL
VOID
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FIGURE 5.6  COMBINATIONAL GEOMETRY SIMULATION OF LABORATORY
EXPERIMENT
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1 + = The zone described is wholly contained in the body
2 - = The zone described is wholly outside the body
3 OR = The zone described contains all points in the body

The diagram (Figure 5.5) shows how a sphere and cylinder may

be combined using the above operators.

In the present application, the whole laboratory simulation
was enclosed in a box of 3 x 3 x 3m. The samples were placed at
the centre of the box with a neutron source 25cm from the sample
face. Scattered neutrons and gamma rays were collected in a
number of detectors placed at 85cm from the centre of the sample,
arranged at different positions aruund the sample. A plan view of

the simulation is shown in Figure 5. 6.

5.6.5 Walk

This section contains the subroutines INPUT 1 and INPUT 2
which contain all the information necessary to perform the random
walk. In essence, the module generates a source batch of particles
and stores them in a bank. It then selects one particle and traces
its history. Any secondary particles generated are also stored
in a bank ready for processing. On completion of a batch a summary of
events are output via the input/output section of the programme.
A complete summary of all histories is given by the analysis
moduie which is discussed in the next section. A flow diagram
illustrating the basic random walk computing procedure is shown in

Figure 5.7,
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FIGURE 5.7  RANDOM WALK GENERATING PACKAGE
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5.6.6 Ana1xsis

The module in M.0.R.S.E. concerned with analysis is a special

package called S.A.M.B.O..(Stochastic Analysis Machine BOok-keeping).
It allows for an arbitrary number of detectors, energy dependent
response funct%ons, energy bins, time bins and angle bins. Output

from this section may be subdivided:

1. Uncollided and total response - the uncollided response gives
the total response of the detector to neutrons that pass through
a sample without interacting. The total response gives the

total particle flux incident on a detector.

2. Fluence versus energy and detector. This gives the flux of
either neutrons or gammas being analysed for specific energy

groups.

3. Time dependent response - This gives the change in flux with

time and was not used in present application.

4.  Fluence versus time, energy and detector number - again this was

not used.

5. Fluence versus angle, energy and detector - the flux of neutrons
and gamma rays for the specific energy groups under analysis

is given in pre-determined angle bins.

The package contains both point and track Tength detectors.
The Tatter allows a detecticn volume to be set up, the former being
a point detector with facial area 1cm?. Point detection was
chosen for the present application so that detectors could be arranged
as almost theoretical points at set distances around the sample

analegous to the practical arrangement. It is worth noting that
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since the detectors are so small, the flux at each point would
also be correspondingly small, if it were not for the following
fact. If a neutron is not scattered in the direction of the

detector, the programme evaluates the probability that it would

have been scattered in that direction. The flux is then found j%

from: ‘ H

, =z (v') (r-r'1
B(r) = sdV'sdr'rdVsdaE(r',Va) [b(¥r:I£x]- EV) ?r-rETZ)( q

where

density of particles of speed dV in direction
de entering volume dr'

E(r',V,Q)dr'dv'da

P(uv) = Probability of a particle scattering with
speed v into cosine u. V' is the outgoing
velocity and £(v') is the total macroscopic

cross-section for speed v'.

This mathematical trick speeds up accumulation time and makes

the overall programme more efficient.

The actual output from the analysis section begins by giving

the history of each batch of neutrons. To illustrate this

consider a typical output from M.0.R.S.E. with explanatory notes:

WTAVE 1000 - the number of neutrons in batch 1

TAVE 1 - number of neutron sources

1]

UVAVE,; VAVE; WAVE; Are O, 0, 1 respectively and denote the direction
cosines of the neutron source

SARVE,; YAVE; ZAVE - Are 1.5x102, 1.5x102, 1.2x702 respectively denoting
the coordinates of the neutron source relative to

" an initial frame

AGEAVE = 0 Gives.the starting age of the neutrons

SOURCE 1000 - Number of neutrcns incident on sample

]
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SPLIT(D) = 0 - Number of neutrons split into two or more particles

