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The cross-sections of the reactions 27Al(n,pJa7Mg,
477i(n,p)47sSc, SBNi(n,p)58Co, ©4zn(n,p)B4cCu, 115T1A(n,y) t1Bml1n
and 187Au(n,y)!88Au have been measured in the energy range
between 2 Mev and 5 Mev.

The D(d,n)aHe reaction was used as a neutron source to
irradiate the samples. The number of neutrons emitted from
this reaction was monitored by cognting the number of protons
emitted from the competing D(d,p) H reaction. The protons
were counted by using a silicon surface barrier detector.

The activity induced in the sample after irradiation
was measured by using '7.6 cm % 7.6 cm' NaI(Tl) detector.

The cross-section measurements have been tabulated
as a function of neutron energy, paying attention to the
uncertainties in the experimental measurements and the
spread in the mean neutron energies quoted. The values
in the present work are compared with those obtained by other
workers, and with the values deduced from theoretical
calculation.

(n,p) and (n,¥) cross-sections in 2-5 Mev region,
Extended source and target geometry,

Activation technigue,

Neutron spectra.
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1 Capture cross-section reguirements

A study of any kind of nuclear reaction can provide us
with important information about the fundamental physics
involved in the reaction and the data can often be applied
for analytical work. In recent years, interest in neutron
capture cross-sections has increased, particularly because of
their importance in reactor technology, the production of

isotopes and for neutron flux measurement.

This work has been done in the energy range between
2 Mev to 5 Mev. Previously much work has been done on the
measurement of cross-sections in the 14 Mev region because of
the ease with which these neutrons can be produced from the
T[d,n]4He reaction and less work has been dome in the energy
region 2-5 Mev since the production of monoenergetic neutrons
in this region requires the use of relatively large accelerators

such as the Dynamjtron.

1.2 Measurement of the neutron cspture process

An incident neutron beam may lose neutrons because of
elastic scattering by the target nucleus or by nuclear reactions
by some of them with the target nucleus. A capture process is
always followed by the emission of a particleor gamma ray or
both. Neutron capture may’ also produce a non-radioactive
end isotope. The probability of neutron capture can be

estimated by measuring the instantaneous yield of the particle

or guanta emitted.

The most common methods used to measure the capture

cross-section are:



a) Measurement of the activity of residual nuclei

———— e

This is the most commonly used method. It is used on a
large scale in many laboratories. The induced activity due to
a capture process can be measured by counting the emission from
the sample per unit time. An emitted beta particle can be
detected by using either a scintillation counter, proportional
counter or a Geiger counter. The cross-section can be cal-
culated if the neutron flux, the efficiency of the detector

and the subtended solid angle of the detector at the sample

are known. This method usually suffers from the following
disadvantages:
i) energy loss of emitted particles in

the sample;

2) attenuation of emitted particles by
detector windows;

3) beta backscattering from the detector

4) beta spectra cover a broad range and
this may cause overlap with other beta

spectra or with the noise or with both.

These disadvantages are a very serious problem for low-energy

radiations.

The other method which is commonly used is the measure-
ment of emitted photons from a product nucleus. The

advantages of this method are:

1) there is little effect of the sample

self absorption of gamma ray. This



effect is easy to corrected because of well

Sl
known information about the
absorption coefficient;

2) for gamma rays above 0.5 Kev the
absorption of the detector window is
small;

3) photo peak in the gamma-spectrum is
much narrower than the peak in the
beta-spectrum;

4) a great deal of work has been done= on
the emitted gamma rays from radiocactive

nuclei and as a result the decay

schemes are well known and tabulated.

Either beta or gamma ray yield could be used to find out
the activity of the sample. But the disadvantages of beta
particles and the advantages of gamma rays lead one to choose

gamma rays for measuring the activity of the sample.

In the activation method the gamma ray emitted by the
sample is usually detected by using one of the following

detectors:

1) the sodium iodide (thallium activated)
scintillation detector, NaI(T1l);
2) the lithium drifted germanium semi-

conductor detector, GelLi).

Sodium iodide detector has been used for many years for
gamma ray spectrometry. This detector generally consists of

an NaI(T1l) crystal placed in a closed container, because

3



NaI(Tl) is hygroscopic. A reflector, such as magnesium oxide,
is used to coat the top and the side faces of the crystal;
this reflector is then placed between the crystal and its
container, the lower face of the crystal is optically coupled
to a window which feeds into the photomultiplier, by using a

suitable fluid such as DOC 200 silicone oil.

The quality of an NaI(Tl) scintillation spectrometer
is usually specified in terms of its resolution. The resolu-
tion of the spectrometer is usually measured by using the 0.667
Mev gamma ray from 227 Cs; The resolution becomes less for
crystal of larger volume; this decrease in the resolution is

due to the difficulties of uniform light collection from a

large volume.

The statistical spread in the photopeak is due to
statistical fFluctuations in each step following the inter-
action of gamma ray with the crystal. The factors which cause

the spread are:

i the number of scintillation photons
produced by the event;

2) efficiency of collection of the
scintillation photons at the photo
cathode;

3) variation in the sensitivity of the
photo cathode;

4) variation in the efficiency of the
first dynode to the photo-electron;

o) variation in the ratio of the secondary
emission at each secondary dynode;

4



6) instability in the photomultiplier;
7) instability in the voltage applied

to the photomultiplier.

The efficiency of sodium iodide crystal is a function
of absorption coefficient Ffor gamma rays. The absorption
coefficient For photoelectric effect, Compton effect and pair
production are proportional to NZS, NZ, NZ2 respectively,
where N is the number of atoms per unit volume and Z is the
atomic number of the absorbing material. The atomic number
of sodium is 11, of iodime 53 and of thallium 8l1l. However,
since the amount of thallium in the crystal is very small, it
is the influence of iodine in the crystal which makes the
crystal a very good absorbing material for gamma rays and this
is helped by the high density of the material 3.67 x 103 kg/ma.

Thus the sodium iodide crystal has high efficiency because of

the iodimne in the crystal and the density of the crystal.

Ge(Li) is the other detector commonly used in gamma ray
spectroscopy. Crystals for this detector are usually made of
n-type lithium diffused from the outside of the crystal and
drifted toward a central core of p-type germanium. In order
to avoid thermal vibrations, which would disturb the structure
of the intrinsic region, lithium drifted germanium (Ge(Li])

detectors are operated at liquid nitrogen temperature.

The guality of the detector depends on the uniformity
of the compensation produced by the drifted lithium and the

use of the correct operating voltage.



Ge(Li) detectors have much better resolution than the
sodium iodide detectors, since the germanium has an atomic

.

number Z = 32 and a density 5.32 x 10 kg/ma,but the detector

has poor detection efficiency compared with NaI(T1).

The sodium iodide and the germanium semiconductor
detector are both frequently used in gamma ray spectroscopy,
but the choice between them depends on the efficiency and the
energy resolution required in the detector. Because of its
higher resolution the germanium detector is usually used for
complex gamma ray spectra with many energies. However, a

sodium iodide detector has been chosen for this work because:

1) there is no need for high resolution;
2) high efficiency is required;
3) there is a great deal of available

information about sodium iodide
detectors, especially the 7.6 cm x 7.6 cm
crystal in terms of efficiency,
resolution, etc.;

4) the small size compared to germanium
detectors and there is no need to

use liquid nitrogen.

b) Detection of prompt gamma rays

—— S T S G S S S R

An alternative method of cross-section measurements

generally considered was that of detection of prompt gamma rays.

The capture process can be determined by detecting the

gamma ray cascades emitted when the compound nucleus decays.



Many detectors have been used for this method. The required

properties in the detector are:

a) a high efficiency for the gamma ray

of interest;

b) a low sensitivity to the scattered
neutron;

c) a fast response;

d) a low background and ease of
shielding.

Liquid scintillation detectors are frequently used to
detect the prompt gamma rays emitted from the nucleus after
neutron capture; the efficiency of the detector is around S0%
for a sample placed at the centre of the detector. This
detector consists of a large tank full of liquid scintillator,
such as xylene, with two or more photomultiplier tubes. The
interior of this detector is coated with a reflective material
to increase the light collection efficiency. The neutron beam
passes through the centre of the detector and the sample is
also placed at the centre of the detector, as shown in Figure
(1.1). The imner surface of the detector is coated with
material to absorb the scattered neutron from the sample.

The detector is surrounded with a lead shield to reduce the

background.

Because of the size, this detector has high background

and it is not easy to shield the liquid scintillator. The

(1

Moxon-Rae ]atype detector has been developed by Moxon and Rae

to overcome these difficulties.
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This detector consists of electron converter in front
of a thin plastic scintillator. This converter and a plastic
scintillator are connected to a photomultiplier as shown in
Figure (1.2). Since the converter is a low atomic number
material, so the major interaction of gamma ray with the
converter is the Compton effect process and the converter should

have a low radiative capture cross-section.

converter

plastic
scintillator

rr—- » photomultiplier

Figure (1.2) Moxon-Rae detector for measuring capture

cross-section

After the interaction of gamma ray with the converter,
the electromswhich are energetic enough can reach the
scintillator and are then detected. For a certain arrangement
and certain converter thickness, the efficiency is a function
of gamma ray energy. This detector has low efficiency compared
with liquid seintillators, but has a low sensitivity to neutrons.
The detector records prompt gamma rays but gives no information

about the spectrum shape.



An NaI(Tl) detector can also be used for the prompt
gamma ray method, but because of its sensitivity to neutrons,

this detector needs good shielding from the neutron beam.

c) Absorption method

- — T —— o ———

A third general technique for cross-section measurement

which was considered is the absorption method.

This technique can be used to measure the neutrons
captured by the sample. This measurement requires an iso-
tropic neutron source with a knmown flux, a sample in the form
of a sphere, and a dataaiar at a known distance from the
sample. Thus by knowing the neutron flux inside and outside
the sphere, one can calculate the absorption cross-section
from the neutron transmission measurement. This method can
only be used in a neutron energy region where elastic
scattering is relatively small. The disadvantage of this
method is that it requires a large amount of the sample

material.

; e Choice of method

All of these methods which are mentioned above can be used
for cross-section measurement. In this work the activation
method has been chosen. The factors which influenced the

choice were:

1) a small amount of sample material is
required compared with the absorption
method;

el there is no need for a lot of shielding;

10



3) there is no background from inter-
action of neutrons with the gamma

ray detector.

These Factors indicated that the activation method was
preferable to either the measurement of instantaneous gamma
rays or the neutron transmission method, despite the fact
that the neutron activation technique is limited to those
nuclides which produce a radioactive end product of convenient

half life. This method has been used by many autharste'lsl.

194 Absolute measurements

Measurement in Physics can usually be divided into two
categories, Firstly absolute measurements and secondly relative
measurements. Relative measurements involve the comparing of
the activity produced in the sample with that in a standard
under similar conditions, For cross-section measurement the

latter one contains the following limitations introduced by a

standard:

1) the uncertainty in the cross-section of
the standard;

24 it is desirable that the cross-section
variation of the standard material with
energy should be small;

33 abundance of the standard material
should be high;

4) the gamma spectrum from product of the

standard sample should be easy to

analyse;

11



5) gamma rays of the same energy from
the sample and the standard, if
possible;

6) the half life of the product from
standard should be similar to that
of the product of the sample;

7) the cross-section of the standard
must be well known;

8) it must be ensured that the sample
and the standard are subjected to
identical neutron fluxes - either
by a rotating device or by choosing
the shape of the standard, for example
the concentric ring techniquecl?J;

39) it is desirable that the cross-sections
of the sample and the standard are
similar in magnitude and variation

with energy.

To avoid these limitations one can choose the absolute
method For measuring the cross-section. Neutron flux measurement is
required in the absolute measurement, but this can be deduced
from the yield of protons from the competing D(d,pJBH reaction

in the case of D-0 neutron source.

This avoids the use of the large amount of shielding
required which would have been necessary for a neutron
detector, the efficiency of which would have been difficult
+to calculate. The charged particle Helium-3 and triton which

are emitted From the reaction suffer from low energy and since

12



the stopping power of the target material is higher for these,
the energy loss within the target material would represent a
larger fraction of the total energies, thus the emitted
proton has been ussd to monitor the neutron flux. A silicon
surface barrier detector has been used to count the emitted

protons from the reaction.

13






2ok Nuclear reactions

The study of nuclear reactions is one of the major
branches of nuclear physics. This field has been discussed
by many authorstla_a?J in order to estimate accurate nuclear

cross-sections for nuclear reactions.

Nuclear reactions may occur if a nuclear particle
approaches very close by a target nucleus. Thus, the nuclear
reactions of theparticles with nuclei can be obtained by
exposing the nuclei to the accelerated particles. When the
accelerated particles reach the target nuclei, there will be
a partial reflection. This reaction is called a shape elastic
scattering. An incident charged particle on the nucleus may be
scattered due to the charge of the target nucleus. This process

is called coulomb scattering.

Accelerated particles may enter the target nucleus and
interact with a single nucleon. Due to this interaction the
struck nucleon will move to a higher energy state and then leave
the nucleus if it has absorbed enough energy from the accelerated
nucleon. This process is called a direct reaction. This
process is the dominant one at higher energies because one

nucleon may get enough energy to leave the nucleus.

An accelerated incident particle may enter the target
nucleus and stay inside the nucleus making a complicated inter-
action and sharing its energy between the nucleons inside the

target nucleus. This process will form a compound nucleus.

14



After compound nucleus formation de-excitation is
independent of the method of formation, so that we may say
that the nucleus has 'lost its memory' or 'forgotten' the
method of its formation. In de-excitation the incident
particle (or a similar one) may be emitted from the compound
nucleus. This process is called inelastic scattering, but if
the emitted nucleon has the same energy as that of the
incident one, the process is called compound elastic

scattering.

e Nuclear level density

Compound nuclei are formed in quantized excited energy

states or 'energy levels'.

The First study of the density of nuclear energy levels
was carried out by Bethgasj. Two features have been explained
by Bethe: firstly that the level spacing for a given nucleus
decreases rapidly with excitation energy and secondly the
level of spacing decreases rapidly with increasing mass number

for a Fixed value of excitation energy.

The level density formula is given by many authnrstag‘saj

as:
1,
pLE') =  Gexp(2(DE')*) (2.1)
where C and D are constants and E' is the excitation energy.

The parameter D has been given by several authors.

Thus Dostrovsky et 31[30] and Miskel et alCagj used 0 = EE
and 0O = 2 (where A is the mass number] to find out the effect

20

15



of changing the parameter on the calculation of cross-section

and to Find which one gives a good fit to the experimental

results. The values of D for odd mass numbers in the range
15<A<70 was given by Heidmann and Bethe[34) as:
D = 0.035(A-12) Mev™? (2.2)

A linear relationship between D and A was assumed by

(31)

El-Nadi et al to calculate values of D,

1

D = 0.03A Mev (2.3)

The parameter D is plotted as a function of mass number,

A, as shown in Figure (2.1).

(29)

Fong gave the following relationship to calculate

the values of the parameter, C:

-0.005A
e

C..2- '0.38 (2.4)
. : £35)
Values of parameter C are also given by Blatt and Weisskopf
for odd mass numbers. For even mass numbers, the parameter,
C, can be calculated by applying the rule of Bullock and
Moorecaaj:
Accdd-cdd k: CDdd—A ) sceven—evan (2.5)

to the values of C which were given by Blatt and Weisskopf for
odd mass number nuclei. Figure (2.2] shows the values of the

parameter, C, as a fFunction of mass number, A.

The excitation energy E' is given by Feld[3s] as:

n

E' = En +£ (2.8B)

16



where En is the energy of an incident neutron casptured by the
target nucleus. é' is the binding energy of the neutron in the
product nucleus.

’r

§ = 931.16 (M(A) + M(n) - M(A+1)] Mev (2.7]
where M{(A) is the mass of target nucleus, M(n) is the mass of
incident meutron and M(A+1) is the mass of compound nucleus.
All masses should be measured in Unified Atomic Mass Units

Ctax) .

2.3 Formation of a compound nucleus

A compound nucleus will occur if a particle, a;
penetrates into a nucleus, x, and there is a sharing of the

energy between the particle, a5 and the nucleus, x.

A geometric cross-section for formation of a compound
nucleus For uncharged incident particles is given by equation
(2.8) by assuming that every incident particle bombards the

nucleus forming a compound nucleus

2

£c = TrA (2.8)

In the above expression it is assumed that the de Broglie
wavelength A of the incident particle is very small compared

with R.

To take into account the effect of the reflected

particles from the incident beam and the effect of the coulomb

17
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barrier between the target nucleus and the incident charged
particle, the cross-sections for the formation of a compound

nucleus can be written as:
2
€c = T (R +X) Ty (2.9)

where R: is the target nucleus radius
“X: is equal to A/2r; A is the de Broglie
wavelength (of the incident particle)

T¥: is the transmission coefficient.

Thus, the compound cross-section can be calculated if
the value of the transmission coefficient is known. The

transmission coefficient has been derived by using the

(35) (27)

assumption given by Weisskopf and Moore as follows.

The logarithmic derivative, ﬁ , at the nuclear surface

is introduced by Blatt and HeisskDch35] as:
PR duy/dr (2.10)
¢ ¥
t
r=R

The radial wave function ul[r] in terms of incoming

and outgoing waves can be written as:
(-] (+)
uslrd = =mulel + bu,(r) (2.131])
i ! !
where a and b are constants.
Hence, fraction of reflection is:

b
’?!-_a

equation (2.11) can bes written as:

20



-] 47 (+)
u‘[rJ = a[ul[r] - : u![r] ) (22121
by substituting equation (2.12) into equation (2.10)

[ o [+
F = R [u;[r) = 1UI[P3 Jr:H

! 7t - oy L (r))ean

where the primes denote differentiation with respect to r.

{2.,13)

By dividing both numerator and the demominator of

equation (2.13) by ui-)[r] and defining the phase constant §v

by

(-]
exp(2i §,) = 4l (R) '
! (F1cn
L.Il ]

equation (2.13) can bes written as:

ult-J 3P R u (+) L)
5 (-ICr) TSRS
f -
£A HE TR iy
ULI—JEP]

F,‘ Seim (¥deeq » 1_11[-]'“] : H..? "'lc ) ()
Ak T T T IS LS T
] (+) (-2"cr)
( F u (r) e i (] Eatess ¢ om El. (r
(U W) GETE I R ST

: (+] T
'7¥CF¥ e[-EL §1J R uy (r) Uy . {PJ]: Fl " [S‘-iP .

RUIFT 5yt ¢
where the quantities Pl and S¥ are defined by
dul£+)[r]
v ul[f; (r) Wg T 1P¥

2l



since

then

1?1[F1 ac‘ai§43 -~ ' {8 % ith a[‘ai§;33 = F‘ - Sl + iP

o el T e2if, (2.15)
Fy - 5, - iF,

(¥

£ = Hel[Fll oy TmiE 3

}

4? > [HEl(Fl] - Sl) o+ i[Im[FIJ + Pl]
1

Ezi§1
[Hal[FlJ - 8)) + i[Im[Fl] - Pl]

|,?|2 _ [trercryi-s;1 + itimCFyI+ry )] x[(Rel(F})-5,]
! [(Rel(F))-8,) + i(Im(F})-PI]x[ (Rel(F})-5)]

—i(Im(Fy) + Py ]
-i[Im[Ft] " P;n

= (Rellf)) - 510° + (Im(F)) + P;)°

(Rel(f,) - s¥)2 + (Im(F)) - Fl)a

2 2

Ty = 1'|’?y,|2 _ (Im(Fy) - Py

(Rel(F,) - 530% + (Im(F}) - Py)°
Im[Flja - 2Im(F,)P, + Pla y) Im[Flla 3 EINCFLJFI-PIE
(Rel(f,) - S e+ (ImC(F)) _Pljd

1
Tl 4 -4P, ImcF¥J .
[Hel[Fll - s;]d + [Im[F}J_P¥J (2.18)

The wave function of an ingoing wave only is:

ug = const. exp (-ikr) r<Rh (2.17)

ee



where k is the wave number of the nucleon in the nucleus.

Hence:
du
F = gl e = -ikHA (2.18)
i u
l‘ r=H

Thus, the transmission coefficient can be obtained by

using the equation (2.18) and equation (2.1B).

T 25 4P, kR
: B s,(E kR * Py )= (2.19)

For § = O neutrons, S, = 0 and P, =R R

akk
Ro e [T (2.20)

where h: is the wave number outside the nucleus

K: is the wave number inside the nucleus.

For charged particles a JwkB approximation which is
(37)

given by Lane and Thomas , was used to find out the values

of P hol S,
Sl |

The JwkB penetration factor is given by:

Pl = g" exp [-ecl]

0

(L2 + ux" - poo#

where L = | + %
X = [BF‘?]%
2
-’ 2 -)5-
ol T LRy o e AT L+ 2+ B
E‘--— ”t l—a + sin CEEIK J%} ! og Ft.?nf_ + L2 )%

=



and the corresponding shift factor is given by:

a Sl -ct*'”th S L

where:

1,
Po= 0:21958 MiE*a

[

% _-%
’? = 0.158 Z,Z M°E

E: is the energy in Mev in the centre of mass system

a: is the channel radius in units of 10_13 cm.
M: M= ﬂiﬂé_ is the reduced mass in units of the
Miae

proton mass.