FISHN = 0 - Number of incident particles creating fission neutrons
GAMGEN = 455 - Number of gamma rays generated by 1000 neutrons
REALCOLL = 1392 - Total number of neutron collisions including

multiple scattering

ALBEDO = 0 - Number of reflected neutrons - Abedo option was
not used in present work

BORYX 2231 - Number of border crossings

ESCAPE = 1231 - Number of particles that escape the sample

E-CUT 206

Number of neutrons reaching energy cut off

TIME KILL = 0 - Number of neutrons killed by present time

RR-KILL = 0 - Number of neutron histories terminated by Russian
Roullete

RR-SURV = 0 - Number of neutrons surviving Russian Roullete

GAMLOST = 0 - Number of gamma rays lost

After the Tatter is output batch 2 begins its output and so

forth until all batches are complete or a time cut off is reached.

The next section in the output gives the total responses of the
detectors for both the uncollided response and total response for

gamma rays and neutrons.  The flux in this section is given by:

FLUX = /@ (r, E) dE units cm™? sec™

where:

@ (r, E) = FLUENCE in units cm2sect eV for a In/sec source.

From the Tatter is calculated the flux for each detector and
corresponding energy group under analysis and this is output after

the total responses.
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The final section gives the flux in terms of @ (rsEs2). The
units are cm? sec™ eVl steradiane and the relation between this and

the Tatter is:

Neutron or gamma ray cross-sections were calculated using

M.0O.R.S.E. fluxes and the corresponding formula:

do _ 8 (r,E) aE o

o) T
AQ(1-exp(Z(Eo)x))
or = Total cross-section
AQ = E]ementa1 solid angle (NB detector area - lcm?)

[ne]
—_
m
(@]
~—
it

Macroscopic cross-section for neutrons of incident
energy Eo

5.6.7 Errors

Beneath all flux estimates is given the fractional standard
deviation as a measure of the validity of the statistics. In
M.0.R.S.E. these estimations are made using:

N

% = e %L T n2 Z” X)

Number of independent histories (total)

=
it

th

Number of independent histories of the i“" batch

=
]

where:
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N
n.
i
i=]
n.
l X.. mean batch estimate
ni 1J ]
i=1
n
%- ns X overall mean estimate
i=1

The fractional standard deviation is then given by:

f.S.D.

[z

X
X




TABLE 5.3:
TABULATED M.0.R.S.E. RESULTS FOR GAMMA RAY PRODUCTION CROSS-SECTION
: oF 7Li
_ THICKNESS DIFFERENTIAL CROSS-SECTION
MEAN FREE FOR 0.478MeV LEVEL IN 7Li
M PATHS (mb/st)
1 0.1 6.5 + 0.3
4 0.42 9.9 + 0.5
9 0.84 13.5 + 0.7
13 1.36 17.0 + 0.8
17 1.8 18.8 + 0.9
22 2.2 19.2 + 1.0

FITTING PARAMETERS FOR ABOVE POINTS:

4.55 mb/st

‘Q
i

21.7 mb/st

ERRORS ARE ONLY STATISTICAL
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5.7 Notes for Comparison of Theoretical and Experimental Multiple

Scattering Effects in Iron samples

Table 5.5 overleaf gives the variation in cross-section
with sample thickness, as predicted by M.0.R.S.E, for iron sampTes.
The experimentél resuits are taken from A]“sha]abi(4® and reveal
individual level cross-sections, for gamma rays produced from the
first excited state 0.845MeV and second excited state 1.24MeV.

As might be expected these results are Tower than those predicted
by M.0.R.S.E. in the same energy range. This is because, the
cross-section predicted by M.0.R.S.E. includes the cross-section

for all levels within a certain energy group. Thus for group 1:

Ogl O'L1 + O’L2 + GL3 ....... CLN

. . . th
Gamma ray production cross-section for i Tevel,

i T
Hence
N
A E “Li
i=1
99i T Gamma ray production cross-section predicted by M.0.R.S.E.

for energy group j.

To compare M.0.R.S.E with Al-shalabi it was necessary to use

~
o

the data of Western( ) et al. which gave the cross-section for al]

levels in iron between 1 and 2MeV except the 1.24MeV Tevel.