Figure (2.3) shows the compound nucleus formation
cross-section by using (2.9) and (2.20] for a different

incident neutron energy and for different mass number.

Compound nucleus cross-section shows a very small variation

with mass number.

2.4 Decay of a compound nucleus

The compound nucleus in the excited state must decay

by at least one mode of de-excitation.

The de-esxcitation may occur by emitting of particles
or gamma rays. The experimental measurements in this thesis
will be on (n,p) and (n,y) reactions, so the theoretical
discussion will be confined to these, by using continuum
theory. The results of the theoretical calculation will be

tabulated.
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a) [n;p} reaction

————————

(n,p) reaction is one of the important reactions in the
nuclear applications, such as the radiation damage considera-
tions. This reaction is unlikely with heavy nuclei because
of the low penetrability of the potential barrier to outgoing
particles. For endoergic reaction, this reaction does not
take place unless the energy of the incident neutrons is

greater than the threshold energy.

Eth = -Q(A+1)/A (2.281)

where A is the mass number of target nucleus, Q is the Q-
value of the reaction. The cross-section of this reaction
generally increases sharply after the threshold up to a

constant value.

The cross-section of this reaction can be calculated

by using the following formulae which are given by Bullock

(32)

and Moore

4 F
£ (n,p) = &_(n) T;Ll (2.22)
5
where

6ch]: is the cross-section for formation of the

compound nucleus by neutrons

Fp: is the probability of emission of protons
Fi= is the probability of emission of particle i.
2M En
- n 1 ] ' '
F = -F"—o'r BY. £ (E )P (ES S+ BN dlEY . (2.23)
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4o
P 2—1'“:"% CI.I”E'-1 e Et 8B x p LB, * Q= E'pJdE"
(2.24)
3
B EEgUIEn Ane & € (E' ) x P (E *+Q - E'JaE"
(2.25)
where: SE{E'i] : is the cross-section for formation of the
compound nucleus by particle i incident on
the residual nucleus
PLED: is the nuclear level density evaluated at
excitation energy E
. Mn: is =a neutron mass
H: is the Plank cnnstan?/bTr
an: is the Q-value of (n,p) reaction
an: is the Q-value of [(n,x) reaction.

(32]

According to the above formulae given by Moore 4
computer programme has been generalised to cover a range of
mass numbers, charge on the target nucleus, binding energy,
Q-value and mass of residual nucleus from (n,p) and (n,a]
reactions. This programme, which was used to calculate the
(n,p) cross-section, is given in Appendix (A.1). The
programme will work if the imput data is fed into the
computer. The programme will give the calculated (n,p) cross-
section for a different value Of the parameter, D, in equation
(2.1) 'A/10 , A/20,0.03A). The results of the calculation
will be printed on the paper andstored on the disc. The disc

must be in the drive zero of the floppy disc.

27



The theoretical calculation for (n,p) cross-section
for aluminium which is given in Table (2.1], has been done
by using the constant, D, in the level density formula equal

to A/20, and constant, C, equal to 0.38 exp(-0.005A).

The calculated cross-section for titanium has been
given in Table (2.2). This data was calculated using the
constant D = A/20 and the constant, C, equal to 0.38 exp
(-0.005A). For the nickel cross-section, the value has
been calculated and is given in Table @.3). The value of the
constant, C, used was obtained from Blatt and NeisskchcaS]
and equation (2.5). The value of constant, D, used was 0.03A

as given by El-Nadi et 31(31]'

The zinc data which are given in Table (2.4) have been

calculated using equation (2.5) and value of C which is given

by Blatt and WeisskchEaSJ and value of constant, 0, used was
A/20,
b) (n,y)_rescticn

The study of the captured gamma ray gives useful
information such as the nuclear level structure. A study of

(n,y) reactions has a useful application in reactor physics,
particularly for shielding calculation and in radiation
damage studies. The probability of this reaction is propor-

tional to the gamma radiation width I%,

c

€ny) = 6 &
-

where Jc: is the cross-section for the compound nucleus
Fformation

28



E .z is the total width.

For slow neutrons the (n,y) reaction usually occurs with a
heavy nucleus and resonances will agppear in the cross-section
spectrum. Intensive study has been carried out in this energy
region and intermediate neutrons energy.. In the fast neutron
energy region the resonance peaks overlap to such an extent
that it sppears that the yield curve is a smooth one and the
yield is very small. Unfortunately, in this energy region

and beyond, there is not enough information available to
enable the (n,y) cross-section to be calculated and to compare

it with a practical measurement.

29
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Table (2.1) Calculated cross-section for lBAl[n,p]laMg
g Mev .4 b
e 7.870 x 10'9
2.36 3. 678 % 10
2.52 4.392 x 10°°
2.68 2.391 x 10°°
2.84 8.466 x 1672
3.0 2.268 % 1077
3.16 5.006 x 10~%
.32 1.738 x 1073
8 2,618 s 107
3.64 4.504 x 10°°
3.8 8.802 x 107>
3.96 8.893 x 107>
4.12 0.0116
4.28 0.0146
4.44 0.0179
4.8 0.0214
4.76 0.0249
4,92 0.0285
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47 7
Table (2.2) Calculated cross-section for Ti (n,p) 4 Sc

22 21
£, Mev £ -
) 8.206 x 10°°
2.36 0.011

2.52 0.0148

2.68 0.0181

2.84 0.0236

3.0 0.029

3.16 0.0348

3,32 0.0404

3.48 0.0468

3.84 0.053

3.8 0.0536

3.96 0.066

4,12 0.0727

4.28 0.079

4.44 0.085

4.6 0.091

4.72 0.0958

4.88 0.101
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Table (2.3)

Calculated cross-section for

S8\ [n,p]SBCa

a7

28

En Mev g b
e 0.0308
2.36 0.045

2B ! 0.0627
2.68 | 0.0842
2.84 0.1084

3.0 g, 138

3. 16 0.169

3.32 0.203

3.48 0.238

3.64 0.275

T B.312

3.96 0.348

4.12 0.384

4.28 0.418

4.44 0.4518

4.6 0.4827
4.76 0,.5117
4.918 0.538

3



4
Table (2.4) Calculated cross-section for 642n (n,p) 2 Cu

30 239
En Mev € b
- 4.629 x 10°°
2.36 2.737' % 107°
2.52 0.0116
2.68 0.0167
2.84 0.0238
3.0 0.0322
3.16 0.0422
c e 0.054
3.48 0.068
3.64 0.0838
3.8 0.1006
3.96 0.1197
4.12 0.139
4.28 0.1588
4.4 0.1809
4.8 0.2034
4.76 0.225
4.92 0.247
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3. ANGULAR DISTRIBUTION OF D -D REACTION



2 ) b Angular distribution

When an incoming particle hits a target nucleus, a
nuclear reaction will take place if it has satisfied the
conditions fFor a nuclear reaction (if mot, the incident
particle will be scattered by the target nuclei). The
products from a nuclear reaction are usually classified into
two types depending on the mass of the products: one is called
the emitted particle (light product) and the other residual

nucleus (heavy product]).

Now suppose we set up a counter to measure the number
of light products from an exothermic reaction; if we suppose
there is only one nuclear reaction taking place when the
incident particle interacts with the target nuclei, the
emitted particle has much more energy than the other
particles involved, such as the heavy product and scattered
incident particles. Further, the distance of the counter
from the target is assumed to be large compared with the
dimensions of the counter and the target, so the small angle

dn substanded by the counter at the target will be defined.

If we do not analyse the energy of the emitted
particle but simply count the number of emitted particles per
unit time fFor different angles between 0 degrees to 180
degrees, this will give us information about how the yield
changes with the angle. This is known as the angular dis-

tribution of the reaction for emitted particles.

This leads to a relationship between the number of

particles emitted per unit solid angle per unit time, in

34



terms of the reaction cross-section and the angle of emission
of the emitted particle. This relationship is called the

differential cross-section.

3.2 Differential cross-section

Since the differential cross-section is proportional
to the number of particles emitted on the corresponding
angles, this enables the experimenter to
calculate yield at different angles relative to the yield

measured at a certain angle.

The differential cross-section can also be
useful if there are two possible nuclear reactions taking
place when the incident particle interacts with the target
nuclei. The differential cross-section can be used in this
case to calculate yield from a nuclear reaction by measuring
the yield from the other reaction. A D-D reaction is an
example of this case: in this reaction we have D[d,n]aHe
reaction and D[d,p]aH reaction. We can count the protons
from D{d,p]aH reaction to calculate the yield of neutrons
from D[d,n]aHe reaction, or to monitor the reaction products

from D-D reaction.

The reactions D[d,n]BHe and D[d,p]aH have been

investigated theoretically and experimentally by many

39-64 :
wcrkers[ B84l since the early days of accelerators in nuclear

(65,66)

physics Both of these reactions, D{d,n]BHe and

D(d,p]aH show an anisotropy in their angular distributions

down to the lowest energies(4l],

<



In this work the differential cross-section is denoted
by . 6[¢], in the laboratory system and §(8) in the centre-of-

mass system,

where

£(d) = g% (cross-section/steradian) E3.1)

and the total cross-section 5- becomes

= 7
g
L.va] | S d (3.2)
1= an 9B X
where
dn = 2 sin @ d@ {3.3)

However, since we need in this work to measure neutron
Flux from the D[d,n]BHa reaction by counting protons from
D[d,p)BH reaction, we need to calculate the differential

cross-sections for both branches of the D-D reaction.

The differential cross-section at different angles, 8,
in the centre of mass system have been calculated for both

branches of the D-D reaction, D(d,n]aHa and D[d,pJBH, by

using the following Formula[40’57j:
: c 4q
dffe) . €& 1+ A cos"8 + B cos @ (3.4)
dan' 4 1 + A/3 + B/S 4

where the asymmetry coefficients, A and B, and the total

cross-section, §, are energy dependent.

The relationship between 8 (centre-of-mass system)] and
@ (laboratory system) is a function of deuteron energy. We
can get the relationship by drawing a vector diagram relating
laboratory and centre-of-mass angles.
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From Figure (3.1), c, we can get:

V3l sin @ = Vg, sin 8 (3:5)
= + =
V31 cos @ VD V3c cos B (3.8]
where
VSL : velocity of the emitted particle in the
laboratory system
VD: velocity of the centre-of-mass system in the
laboratory system
Vac: velocity of emitted particle in centre-of-mass
system. g ;
light product light product
target v M
nucleus 3473 Mg,V
o Vel= 0
1771 W0 s Gk V2e:
L. s . M2
if | 3 - centre-o
incident incident - opie
particle pacticls target
nucleus
heavy
product M4,V4
Mg,V e
4:741 heavy product
a) Laboratory system b) Centre-of-mass system
direction of inmcident
o) Vector diagram relating laboratory and centre-of-mass

angles
Figure (3.1) shows the nuclear reactions.
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From equations (3.5) and (3.6) we can get:

AR T sin B (3.7)

Yy + cos 8

Equation (3.7) represents the relation between the

laboratory angle, @, and the centre-of-mass angle, 6,

where ¥y was given by Lamarshtsej.
Vo M1M3 Ei

Y = = = el ' (3.8)
Vac MaMg  Ej + a(1+(M,/M;))

where

=

mass of incident particle

1
Mo : mass of target nuclei
Mg : mass of light reaction product
Mg : mass of heavy reaction product
o [ Q-value of the reaction
Ei : energy of incident particle.

The reaction Q-values for D[d,nJaHa reaction and

D[d,p)aH reaction are:

D[d,n]BHa . Q 3.269 Mev

DEd,p)BH Q 4.03 Mev

n

In the case of 80 degrees, we have calculated the

differential cross-section according to the relation (3.9)

given by R.B. Theus et 31[433.
df (90°) _ £ 1
SRS A 4rr ([1+w/3 +8/5 ) (3.9)
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To evaluate the differential cross-sections at
different angles, the values of 8 corresponding to the angle

@ should be calculated for different deuteron energy.

For D[d,n)BHs reaction the data for the total cross-
section, &, which we used to evaluate the differential cross-
section, was from the best fitting data for the experimental
published data, which is given in Table (3.1). Figure (3.2)
shows the total cross-section for the D[d,n]aHa, the solid
curve represents the best fit for the published experimental
data. This figure has been drawn using the computer programme
in Appendix (B.1). The mean deviation between the experi-
mental data and the curve can be considered as a measure of
the uncertainty in the curve; the uncertainty in Figure (3.2)

. 2. 240 Wb,

The best fitting data for asymmetry coefficients A and
B have been used to calculate the differential cross-section
and the mean deviation of Fitting data from experimental data
in Figure (3.3) and Figure (3.4) was Y 0.197 and I 0.167
respectively. These two figures have been drawn using the
computer programmes in Appendix (B.2) and Appendix (B.3)
respectively. The published experimental data for the
asymmetry coefficients A and B have been given in Table (3.2)

and Table (3.3) respectively.

For the D[d,p]aH reaction, we used also the best
fitting data for the total cross-section, (, and the asymmetry
coefficients A and B to calculate the differential cross-

section for the D[d,p]BH reaction; this fitting data is
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Table (3.1)

Total cross-section for D[d,n]aHa reaction

E, Mev 6T mb REF. E, Mev ST Mb REF .
0.03 1.08 52 0.325 55.9 69
0.036 1.88 52 0.35 58.9 69
0.04 2.43 52 0.360 56.92 70
0.046 3.42 52 0.362 60.0 53
0.05 4.56 63 0.368 53.84 70
0.052 4.64 43 0.375 B81.7 69
0.053 4.78 52 0.4 B4.3 ==
0.06 6.25 52 0.405 60.0 70
0.067 7.86 52 0.408 62.77 70
0.073 9.3 52 0.425 66.8 63
0.075 11.11 e9 0.4286 69.84 70
0.08 10.9 52 0.448 69.84 70
0.087 11.85 43 0.45 69.3 69
0.083 13.86 52 0.463 66.92 70
D.1 15.2 52 0.466 73.3 53
Okl 17.8 69 0.475 721.7 63
0.107 16.6 52 0.479 73.846 70
0.11 17.0 52 0.483 69.84 70
0.113 17.4 52 0.5 74.0 69
0.125 23.7 69 0.527 71.92 70
0.15 29.1 69 0.591 75.99 70
0.156 29.0 53 0.827 73.84 70
0.175 34.0 69 0.722 88.307 70
0.2 38.4 69 0.717 83.077 70
0.2086 38.3 53 0.815 92.307 70
0.208 35.99 70 0.818 g1.23 70
0.22 37.99 70 0.841 89.23 70
0.225 42.4 CE 0.898 100.00 70
0.25 46.1 CE 0.918 94.307 70
0.27 51.0 53 0.945 100.0 70
0.275 49.5 69 =0 g8, 153 70
0.282 43.99 70 1.0 g97.0 61
0.282 46.82 70 1.373 107.0 61
0.296 45,07 70 1.501 103.7 62
0.3 =g = 3:0% | 1B:3sa g2
0.30=2 47 .23 70 2.14 106.5 Bl

2.5 103.682 62
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Table (3.2)

Asymmetry coefficient, A, for D[d,n]aHa reaction

Ed Mesv A REF. Ed Mev A REF .,
0.018 0.26 43 0.466 1.38 53
0.027 0.51 43 0.5 1.313e 48
0.032 0.46 43 0.5 < B1
0.045 a.527 43 0.6 1.377 48
0.071 0.79 43 0.675 1.48 51
0.086 0.87 43 8.7 1.363 48
0.1 0.607 48 0.711 1.0 61
0. 122 0.97 43 075 1.87 o4
0.1475 109 43 0.8 0.954 48
0.194 1.11 43 0.825 0.6 51
0.2 1.007 48 0.9 1.114 48
0.206 L 27 53 0.97 1.424 62
0.248 132 43 130 0,55 61
B.e5 1.03 21 1.343 0.2 61
0.27 1.589 83 1.492 8] 62
0.298 .23 43 13755 -0.36 61
Q.3 1,126 48 2.0 =1.a1e 62
0.348 129 43 2,16 -0.75 61
0.362 LS8 5.3

0.381 1.348 48

0.4 1.56 51




Table (3.3) Asymmetry coefficient, B, for D[d,nJBHa reaction

Ed Mev B REF. Ed Mev B REF.
0.045 0.04 43 0.5 0.918 48
0.071 0.01 43 0.675 51
0.096 0,12 43 .7 1.173 48
g.1 0.035 48 8.75 ey 51
@507 B 0. 43 0.8 S A g 48
0.147 B2 43 0.825 2.06 i
0.134 0.41 43 0.9 1.6889 48
0.2 0.088 48 087 1.666 62
0.206 0.26 53 1.0 1.84 61
0.248 0.43 43 1.343 D 61
0.25 0.1 51 1.492 s o 62
B =7 0.31 b3 1.755 28 B1
0.298 0.75 43 2.0 4.454 62
0.3 0.296 48
0.348 0.76 43
0.362 0.56 53
0.381 0.477 48
0.4 0.38 51
0.466 123 53
0.5 0.889 48
0.5 0.4 61
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represented by the solid curves in Figure (3.5), Figure (3.86)
and Figure (3.7). These figures have been drawn using the
computer programmes in Appendix (B.4), Appendix (B.5) and
Appendix (B.6) respectively. Tables (3.4), (3.5) and (3.6)
show the published experimental data for total cross-section

and the coefficients, A and B, for D[d,pJBH reaction.The mean

deviation of the Fitting inFigs. (3.5),(3.6)8(3.7) was tl.DEanb,

20.063 and ¥ 0.091 respectively. . .
n this work we want to evaluate the differential

cross-section in the laboratory system. This can be worked
out using the relation between the two angular distribution
(centre-of-mass system and laboratory system]. This re:lation
can be obtained by noticing that the number of emitted
particles appearing in a given element of solid angle must be

the same in both systems, it follows that:
&§(@) dn (B) = 6(8) dn (8) (3.10)

where
(@) differential cross-section measured in the
laboratory system
g£(8): differential cross-section measured in the
centre-of-mass system
dn(@): element of solid angle in laboratory system
dn(B8): element of solid angle in centre-of-mass

system.

From equation (3.10) and equation (3.3) we can obtain:

€(@) sin @ d@ = &£(8)sin B d8 (3:11]
= sin 8 dB (3.12)
£(@) = €(8) g T
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Table (3.4)

Total cross-section for D[d,p]aH reaction

E, Mev 6} mb | REF. E, Mev 6; Mb | REF.
0.013 0.035 52 0.113 17.5 52
0.014 0.213 52 0.125 21.8 89
0.017 0.147 54 0.133 19.6 54
0.019 0.213 1= 0.15 25.6 63
0.018 0.252 54 0.156 25.2 53
0.022 0.391 52 0.161 27.7 54
0.024 0.6086 54 0.175 29.1 69
0.025 0.7 69 0.185 29.9 54
0.025 0.629 52 0.2 32.3 89
0.029 1.14 54 0.208 34.7 53
0.03 1.14 52 0.225 35.2 69

' 0.033 1.54 52 0.25 38.0 69
0.033 1.79 54 0.27 44,9 53
0.036 1.98 52 0.3 43.4 69
0.038 2.59 54 0.308 40.9 54
0.046 3.58 52 0.325 45.8 69
0.05 4.3 63 0.35 48.1 69
0.052 4,59 49 0.362 50.8 53
0.053 4.398 52 0.375 50.3 69
0.057 6.66 54 0.4 52.3 69
0.06 6.5 52 0.425 54.2 69
0.067 8.14 52 0.4239 50.2 54
0.073 9.59 =2 0.45 55.9 69
0.073 10.1 69 0.466 61.2 53
0.078 | 54 0.475 57.5 69
0.08 1ise 52 0.5 59.0 69
0.088 11.41 49 0.982 78.15 62
0.093 13.9 52 1.501 86.15 62
) 15.4 52 25D 90.769 62
0.107 16.5 52 2.5 90.77 62
0.11 17.1 52
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Table (3.5) Asymmetry coefficient, A, for D[d,p]aH reaction

Ed Mev A REF. Ed Mev A REF ;
0.014 0.207 54 Dies 0.91 53
0.018 B.223 54 0.298 0.8 43
85013 0. 43 0.308 028973 54
D027 0.27 43 0.348 0.65 43
0.029 0.274 54 0.362 0.67 53
0.092 8. 43 0.428 0.785 54
0.038 0.308 54 0.468 0.84 53
0.045 0.34 43 0.87 0.66 62
0.057 0.393 54 1.492 -0.606 62
0.071 0.45 43 =20 -1.666 62
0.0786 0.568 54
0.096 0.53 43
0.1l22 0.58 43
05133 0.723 54
0.147 0.65 43
0.156 0.77 53
(8 i 6= 0.883 54
0.185 1.035 54
‘D.194 0.67 43
0.208 0.89 53
0.248 0.76 43
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Table (3.6)

Asymmetry coefficient,

B, for D[d,p]aH reaction

Ed Mev B REF .
0.045 -0.03 43
0.071 0.01 43
0.03866 0.03 43
0.122 0.06 43
0.147 0.11 43
0.156 0.03 853
0.184 0.24 43
0.2086 0.3 53
0.248 0.32 43
.87 0.2 53
0.298 0.41 43
0.308 0.49 54
0.348 0.66 43
0.362 0.79 53
0.428 0.74 54
0.466 2 =i 53
0.97 1.66 62
1.492 3.515 62
2.0 4,848 62
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From equation (3.3) we can also get:

QB' sin 8 d8
dn g sin d (3.13)

From equations (3.12) and (3.13) we can get:

(@) = 6(8) gﬁ' (3.14)

So one can obtain the differential cross-section in the
laboratory system by multiplying the differential cross-
section in the centre-of-mass system by the ratio of solid
angles in the centre-of-mass system to that in the laboratory

system. This ratio is called the anisotropy of the reaction.