Tne M.0.R.S.E. results were then multiplied by the probability of
decaying to the 1.24MeV level. This was calculated as:
C_ .
D - 0,1.24
1.24 N




164

Py 24. = Probability of decaying to the ground state from
the 1.24MeV level in the energy range 1-2MeV.

N
é Oli-1.24 = Gamma ray production cross-section for all levels
i=1 " except 1.24MeV in the 1-2MeV energy range as given
by Western et al.

S9.1.24 = Gamma ray production cross-section for the 1.24MeV
level is given by Al-shalabi.

Table 5.4 gives the corrected M.0.R.S.E values and the experi-
mental values. As can be seen the agreement is quite godd within
the experimental uncertainties shown. It was not possible to make
any other such comparisons for other levels but the M.0.R.S.E.
results are given for all other energy ranges up to 3.0MeV along

with the appropriate curve fit.
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TABLE 5.5  TABULATED RESULTS FOR IRON (M.0.R.S.E.)
THICKNESS DIFFERENTIAL CROSS-SECTION (mb/st) 5
(cm) | (mfp) | ENERGY »| 0.4~1.0MeV |1.0-1.5MeV |1.5-2.0MeV | 2.0-2.5MeV |2.5-3.0MeV
0.9{ 0.2 23 60.2 20.6 14.5 15.0
2,01 0.44 103 66 23 18 18
5.0¢ 1.10 147 82 29 21 20
9.0 1.96 178 92 33 25 22
1.0} 2.39 196 98 36 27 24
18.0 | 3.92 225 108 39 30 27

40
TABLE 5.6  PREVIOUS RESULTS FROM ASTOSJ )(EXPERIMENTAL)

THI CKNESS DIFFERENTI?meC;{g?S-SECTI ON
(em) {(mfp) | ENERGY OF LEVEL -+| 0.847MeV 1.24MeV
2.0f 0.44 63.5+ 0.5 [35.2+ 1.9
7.6] 1.67 78.52£1.6 | 47.681.3
10.4] 2.288 86.3 4.3 |48.66 1.8
TABLE 5.7  RESULTS FROM IRON AFTER USING CONTINUOUS GAMMA DATA FROM

(REF.g1) TO CORRECT GROUP 1-2MeV FOR THE 1.24MeV LEVEL g

. DIFFERENTIAL CROSS-SECTION
THICKNESS (mb/et)
(cm) |(mfp) | ENERGY - 1.24MeV
0.9 | 0.20 34.1
2.0 | 0.44 37.6
5.0 1.10 26.8
9.0 | 1.96 52.7
1.0 | 2.39 56.5
18.0 | 3.92 62.0
ERRORS IN M.0.R.S.E. RESULTS = 5%
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CHAPTER 6

DISCUSSION OF RESULTS AND FINAL CONCLUSIONS
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6.1 DISCUSSION OF RESULTS AND FINAL CONCLUSIONS

Thé results in general agree with the predictions of M.0.R.S.E.
to within the estimated experimental uncertainties. Furthermore,
both the M.0.R.S.E. results and the experimental results confirm
the idea that the gamma ray cross-sections, may be eXpressed in
terms of a theoretically zero thickness cross-section oy, and a
theoretically constant cross-section oM at large sample thicknesses,
varying exponentially in between. This latter value is usually

reached by about 4 mean free paths.

The angular distributions are generally isotropic for the
measurements made. This means that the 90° scattering results,
which illustrate the variation in differential gamma ray production
cross-section with thickness, may be multiplied by 4= to obtain
the total gamma ray production cross-section at any thickness.

The only case where the angular distribution is not found to be ﬁ

isotropic is for the 4-5MeV Tead results. This also agrees

with the assumption made in M.0.R.S.E. that gamma rays are emitted
isotropically. The agreement between M.0.R.S.E and experimental
is good for this energy range, especially since M.0.R.S.E. gamma
ray generation probabilities are calculated at 90° from existing
experimental data. However, if the lead results for the 4-5MeV
region are required in  blanket flux calculations at all angles
and thicknesses, then the experimental angular distribution should
be taken into account. The generalization for all angles can

be approximated closely by using the shape of the thin sample
angular distribution and multiplying the 90° thick sample cross-

sections by a correction factor:
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do(s _ K(8) x do(90°

de THICK ~ a5 THICK 61
where:
K(e) .= Angular correction factor
S%(Q%HICK = Thick sample angular distribution measurement

at angle s

do (90°) - Thick ] Lar distributd .
6] THICK = 1Ck sample angular distribution measuremen

at 90° |

The constant K(8) can be found using the Legendre polynomials:

K(e) =%% (6)THIN

A — S ————s.

do (90°
a% THIN

where:
%% (e)THIN = Thin sample differential x-section measurement
at angle o
do (90°) ' |
3% THIN = Thin sample differential x-section measurement i
at 90° ;
Hence:
K(s) = Ao + A,Cos?s + A,Cos“s

Ao

1]

T+ A, Cos?s + A,Cos“s
7o o

which may be written:

-~
—
()]
~
n

—

+ KpCos?e + K,Cos“s
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It is hoped that all the data contained in this work will

be useful for fusion blanket calculations. The-data will serve

as a comparison for theoretical calculations and will enable the
gamma ray flux, scattered into solid angle de(e), with respect to
incident neutrons in thick blanket materials, to be calculated.

The flux may then be integrated over all incident neutron angles

to obtain the total gamma ray flux entering a solid angle, or
integrated over all neutron and gamma angles to obtain the total
flux.  The flux calculations may then be used to assist calcula-
tions of: neutron slowing down parameters, heat degradation within

blanket materials and biological shielding calculations.

The work also shows that for thicknesses greater than 4 mean
paths, the cross-section reaches a constant value of ch/dQ.
This in turn means that the gamma ray flux for a given neutron i
flux becomes constant even with further increases in thickness.
It is not uncommon in design to expect b]ankét materials to be
greater than four mean free paths thick, so that doM/dQ may be

used for flux estimates.

6.2 Generalization

A1l measurements and theoretical work contained within this
project is of an empirical nature, in that, the data may be used
for the materials used and conditions described. What follows is
an attempt to generalise the work, so that almost any element may
be corrected for multiple scattering effects in gamma ray product-

ion cross-section measurements.

Nearly all known tabulated thin sample cross-section data is

for thicknesses of 0.2 mean free paths or below. The reason
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for this is that multiple scattering is negligible below this
value. From the theoretical and experimental data contained

in this project, the thin sample measured cross-section was
taken to be at 0.2 mean free paths. Table 6.1 1indicates the

ratio of do to dc(O.Z)THIN for all the_resu]ts illustrated.
da- da ’

From these values an average value was found:

dco

da

490, 2) THIN
dQ

The standard deviation in this value for the given elements

and energy ranges was calculated to be = 11%.

From the above it can be seen that in general, for the accuracy §

quoted:

do
= - 0.8 %% THIN oo, 6.2

Using equation (4.4)  for the curve fitting we obtain:

9 THIN (0.2) = (ch - %) (1 - exp(-0.2)) +
sl (0.2) = I 35—) ( exp(-0.2)) + =

sub. in egn.6.1and write as:

do = - - -
oo THIN (0.2) = A (1-exp(-0.2))+ 0.8 3% THIN(0.2)

where:

A = do
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do, , do (0.2)THIN ELEMENT WITH GIVEN

do © ENERGY RANGE
0.60 3L 0.478MeV Level Experiment
0.60 JLi  0.478MeV Level M.0.R.S.E.
0.80 56Fe 1.24MeV Level M.0.R.S.E.
0.80 Pb  1-2MeV Experiment
8.85 Pb 1-2MeV M.0.R.S.E.
0.95 Pb  2-3MeV Experiment |
0.85 Pb 2-3MeV M.0.R.S.E.
0.80 Pb 3-4MeV Experiment
0.90 Pb  3-4MeV M.0.R.S.E.
0.85 Pb 4-5MeV Experiment
0.85 Pb 4-5MeV M.0.R.S.E.
0.80 %F, 1-1.5MeV M.0.R.S.E.
0.75 *F, 1.5-2.0MeV M.0.R.S.E.
0.75 %F, 2.0-2.5MeV M.0.R.S.E.
0.85 ®F, 2.5-3.0MeV M.0.R.S.E.