From equation (3.7)

+
*Eytaneﬂ - \/¢y2tan4ﬂ = 4£tan2ﬂ+l]EY2tan2¢-l]

cosB8 = =
2 (tan®pg + 1)
(3,15)
If we rearrange equation (3.15) we can get:
+
cosB = =Y sin2 @ - cos@ Vﬁ-ya sina @ (3.18)
If we differentiate equation (3.16) we can get:
1
sin 8 d8 _ y (cos @ + V-? - . miE #)° (3.17)
sin @ d@ \/f ; ;
= = sin a
Y
By using (3.13) and (3.17) we can obtain:
g Vl 2 2
dan - Yy (cos @ + zﬁ - Bin. @) (3.18)

an \/%2 a4 sinz_ﬂ
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Equation (3.18) represents the anisotropy of the
reaction which we used in this work to convert the
differential cross-section from the centre-of-mass system to
the laboratory system. These anisotropies of the reaction
have been evaluated and drawn in Figure (3.8) and Figure
(3.9) for both D[d,n]aHe reaction and D[d,p]aH reaction for
different angles between 0° to 180° and for different

deuteron energy between 0.2 Mev to 2 Mev in 0.2 Mev steps.

Equation (3.14) with equation (3.18) can be used to
convert angular distributions from one system to the other.
In this work we find the differential cross-section in the

laboratory system by using equation (3.19).

1
23 P NS
£cg) = & (e) & Ec"slg . \[Xgﬁ' sin_ @) (3.19)
\/;2 - sin_ @

The differential cross-section in the laboratory
system have been evaluated and drawn in Figure (3.10) and
Figure (3.11) for both reaction D[d,n)aHe and D[d,p]aH For
different angles between 0° to 180° in 5° steps and for
different deuteron energy between 50 Kev to 2 Mev in 50 Kev
steps. This was done using a computer programme in Appendix

(B.7) and Appendix (B.8) respectively.
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4.1 The Dynamitron

In this work neutrons with an energy between 2 Mev to
5 Mev are required. The D[d,n]aHe reaction has been used to
produce neutrons within this range. For this reaction

deuterons have been accelerated to cause a nuclear reaction.

Deuterons are accelerated toward the deuterium target
using the Dynamitron accelerator at the Joint Aston-Birmingham
Radiation Centre. This Dynamitron is capable of accelerating
deuterons to energies between 300 Kev and 3 Mev. The
experimental chamber is shown in Figure (4.2). It was
connected to the beam tube in the low scatter cell upper

level (LSU) of the accelerator building.

In general the basic circuit of the Dynamitron
accelerator consists of an r.F. oscillator, a set of cas-
caded rectifiers and a resonant tank circuit consisting of
a8 toroidal coil and two large electrodes, which are
Capacitively cowled to semicircular rings (corona rings)
around the acceleration column. The coil and electrodes are
placed in a cylindrical pressure vessel. The Dynamitron can
be used to accelerate a current of positive ions to an energy

of 3 Mev with beam intensities up to 2mA.

Ions are produced in an ion source and at present
hydrogen and deuterium ions can be used. Ions of different
mass, i.e. atomic molecular and composite ions are produced.
To separate these masses the source is placed at an angle to
the acceleration column and the ions bent into the line of
the acceleration by s permanent magnet.
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It was noticed that in the changing of accelerating
beam from one type to the other, e.g. from protons to
deuterons, or from deuterons to protons, it takes several

hours for the residual gas from the earlier experiment to be

pumped away. Figure (4.1) shows the acceleration column of

the Dynamitron used in this work.

4.2 The target

The target used in this work is of the type DBT-51, a
deuterated titanium target supplied by the Amersham Radio
Chemical Centre, England. The target has a copper backing
disc ﬁF 2.857 cm diameter and 0.254 mm thickness. The
titanium layer of 2.54 cm diameter and 1.085 mg/cma is
deposited by vacuum evaporation. Deuterium is absorbed into
a titanium layer by heating the target and then cooling it in

a deuterium atmosphere.

The target was placed at an angle 45° to the incident
deuteron beam and the particles produced in the reaction are
observed at an angle 45° with respect to the target and at
right angles to the incident deuteron beam. Figure (4.2)
shows the position of the target with respect to the incident
deuteron beam and the detector inside the chamber. Since the
deuterated titanium layer is not thick enough to stop the
deuteron beam, the deuteron beam loses some of its energy in
the deuterated titanium layer and the rest of the energy is
lost in the deuterated copper backing. C.M. Bartle et 51(71J
have studied deuteron implantation in a copper drive-in-

targets and they find that the loading factor is 1:1, i.e. one

atom of deuterium for each atom of copper.
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Acceleration column of the Dynamitron at the

Figure (4.1)

Aston-Birmingham Radiation Centre
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4.3 Kimematics [thin target]

A thick target has been used in this work. Energies
of the reaction product can be calculated by dividing the
target into thin layers. The interaction process in a thin
target can be considered as a two body in elastic collision.
If a particle of rest mass, m) is incident on target particle
of rest mass, m,, in the laboratory system, then after the
interaction a light reaction product (emitted particle)
emerges at angle, 53, with the direction of the incident beam
and a heavy reaction product (residual particle), M,, emerges
at angle, ﬁ4, with the direction of the incident beam.
Figures (3.1) a and b show the reaction in the laboratory and

centre-of-mass systems respectively.

The energy of an emitted particle which is produced in

the interaction in the laboratory system is given by Liskien[72]
MM > % \/ 2
= + - +
E3 M1+M2] EIBl (2cos WB 282 Ecosﬁa ZB3 cos 63]
(4.1)
where
1 e
B, = eM;y
} = & 2 &
1+ g +; ( 1+ 2M,%cos ﬁa] + E17%sin @4
1e LT M M, + M2
(4.2)
1+ ey
M1¥M2
B, = (4.3)
2M]

63



1 M2 _ M3 E
f——— [ 1 + —=——= (1- _B) )
¥ M, + Mp 2M4 El
By = T
1%, 314
EMl
(4.4)
2 (M) + M2] (Ms - M3) Ep
YY) Clea E_l ] (4.5)
L
0 A " 2 e Q
et TN o e =M Ty, B) (4.8)

where Ml is the rest energy in Mev of the incident particle,
Mo is the rest energy in Mev of the target particle, M35 is the
rest energy in Mev of the emitted particle, M4 is the rest
energy in Mev of the residual particle, ﬁa is the angle of
emitted particle in the laboratory system with the direction
of incident particle, EE is the kinetic energy of the target
particle, E3 is the kinetic energy of the emitted particle,
E, is the kinetic energy of the residual particle and Q is

4

the Q-value of the reaction.

The kinmetic energy of a residual particle, E4, in the
laboratory system, which is associated to the emitted

particle, can be found by using equation (4.7]).

where E (ED in Figures) represents the kinetic snergy of

incident deuteron.

Figures (4.3) and (4.4) show the variation in emitted

particle and residual particle energies from the D-D reaction.
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(72)

Equation (4.8), given by L isken , can be used to calculate

the laboratory value for the angle of the associated

particle 3Ha and 3H.

R Sl N N RN E.(1+22 )
BREE = 15144 By ? fMatat aN,
\/M4E4 i iy S|
2Ma
cmsﬁaj
(4.8)

where @, represents the angle of residual particle in the
laboratory system with the direction of the incident part-
icle. Equation (4.8) was calculated for different incident
deuteron energies between 0.2 and 1.8 Mev in steps of 0.4 Mev
and for different angles of emitted particles between 0° and
180°, for both the D(d,n) He and D(d,p)°H resctions. The
result from these calculations was plotted with corres-
ponding values of emitted particle angle in Figures (4.5)

and (4.6).

Figures (4.7) and (4.8) show the energy variation of
the reaction product from D[d,n]aHa and D[d,p]aH reactions
for different incident deuteron energies between 0.2 and 1.8
Mev in steps of 0.4 Mev and as a function of laboratory

angles.
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4.4 Energy loss of deuterons in the target

Charged particles lose energy in their passage through
matter. The energy loss processes are usually divided into,
firstly, electronic energy losses; this kind of energy loss
takes place when the incident charged particles make
inelastic collisions with the bound electrons in the atoms of
the stopping material, where the energy is lost through
ionization and excitation of the target atoms. This process
leads to continuous degradation of their energy as they
progress through the stopping medium. Secondly, nuclear
stopping, due to elastic nuclear scattering by the target
nuclei. For all energies of interest in this work, the
energy loss of charged particles is mainly due to ionization
and excitation, the effect of nuclear interactions is very

small.

The theory of energy loss by fast charged particles
due to ionization and excitation of the atoms through or
near which it is passing has been established in terms of
classical theory due to Bohr (1913), who stated that the
electrons near which the particle passes could be treated as
classical oscillators that are set in motion by the electric
field of the passing particle. The snergy thus absorbed by

the electrons is equal to the energy lost by the particle.

Bethe has also studied the energy loss of charged
particles by inelastic callisicnst73). Bethe's theoretical
treatment of the energy loss is based on the Born approxima-

tion. Bethe's formula is valid only if the velocity of the
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incident particle is large compared to the velocities of the
electrons in the atom (i.e. E>> —E— EIP] where, E, is the
energy of incident particle, EIF’ is the ionization potential

of the electrons, and M and m the masses of incident particle

and electron respectively.

However, recently a lot of measurements of stopping
powers of a number of elements for charged particles were

(74-80)

carried out by Andersen and co-workers So, in this

work, the data for the energy loss for charged particles have

[BU]. The data was given

been taken from Andersen and Ziegler
in the form of equations to fit the experimental data. The
accuracy in this fit varies with charged particle energy, but

generally the fit at high energies are accurate to 3%, and at

the low energies the fit was zccurate to about 5%.

Since there are no data for energy loss for deuterons
in elements, we derived the energy loss for deuterons by
assuming that the energy loss for proton with kinetic energy,
g, is equal to the energy loss of deuteron with energy,

( 2.014*&3, where 2.014 represents the deuteron mass in Amu.