TABLE 6.1 RATIO OF 9% ; do (0.2)THIN FOR ALL WORK UNDERTAKEN
an Q

IN PROJECT

Maximum deviation = 11%

Maximum experimental uncertainties + 25%
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Rearranging the latter gives:

A = 1,16 do .
I THIN ittt ie i it enenonnnnn 6.3
Furthermore:
ch Coa . dUo -
H.Q— a'Q— ........................

Equations 6.2, 6.3, and 6.4 may then be used in:

do ch do dco

& - (@ - @ Uee(Ix)h g2

To give the exponential variation for any element in the periodic
table. It should be emphasized however, that the above relies
on the embirica] constants determined and if the equation is
taken to its extremes errors will result. For most practical |
purposes the equations will give dc/dQ to within a maximum '

uncertainty of about £25%.

Other than present work, there is little data that can be
used to test the above equations. Other independent observers
of multiple scattering effects in ®*Fe are: Day(g) and A]—Shalabi(“w

and have been previcusly mentioned in Section

The foilowing figures illustrate how well the above equations
predict multiple scattering for gamma ray production cross-
sections due to excitation of the 0.845MeV level in%6Fe . Hitherto,
it was not possible to deal with this cross-section because of the

M.0O.R.S.E. energy group structure.
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For the work of Day(g), the average thin sample cross-
section was taken to be 0.87 barns per nucleus. The empirical

equations then give:

qQ
1]

0.687 barns/nucleus

i

1.7 barns/nucleus

The table 6.2 illustrates the comparison of predicted and
experimental cross-section values, along with the differences

between the predicted points and experimental points.

The work of Al-Shalabi gives the differential cross-
section at 90° to the incident neutron beam, for the excitation
of the 0.845MeV level. The results are given over a larger |
range of mean free paths than Day, however, a thin sample cross-
section was not given and was taken to be 51 mb/st from the
work of Western et a1.@o). Table 6.3 and figure 6.2 illustrates
how well the predicted points agree with the experimental points.

The parameters are:

0 40 mb/steradian

9

99 mb/steradian

9
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TABLE 6.2 COMPARISON OF DAY’S(g) RESULTS WITH THE THEORETICALLY
PREDICTED RESULTS FOR THE GAMMA RAY PRODUCTION CROSS-
SECTION DUE TO EXCITATION OF THE 0.845MeV LEVEL IN IRON
GAMMA RAY PRODUCTION CROSS-SECTION
MEQXTEREE gbaﬁgé;ﬁé%%eus) (bdé%%%%%%%gus) DIFFERENCE
0.02 0.85 = 0.07 0.71 0.14
0.1 0.87 £ 0.07 0.78 0.08
0.2 0.91 + 0.07 0.87 0.04
0.37 0.99 = 0.08 1.0 0.01
0.7 1.13 + 0.09 1.19 0.06

FITTING PARAMETERS:

Maximum Difference

Average Difference

i

0.687 barns/nucleus

1.7 barns/nucleus

16% for 0.02 mean free paths

0.068 barns/nucleus
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GAMMA RAY PRODUCTION
CROSS-SECTION (barns/nucleus)

1

.8 7

ot

0.1 0.2 0.3 0.4 05 06 o7 0.8 0.9 1.0
MEAN FREE PATHS OF IRON

FIGURE 6.1 Comparison of Day‘s(g) results with predicted

curve for the gamma ray production cross-section
due to excitation of the 0.845MeV level in iron,
with 2.6MeV neutrons.
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THEORETICALLY PREDICTED RESULTS FOR THE DIFFER-
ENTIAL CROSS-SECTION AT 90° DUE TO THE EXCITATION
OF THE 0.845MeV LEVEL IN IRON

DIFFERENTIAL GAMMA RAY PRODUCTION
MEAN FREE PATHS CROSS-SECTION AT 500 (mb/st)
OF Fe AL-SHALABI(O) PREDICTED |DIFFERENCE
0.2 51% 51 0
0.44 63.53 61 2.5
1.67 78.52 88 9.5
2.29. 86.3 93 6.7

FITTING PARAMETERS:

doo .

'a'Q—' = ‘ 40 mb/St
doy,

T = 93 mb/St

Maximum difference

Average difference

[{]

12% for 1.67 mean free paths

U]

4.7 mb/st

€0
* Thin sample result from Western et a].(o)
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110+

100 -

30
® = Al-Shalabi

20

10 -

Y T T T 1 Y T ™ T T | B T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
MEAN FREE PATHS OF IRON

FIGURE 6.2 Comparison of Al-Shalabji ‘s@o) results with the
predicted curve for the differential gamma ray
production cross-section at 90 degrees scattering
angle, for the excitation of the 0.845MeV Jeve]
in iron




The latter comparison of results indicate that, the assump-
tions used in predicting the variation of gamma ray cross-sections
with thickness, are valid to within about +£20%. ~ The largest
devfation between predicted results and experimentally curve fit
results, occurs for the extreme case of an infinitely thick Lif
sample. At this extreme the predicted value is 35% lower than
the experimentally extrapolated value. However, in general
equations 6.2, 6,3,6.4 predicted the effect of multiple scattering
on gamma ray production cross-sections to accuracies of about

+20%.

6.3  Further Improvements

One'of the assumptions made in the M.Q.R.S.E. code, is that
gamma rays are emitted isotropically. This is primarily due to
tHe lack of information available, as input data, concerning an
angular distribution of gamma rays. However, it has been shown
by a number of workers: A]-Sha]ab&?)Donahue@G)
that gamma rays can be emitied anisotropically. One way of
removing this limitation from M.0.R.S.E. would be to use
equation 6.1, which includes the necessary angular
information.  In this way M.C.R.S.E. could be updated as more

empirical datz becomes available.

The Targest scurce of error in the experimental cross-
section measurements, was the uncertainty in measuring P(eg);
the gamma ray counts in the peak (or energy region). The
main difficulty in measuring this quantity arose from the
estimation of the degraded Compton background. One method of

estimating P{z) more accurately would be to use the computing
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technique outlined by R.L. Heath et al. In this method a

Tine fit is made to standard NaI(T1) detector responses. The
response functions are then interpolated to give response
function for almost any gamma ray energy. Using such a techni-
que would require considerable time computing, but would

inevitably yield more accurate experimental results.

Another way of reducing the effect of Compton background on
d gamma ray spectrum would be to use a method of detection based
upon an idea by Trail and Raboy(ss). The adaption to (n,n'y)
cross-secticn measurements is now well known. It involves, as
shown in Figure ¢.3 a cylindrical crystal (NaI(T1)) surrounded
by an annular shaped cnysta]. The annular detector is placed
in anti-coincidence with the cylindrical inner detector. The
whole arrangement should be enclosed in a shield, as in the
closed geometry situation used here. The idea is that,
Compton scattered radiation from the inner detector is also
detected by the annular detector since the detectors are in
anti-coincidence most of the Compton scattered gamma rays are
not counted and the resulting gamma ray spectra are extremely

clean.

The use of such a detector, with time of flight coincidence
gating would be a considerable improvement for further

research in this current field.




184

AYOM LN3ISIUd 0l

¥0123130 (59A08VY ONY TIVYL 40 NOILYIITddV 3781SS0d vV £°9 N1I 4
"V'H d
4askjeue jybray asyng = "V'H' d
. d . 11v9
aqgny uat|diy | nwojoyy Wd WaNIT Kk
LINJYI1D
a131IHS LBT14 INIT
40 1L ADYINT
TYLSAYD (L) 1eN
dYINNY © . yLSAuD (LL)Ten
/// TYITHANITAD
3 v .
"W d
1 EERRE
JONIAIINIOD
\ —— ~TLNY
"W d Ry 3 T