Where

proton energy/proton mass (Amu)

m
n

Assuming that the rate of energy loss for particle of the

same charge is a function of the velocity of the particle

_g_é [_grntt:ln energy ;i EE__) C proton energy %2.014)
X proton mass Amu dx proton mass Amu

H D
(4.9)
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Deuteron energy loss in titanium has been derived from
protons energy loss in titanium by using equation (4.8).
Ernergy loss for protons in titanium was obtained from the

following equations

&£ LT % HT 2

% IO hr *12.58 (Mev/gm/cm ) (4.10)
where

LT = 5.496x% é°'45 (4.11)

HT = —5-% * LN [1 + 5‘5;‘3#5 + 0.009474% £ ) (4.12)
where

£ represents the proton kinetic energy (proton energy/proton

mass Amu). Equations (4.11) and (4.12) are valid for
10 Kev £ £ < 1000 Kev
Figure (4.la) shows the energy loss of deuteron in titanium.

Since there are no data on the rate of energy loss for
deuterons in deuterium, it is necessary to make a trans-
formation from the proton per Amu energy loss data in
hydrogen. The deuteron energy loss data in hydrogen have
been derived from proton per Amu energy loss in hydrogen by
using the assumption given in (4.9). Deuteron energy loss
data in deuteriumobtained from deuteron energy loss in
hydrogen, by assuming that the deuteron energy loss in
deuterium is equal to half deuteron energy loss in hydrogen
for the same deuteron energy. Since deuteriumand hydrogen
have the same nuclear charge and deuteriumhas atomic weight

equal to 2.
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[3_5:] % ,g[g_f.; ] (4.13)

D in deuterium DO in hydrogen

Data for proton per Amu energy loss in hydrogen have

been taken from H.H. Andersancao] using the following
equations:
=a LH % HH
et = LH *+ HH % 997 .7 (4.14)
where
/0.45
LH = 1,45 % & (4.15)

4 7
HH = [_242_;5] £ LNCL + ﬁéﬁi + 0.1159 %€) (4.16)"

’
where € , represents the proton kinetic energy per Amu.

Equations (4.15) and [4.16) are valid For 10 Kev £ € <
1000 Kev. The deuteron energy loss data indeuterium have
been derived from equatiors(4.9), (4.13) and (4.14). Figure

(4.9) shows the deuteron energy loss in hydrogen and deuterium.

The energy loss of charged particles in a compound
material can be calculated from Bragg's Law, which states that
the stopping cross-section of a compound is the sum of the
cross-sections of the constituents. So, by spplying Bragg's

Law, the energy loss of deutrons in D-T, is given by

1

5], ;o e (5], w8
dx D im D-TI 48 + 2N dx TI 48+2N dx 0

(4.17)
where N, is the loading factor, which represents the number
of deuteron atoms for each titanium atom. In this work, N ,
has been taken equal to one. Figure [(4.11) shows the deuteron

energy loss in D-TI.
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Energy loss data which was given by H.H. Andersen et
aIEEUJFar protons per Amu in copper have been used to derive
the rate of energy loss of deuterons in copper by using the

assumption given by (4.9).

dE .. LC % HC
o E LC + HC * 9.482 (4.18)
where
¢0.45
R R (4.18)
rd
He = 2873 4 N 1+ 22258 ¢ 0.02188 2E Y (4,20)

E* €
g€ . :
where 3z represents the energy loss of protons in copper, in
’
Mev/gm/cma, and £, the proton energy per Amu. Equations

(4.18) and (4.20) are valid for 10 Kev < € < 1000 Kev.

Figure (4.10) shows the energy loss of deuteron in copper.

Energy loss of deuteron beam in D-Cu was calculated

by using Bragg's Law, so the following formula can be used

g€ ) 63 ( g€ ) 2 N (d&
— = ——————— —— + P e S0 —
( dx 63 + 2 N dx 63+ "2N dx) (4.21)
Din D-Cu Cu D
where N , is the loading factor. In this work, N, has been
taken equal to une[7lj. Figure (4.11) shows the deuteron

energy loss in D-Cu.
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4.5 Neutron yield

The yield of the nuclear reaction from deuterons
passing through a deuterium target of thickness, dx, is a
function of deuterium density [atnm/cmaj, ND’ in the target
and reaction CPDSE—SECtimﬂ,‘ . Thus, the probability, Pr, of

a deuteron making a nuclear reaction is given by
Pr = N,§dx (4.22)

where, g , is in barns and is a function of deuteron energy.

One can write,

£dx = dE/ci: d€ (4.23)

where dE/dx, is the rate of energy loss of incident deuterons

on the target in Mev/grn/cm2

From equation (4.22) and (4.23) we can write

§

Pr " Ny SE7ax d€ (4.24)

For a thick target the energy of the incident deuteron
is reduced to zero within the target thickness since by
definition the target is thick enough to stop the deuteron
beam, and each deuteron has a finite probability to make a
nuclear reaction throughout the energy range between zero up
to incident energy, E. So equation (4.24) can be used to
evaluate the total neutron yield from thick target, by taking
into account the probability of deuteron interaction over
deuteron enmergy range. One can write equation (4.24) as

follows:
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e (4.25)

& N
Y DI

Equation (4.25) gives the total neutron yield for a

thick target, per incident deuteron of energy, £

Neutron yield at different angles can be calculated W 3

the differential cross-section is used in equation (4.25).

Y(B) = N J"Eﬁ——ﬂm d€ (4.28)
D 0 d& dx %

where @ represents neutron emission angle at laboratory

system.

The number of deuterium atoms per cma, Ng» of the
target material TIDNcantains, N = 1deuteriumatoms per
titanium atom, can be calculated by using the following

formulae.

N = ‘N & PriDy 6.023 3 1023

D A
TIDN

(4.27)

wherej’TID represents the density of the target material

48 + 2N

PTID,N‘ T Py S (4.26)

where 48 and 2 represent the mass numbers for titanium and
deuterium respectively, p.;, the density of titanium and K,
represents the expansion of the titanium lattice due to space

having been taken by deuteron.

In this work, the deuterated titanium layer is not
thick enough to stop the incident deuterons, so the relative
neutron yield from this target was calculated by summation of

neutron yield for D-Cu and the neutron yield for deuterated
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titanium layer. Thus, the relative neutron yield at each

angle can be used to calculate the mean neutron energies.

Neutron yields have been calculated by dividing the
target into thin layers of equal thickness of 0.08 Mev. The
yield of these thin layers was added together to give the
yield of the thick target for incident deuteron energy.
Figure (4.12) and Figure (4.13) show the yield of neutrons
for forward and backward angles from the target used in this

work.

4.6 Thick target effect

a) Mean neutron energy for thick target at a point sample

For this work a thick target was used to produce
neutrons. There is no direct relationship which can be used
to calculate the neutron energy for the thick target. So,
the neutron energies as a function of deuteron energy, Ed’
and angle of emission, @, for a thick target can be obtained

from calculating the neutron energies for a thin target.

The value of neutron energies for a thin target as a
function of emission angle and incident deuteron energy can
be obtained from the equations given in Section (4.3); these
equations take into account the effect of the relativistic

correction.

Thus, if we consider a thick target as consisting of
a number of thin layers with egual thicknesses, we can use

the equations for the thin target to calculate neutron
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energies from each thin layer using the Fact that the
incident deuteron energy is varying from its Full energy at
the surface of the target, down to a low energy at the

bottom of the target, and by assigning to each layer a
specific deuteron energy we can calculate the emitted neutron

energies at different angles within each layer.

Since the incident deuteron energy gradually decreases
whilst passing through the thick target, and the probability
of deuterons interacting with layers of the thick target will
be different from one layer to another, as this is a function
of incident deuteron energy for any particular layer, the
neutrons for a certain angle consist of different energies.
The number of neutrons having the same energy is a function
of the probability of the incident deuteron in reacting with
a layer which emits neutrons with this particular energy at

this angle.

For all angles between DD—lBDD, the mean values of the
neutron energy is then required. To find the value of this
energy at a given angle for different deuteron energies, it
is necessary to multiply each of the neutron energy values
by the corresponding neutron yield for the angle, and repeat
this procedure for each deuteron energy value. The result of
these multiplications are added together for the whole
deuteron energy range from zero to the incident energy and
the neutron energies are thus weighted according to their
yield to give the mean nsutron energy For a given emissionr

angle.
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2, E (@) v (@)

= 1
< En£ﬂj > W E chmj [4'293

where i represents the incident deuteron energy interval from
Full deuteron enmergy down to minimum value, < E.(@) >, is

the mean neutron energy at angle @ in the laboratory system,

Eni(@) is the energy of neutrons emitted at angle @ from ith

deuteron energy, and Y; (@) is the yield of neutrons at angle

th
@ for i deuteron energy.

The procedure has been repeated for all angles from g7
to 180°. This was done by developing a computer programme.
The programme is given in Appendix (C.l1). The effect of
neutron yield from deuterated copper and deuterated titanium
have been taken into account in calculating the mean neutron

energy.

The mean values of neutron energy for each angle is
then obtaimed from the programme for all angles between 0°
and 180° which are shown in Table (4.1) and plotted in Figure

(4.14) fFor an incident 2 Mev deuteron beam.

b) Neutron spectra

The neutron spectrum arriving at the sample at any
particular laboratory angle is a function of deuteron energy
and neutron yield for this particular angle, which identifies
the position and amplitude of the peak. The major causes of
neutron energy spread are from the following: energy loss of
incident charged particles, producing neutrons whilst passing
through the target and the angle subtended by the sample on
the neutron source. These two effects cause the main broading

in the neutron spectrum.
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Table (4.1) Mean neutron energy at different angles.
For a thick target

Angle deg. mean neutron energy
Mev

8] 4.504
10 4.463
20 4.344
30 4,158
40 3.834
50 3.700
60 3.472
70 S
80 2.992
S0 iy
100 e-539
110 =30k
120 2.188
130 2.050
140 1.938
150 1.852
160 1.7891
170 1755
180 1.743
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Bl Energy spread due to target thickness

e — I =— e )

For a thin target the neutron spectrum is a sharp
monoenergetic peak with broading equivalent to AE and @,
where AE, is the energy loss of incident deuteron in this
target and @, is the laboratory angle at which the neutron is
emitted. In this work, a thick target has been used to
produce neutrons. So, the width of this peak is a function
of deuteron energy loss in the target and neutron emission
angle, @. For the D-D reaction the yield increases smoothly
with energy so we get the maximum yield per incident deuteron
from the surface of the target where the beam has its full
energies of 2 Mev. This yield decreases as the beam loses
energy in penetrating the target. Figure (4.15) and Figure
(4.16) show the neutron spectrums at different angles for
2 Mev incident deuteron on a thick target used in this work.
Energy spread in the neutron peak for different angles shown
in Figure (4.15) and Figure (4.16) is due to the effect of
target thickness only, the notch at the top of the peak is
due to change from deuterated titanium to deuterated copper.
The neutron energy spread due to target thickness over the
neutron energy range used in this work is given in Table

(4.2).
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Table (4.2) Neutron energy spread due to thick target used

in this work, for 2 Mev incident deuteron energy

Angle Lab. deg. AET Mev

0 0.73
10 R 73
20 0.72
30 0.70
40 Q.65
50 0.57
60 0.46
70 0.35
80 0.26
a0 0.18
100 0.12
110 0.06
120 0.01
130 0.02
140 0.04
150 0.06
180 0.07
170 0.08
180 0.08
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4.7 The effect of the Finite angle subtended by the

specimen at the target on the neutron spectrum

a) Neutron spectrum on the sample

——————————— T ——— i —— -

Neutron energy spectra on the sample with certain
dimensions was evaluated by taking into sccount target
thickness effect and irradiation geometry; the first factor

was discussed in Section (4.6).

Due to the sample dimensions, the sample will subtend
on angle on the target between @-Ag to @ +4 @, where @,
represents the angle between the incident beam direction and

+

the centre of the sample (0 ¥W- Ag@g < 180 ).

Since the neutron yield is a function of deuteron
energy, Ed’ and the angle of emission @, the neutron yield
can be calculated on the sample for different deuteron
energies in 20 Kev steps to obtain continuity in the drawn

neutron spectrum. The sample has been divided into 58

strips, the width of each strip being equivalent to g.2".

The number of neutrons passing through the sample has
been calculated by taking a summation over the sample for
neutrons passing the strips for different deuteron energies.
This calculation has been done by using a computer programme

given in Appendix (C.2).

The programme given in Appendix (C.2) has been used to
evaluate the neutron yield on the sample at different angles

between 0° and 1800; the results from these calculations

93



were saved in a file SP9 and the disc was placed in the drive
zero of the floppy disc. The data was saved in the File SPS
in the form of Jy0 K, [K,Jl+1], where Jl is the angle, @,
in the lgboratory system, K, the channel na, and L[K,Jl+l]

is the yield on the sample, which is a function of channel
no., and angle @. Each channel has been represented as
equivalent to 40 Kev. The time for running this programme
for all angles between 0° to 180° was approximately 105.8

hours by using a PET computer.

The neutron spectrum on the sample which has A @
= 5,8° has been plotted in Figure (4.17), Figure (4.18),
Figure (4.19) and Figure (4.20]) for different angles. The
data which was used to plot this spectrum has been taken from

file SPS.

b) Mean neutron energy on the sample subtended angle

Since the yield and energy of emitted nmeutron is s

function of angle @, and incident energy, E i.e. the number

d!
and energy of neutrons which hit the sample varies over sample

area, so the mean neutron energy on the sample is required.

The mean neutron energy on the sample which has A@ =
5.8° has been derived For different angles from the data

which was used to plot the neutron spectrum in Section (4.7a3].
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The count in each channel is multiplied by the channel
number and the result of this multiplication added together
for all channels of angle ﬂi. The result of the summation
has been weighted by the neutron yisld on the sample for—angle
ﬁi. Equation (4.28) can be used to find out the mean neutron
energy on the sample subtended angle on the target by
replacing E by Hi and Si by Ci, where Hi represents the ith
channel and Ci is the count in the ith channel. The resul-
tant mean neutron energies on the sample are given in Table
(4.3). If we compare theresults of mean neutron energy given
in Table (4.1) with the results of mean neutron energy given
in Table (4.3), we can notice a little difference in mean
neutron energy; this is because of the yield. We can also
find that the difference is larger for Forward angles than
for backward angles. This variation in the differences was

due to larger changes in differential cross-section in forward

angles than in backward angles, see Figure (3.10).

The spread in neutron energy on the sample has been
derived from the calculation of the half width at half
maximum for the neutron spectrum givenm in Section (4.7a).
This spread takes into account both target thickness and
irradiation geometry. Results of the spread are given in

Table (4.3).

Because the difference in mean neutron energy is not
large, the mean neutron energy used was the point sample
value given in Table (4.1) and the uncertainty in neutron
energy due to target thickness and sample dimension was taken
from Table (4.3).

839



The mean neutron energy and energy spread due to
target thickness and irradiation geometry was calculated by
using a computer programme. This programme was developed
and is given in Appendix (C.3). This programme running by

reading the data which saved in file SP9.
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Table (4.3) The mean neutron energy and energy spread due
to the target thickness effect and the angle

subtended at the target by the sample (A p=5.8°)

@ deg. <ES > AES

0 4.501 0.76
10 4.462 0.76
20 4.346 0.76
30 4.165 0.72
40 3.941 0.68
50 3.706 0.6
B0 3.475 0.52
70 3.238 0.4
80 2.994 0.32
30 2.756 0.24
100 2.539 0.12
110 2.350 0.08
120 2.187 0.08
130 2.05 0.08
140 1.938 0.08
150 1.852 0.08
180 1.791 0.08
170 1.756 0.08
180 1.743 0.08
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5l Aadiation detection

Y Radiation is mostly detected by using either the
sodium iodide thalium activated Nal(Tl) scintillation
detector or the lithium drifted germanium Ge(Li) semicon-

ductor detector.

However, the detector which is most commonly used to
detect and analyse gamma-radiation is the Na(Tl) because it
has higher detection efficiency than Ge(Li)], providing that

the higher resolution of the Ge(Li) is not required.

Gamma ray activity from the samples was detected using
a 7.62 cm diameter x 7.62 cm thick cylindrical Nal detector.
The Nal crystal was encapsulated in a thin aluminium can. The
distance between the top surface of the crystal and the sur-
face of the aluminium can was 0. 4cm. This distance was
measured by taking X-ray photograph for the detector
container used for this work. An X-ray photograph is given
in Figure (5.1). This distance from the crystal face to the
envelope was required for the calculation of geometric

efficiency.

The energy resolution of a gamma-ray detector is
usually defined as the full width st half maximum, that is
the full enmergy width of the photo electric peak divided by
the mean peak energy on the spectrum, and the resolution of
NaI(T1l) scintillation detector used in this work was found

to be 6.36% for 0.66 Mev gamma-ray emitted by 13705.
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X-ray photograph of NaI(Tl) (7.62 cm x 7.62 cm)

Figure (5.1)
crystal, showing the location of the crystal

inside the package
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5.2 Gamma-ray spectroscopy by the NaI(Tl) crystal

For each detected gamma-ray there is a response Function
which can be obtained by using NaI(Tl) detector. This
response function may contain several peaks with a flat
continuum. From this amplitude distribution we can analyse

and identify the gamma source.

Gamma-rays may interact with Nal(Tl] crystal in one or
more of the Following ways: photoelectric effect, Compton
scattering and pair production. These events will define the

form of the nbsarved'gamma-spactrum.

In photoelectric process, all the energy of the
incident photon will be absorbed by a bound electron of an
atom. The kinetic energy of this electron, when ejected from
the atom, is equal to the enmergy of the incident photon minus
the binding energy of the electron in its orbit. The result
of this process is a single peak at a position equivalent to
the full energy of incident gamma-ray. The intensity of the
source can be calculated by measuring the amplitude of the

photo peak.

The incident photons may be scattered by the loosely
bound electrons in the NaI(Tl) crystal and the energy of an
incident photon will be shared with the recoil electron.
Since the recoil electron energy depends on the scattering
angle, the recocil electron energy will vaery from zero energy
at scattering angle =to zero (@ = 0°) to maximum enmergy at

scattering angle equal to 180° (g = 180°). This process will
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give a Compton continuum which is a function of recoil

electron energy.

The third process occurs if the incident photon has
energy greater than rest mass energy of a positron-electron
pair CEY > 1.02 Mev), where EY is the energy of incident
gamma-ray. In this process, ihcid?nt gamma-rays interact
with the nuclear field of force to create an electron-positron
pair. The total kinetic energy For this pair is equal to the
energy of incident photon minus 2 mnc2 (= 1.02 Mev]), where m_
is the electron mass and c is the light velocity. In this
process, positron will subsequently annihilate with an

electron and give two 0.511 Mev gamma-rays.

Since we cannot isolate the source and the detector
from the surrounding materials, the spectrum may contain

several peaks due to radiation from the shielding material.

Gamma-rays from the source may interact with shielding
material by Compton scattering. The energy of the photon
scattered From the shielding after interaction is approximately
independent of the energy of the incident photon and scatter-
ing angle in the backward direction. This will give an
approximately monoenergetic peak sitting on the Compton
continuum in the gamma-spectrum. This peak is called a 'Back

scatter peak'.

An 'X-ray peak' may appear in the gamma-ray spectrum.
This peak occurs due to the photoelectric event occurring at
the surface of the detector shielding. This interaction

produces a characteristic X-ray of the shielding material.
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When the energy of incident gamma-ray is greater than
the rest energy 2 mcc2 (1.02 Mev), the gamma-ray may interact
with the detector shielding and pair production will result
from this interaction. When this process occurs within the
shielding, annihilation radiation may result and interact with

the crystal.

The gamma-spectrum may contain other peaks from
different effects. As a photoelectric process takes place,
a characteristic X-ray will be emitted from the intercepting
atom. If this process occurs near the surface of the crystal,
the characteristic X-ray may escape from the detector. This
event will give a peak in the response function, with energy
equal to the energy of incident gamma-ray minus the energy of
the escaping characteristic X-ray. This peak in the gamma-ray
spectrum is called the X-ray escape peak. This process occurs

when the energy of the incident photon was very low.

In the gamma-spectrum we may get a coincidence sum
peak. This peak occurs from gamma-gamma coincidence or a
positron-gamma coincidence. In gamma-gamma coincidence, the
source may emit two or more gammas within a time less than
the resolving time of the detector and when the detector can-
not resoclve these events in time, these will be recorded
simultaneously and the spectrum will show a 'sum peak' if
there are enough counts of this event occurring. The
position of this peak will correspond to the sum of the
energies of gamma-rays. The sum peak is strongly dspendent
on the distance between the source and the detector; this is

because the number of coincidences is proportional to the
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product of the detection efficiencies of the gamma con-
stituents to the sum peak, each of which increase rapidly as

the distance between source and detector is decreasesd.