"Wd




185

APPENDICES



186

APPENDIX 1

PROGRAMME IN BASIC FOR GEOMETRY FACTOR CALCULATION

1. PRINT “GEOMETRY FACTOR PROGRAMME"
2. INPUT "THETA"; T: PRINT T

3. INPUT "SOURCE TO SAMPLE DISTANCE"; X1: PRINT X1
4. INPUT "SAMPLE THICKNESS"; X2: PRINT X2

5. H1 = X1 * TAN (3.18*r/18p)

6. H2 = X1 * TAN (6.34*n/188)

7. B = SQR(H1T2 + H2[2)

8. X = SQR(X172 + BJ2): 79 = 2*H2

9. H3 = (X1 + X2) *TAN (3.18*r/18p)

10. H4 = (X1 + X2) *TAN (6.34*r/180): Z8 = 2%H4
11. A = SQR (H3]2 + H4l2)

12. Y = SQR((L X1 + x2)[2 + Al2)

13. L=Y-x

14. 7 = 7*H3

15. G =27/ (P.9985*L) - §.p555533

16. Gl = 1/6

17. Bl = ATN(G1)

18. L1 = (L* §.9985)/(SIN(B1))

19. L2 = L1*p.9938p

20. Al = L2*(79+78)/2

21. C = x/2 - B1: C1 = C*18p/x

22. A2 = SIN(T*n/18p + C)*Al

23. G4 = A2/45.6

24. PRINT "THETA" = "T"DEG."

25. PRINT "GEOMETRY FACTOR= "G4

END.

[)®]
(o)}
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APPENDIX 2

LEGENDRE POLYNOMIAL FITTING

The reactions of the type X(a,b)Y are described by an equation:
a(8) = Ao + A,Cos?e + A,Cos“e

Let Yi = o(s)
And X; = Coss

Then by minimising the square of the deviations for n data points
a fit may be made based upon the least squares fit.

The deviations will be expressed by:

n 2
I {Yi = (Ro + AX2 + AX%)}
n=1

Differentiating wrt Ao, A, and Ay reSpéctive1y and equating to
zero one obtains:

L]

. 2 L
nao -+ aZZX_I + auZXi

Y. ‘s 2: " v .2 _h’ L} '6
ZY; X5 A IR + azzx1 + a zX1 ‘
VR 4 6 8
ZYi X5 %= CHRR ERS aIXS + auLXs®

Where ai gives best estimate of Aj.

The equations may be solved by Cramer'srule.

Error estimation in curve fit

If a,s 3z and a, are the fitted coefficients then the residuals
are given by:

d: = Y. = (a_+ azxi2 + agxik)

o]



188

And the standard error of which is:

m = 3 (number of coefficients)

Using the method by Topping@j) the errors di are given by:

CIXH
;

N

Where:

6
ZX_i

£X.8
5

C£22
4
n in
4 8
ZXi in
= 2
n ZX1
2 [
4 6
in in

where summations are 1 to n.

The angular distribution can then be expressed:

* a
Q

+ (ay * a,)Cos2s

+ (aq,

Qy

n
2
ZXi
L
EXi
6
8
ZXi
+ ay)Cos“s

2
ZXi

N

[ §o]
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APPENDIX 3

One dimensional consideration of multiple scattering

DIAGRAM OF SAMPLE

Io

9 K

~

—;‘4—-

; dx
The sample is considered in 2D from x = 0 to x+=,

It is assumed that there is an incident neutron beam of flux Io which
attenuates to a value of zero through the sample as X =+ In
keeping with this argument we assume there exists an initial gamma

ray production cross-section 9, corresponding to an infinitismal
sample thickness dx. Since the neutron flux is eventually attenuated
to zero, then it is reasonable to assume that the gamma ray flux
resulting from excitation of nuclei will reach a constant value Iy

as X e,  Furthermore, it is assumed that the increase in gamma

ray production cross-section in element dx, do is proportional to the
probability of neutron absorption and the thickness dx:

do o e 57X dx

TOTAL MACROSCOPIC CROSS-SECTION

[ne]
—
i

do = A e T dx

=
I

= Constant of proportionality

Integrate with respect to x:

o = -p

e
I+
i
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B = Constant of integration
Using the initial conditions:

When x =0 ¢ = ¢

0
. A
gl = - = - S 2
0 ET
When x - « o = gy
SR S ceeee 3

Substitute the latter into 1:
o ~IX
o = (oo OM)E T + ay
which may be written:
o = (o —-c){]-e-ZT} + g
M ° o)

This can then be expressed as a differential cross-section formula:

do doM doo doo
@ - (G c @) Uexp(-ip) 2
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