The gamma source may be covered with an sbsorber to
annihilate the poSitrons which may be emitted due to source
decay. If one of the two annihilation radiations is detected
by the detector and the other emitted in the cpposite
direction, and subsequently scattered to the crystal by the
shielding material, the detector will record the sum of these
two events, if they are detected within a time less than the
resolving time of the detector. A very low intensity peak may
appear in the spectrum due to these events. The energy
of this peak is equal to the sum of 0.511 Mev and the energy

of back scattered radiation from the shielding material.

Electrons passing through materizl may lose a certain
fraction of their energy as Bremsstrahlung, so a gamma source
which decays by beta minus will show in its gamma-spectrum a
continuum due to energy loss of emitted electrons during the
decay in the sample material and any material between the

source and the detector,

For an incident gamma-ray with high energy and a small
detector the gamma-spectrum may show a 'double escape peak'.
This process occurs due to escape of both amnihilation
photons from the detector. Position of this peak will be at
Echa below the photopeak. If one of the annihilation photons
escapes and the other photon is absorbed by the detector, this
will give a single escape peak. The position of this peak
will be at rnol:.‘a below the photo peak.
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Figure (5.2) a diagramatic representation of the
soectrum of a gamma ray of energy RV showing the effect of
detector shielding and detector size. These
peaks which sit on the Compton continuum can be obtained

clearly in any gamma-spectrum if they have enough counts.

5.3 Detection efficiency

The activity of the samples was measured by detecting
the gamma-rays from the samples, which were placed parallel
to the top surface of the detector with centre on the central

axis of the detector.

To calculate the activity of the sample at the end of
each irradiation, the detected gamma-rays were corrected for

the counter detection efficiency.

The total absolute detection efficiency is defined as
the total probability that a gamma-ray emmitted by the source
will interact in the detector with loss of a certain amount of
energy. This will depend, amongst other things, on the sample
and detector dimensions, sample position from the central axis
of the detector, the distance between the sample and the

detector and the gamma esnergy.

£ LE)i. = no. of pulses recorded
o no. of radiation gquanta emitted by the sample

£5.1)

wheres

£ (E) is the absolute detection efficiency.
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Grosjean C.C. st altal] have calculated the values for
the absolute detection efficiency for a point source at
different distance from the detector for different gamma
energies and different crystal sizes. This data can be used
+to calculate the absolute detection efficiency for an
extended source by using the correction factors which are

(81)

given in the tables by Gros jean ;

The calculation of the absolute detection efficiency

fFor an extended circular disc-source radius, R, was done by

using the relationship given by Grosjean C.C. et altal).
RS R4
+ - i
ELE) ' ®» Ep (E) L 3= M 374 (5.2)

where

€ (E): is the total absolute detection efficiency for
a disc

Ep[E]: is the total absolute detection efficiency for
a point source

i is the detector radius

L § M: are the correction factors tabulated together
with EPCE] to convert the efficiency from a

point source to a circular disc source.

Absolute detection efficiency for the gamma of interest
fFor certain sample was derived from the curve plotting bestween
absolute detection efficiency and gamma energy, by using
equation (5.2) and the data given by Grosjean C.C. et al.
Figure (5.3) shows the total absolute detection efficiency
For a disc of radius 1 cm placed at distances of 0.4 cm and

1 em From the crystal of '7.6 cm x 7.6 cm' Nal[Tl) detector.

110



TTE

Total absolute efficiency

Figure (5.3]

0.2~ Mﬂ%ﬁh&a‘“‘*-~‘ﬁ_hﬁ‘_ 0.4 cm

1.0 cm

yi | i | 1 I} 1 £ 4 i 1 1 L ! 1

(2 P, 20,6 0:8 1.0 1.2 1.4 1.8 1.8 2.0 2.¢ a4 2765

gamma energy Mev

Total absolute detection efficiency for a disc of radius 1 cm placed at
0.4 cm and 1.0 cm from the surface of the detector



The size of the photopeak is less effected by scatter-
ing than in the rest of the spectrum, SO it is more convenient
to work with the photo pesk efficiency. The photo peak
‘efficiency is defined as the probability that the emitted

photon of energy, E, will appear in the photo peak.

gogtRls= p € (E) (5.3)
where
Epp[E]: is the photo peak efficiency
=) . is the ratio of full energy pesk area to
the area of the spectrum
E(E) : is the absolute detection efficiency for

the source.

The data for the peak-to-total ratio have been taken from

Heathtae].

Thus, the absolute activity for the sample can be
calculated by measuring the area of the photo peak of the
gamma-ray of interest and then dividing it by the photo peak

efficiency.

5.4 Sample self-absorption

At the end of each irradiation, the sample activity

was measured by detecting the gamma-ray emitted by the sample.

Since gamma-rays interact with matter through their own
path, the processes will attenuate the gamma-rays within the

sample. This is known as self-absorption.
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For a sample of finite dimensions used in this work,
it was necessary to correct for self-absorption to obtain the

true count in the energy peask of interest.

The absorption depends on the sample's thickness and
the gamma-ray absorption coefficient of the sample material.
This absorption coefficient depends on the gamma-ray energy

and the atomic number of the sample material.

To correct for the absorption effect, the irradiation

sample is divided into layers with equal thickness, ét.

The fraction of the total gamma-rays produced in any
layer is given by dC5=%gét, where, T, is the sample thickness,
as shown in Figure (5.4), dC_, is the real emitted gamma-ray

intensity from the layer.

Figure (5.4) Sample geometry

The fraction of gamma-rays which escape the source

from a layer at a distance t from the surface is:

c _
& = =25t . P (5.4)

where,lp , is the linear absorption coefficient, C is the

o!

real count rate from the sample.
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Figure (5.5) shows the mass absorption coefficient as
a Function of gamma-ray energy and atomic number of abscorbing

material.

The total gamma-ray intensity leaving the sample is

given by:
2 Co -PT
B = J._l.:l'- (1. -~ =& )
AT
C L
i (e 2T
or
Cc L el o f {5.5)
T
where F = R
(1-e7 ")
5.5 Fitting a Gaussian to peak from (7.8 em x 7.6 cm)

NgI[(Tl) detector

To measure the activity of the sample after irradiation,
the gamma-ray counts from the sample should be accumulated.
The gamma-spectrum at the end of an accumulation can be used
to obtain the activity of the sample and the gamma energies

emitted by the sample.

The activity of the sample is usually derived from the
area under the photo peak. The peak is described by =a

Gaussian fFunection.
y(x) = y_ EXP [-{x-xo)°/262) (5.6)

where y(x) is the calculated count in the channel x; Yois the

count in the chamnel x_, § is the standard deviation and X

is the peak position.
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However, Heath[83’843 suggests a modified Gaussian

function, which is given by
vix)= = Ly P (=Cx=-x_ /26%) % [1l-oxy[x=%xg

*“a[""‘o]laj (5.7)

where

Yo xn'°<l andiX , are parameters to be determined for each

peak.

In this work, a non-iterative method For Fitting a
Gaussian to the peaks was applied. This method was given by

(es)

Mukoyama , by defining the gquantity

B ﬁ%f%%% = EXP {2[x—x03/62] (s5.8)

Taking logarithms of equation (5.8)

. (xall 2

Ln Q(x) = Ln ﬁ;:l-) (2(x-%g)/8%) (5.9)
This quantity is a linear function of x. Thus, the

LnQ(x) values are defined by y(x] data. Ln yx=1) . pe

y(x+1)
Fitted to a straight line by the least-square method, and this

Fitting is equivalent to fitting a Gaussian to the original
data. Then slope, m, and the intersection, b, can be used
to Find the standard deviation, &, and the centroid, X or

the Gaussian peak.

3

[(5.10)

and

(5.11)

3lo
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The full width at half maximum is given as

FWHM = E‘IELHE & = 2.35685 & {S5vi12)

In this fitting the weight chosen for each LnQ(x)

value is

1 + 1

Wix) = c(x+t1l) c(x-1) (5.13]

wheres

c(x+1) and c(x-1) are the counts in the channels x*+1

and x-1 respectively.

The peak height, Yo is evaluated from the weighted

mean. N >
L, W x]) (Lnelx]) + (Exge s
K= 2
LYo v €6 (5.14)
z Wr(x)
x=1
where the weight, W'(x), is chosen as:
2 2
5 " X (e ) 2 Escsse 5]
Wi lxdih (eptpmt el (CA x,) +_620_
¢ TP (5 15)

where 45 and Axo are the standard deviation of x_ and 8,

obtained in the linear fit.

Thus, the Gaussian fitting can be obtained for the
experimental data by using the calculated values Yo X, and
5, with the equation (5.B). The area under this Gaussian

Fitting curve can be calculated from the equation:

AP = ,fawayg = 2.507 by, (5.18)
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Figure [5.8) shows the result of a fFit to the 0.662 Mev
gamma-rays from la?Cs, obtained with a 7.6 ecm x 7.6 cm NaI(Tl)

detector by using the method used in this work.

Because the data near the edges of the pesk is not
Gaussian due to distortion, the peak was fitted by using the

data lying at least half way up the peak.

The background is determined by averaging over the
data on either side of the peak region. The area under the
Fitted Gaussian peak was corrected for the background. The
area under the straight line between the averaging points
at each side of the photo peak, within the Gaussian function,

represents the intensity of the background.

A computer programme has been written to make fitting
to the experimental data and to calculate the area under the
Fitting curve. This programme is given in Appendix (B.1).
The programme has to feed counts/channel for the peak
of interest in the field of data in the programme. The
calculated area result from the programme is corrected for

the background.
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5.6 Aluminium sample measurements

The sample for this work was in the form of a disc of

natural aluminium. The dimensions of this disc are 20 mm in

diameter and 2 mm thick. The abundance of 27Al is 100%.

The 27Al[ n,p)27Mg reaction was studied in this work. The

Q-value of this reaction has been given by N.B. Gove et 31(87]
s - 1.827 ¥ 0.0012 Mev. The value of the half life of 567.6
(88)

+
Z 1.2 sec. as measured by A. Poularikas et al was used.

The ground state of 27Mg decays by emitting 69% of
B~ to the fFirst excited state in 27Al at 0.842 Mev excitation

and also emitting 31% of B~ to the second excited state in

27Al at 1.013 Mev axcitaticnceg]. Figure (5.7) shows the
decay of 27Mg.
12

(s0)

Smith et al found that the 97% of the decay of the

second excited state in 27Al was to the ground state and 3 %

of the decay was to the first excited state (0.842 Mev state).

Therefore the 28% of the 27Mg disintegration leads to the

1.013 Mev state, and 72% of the 27Mg disintegration leads to

the 0.842 Mev state.

(81)

The total absolute detection efficiency and the

peak to total ratictaz]

for 0.842 Mev gamma energy from the
aluminium sample placed at 4 mm from Nal(Tl) crystal were
0.263 and 0.462 respectively and for 1.013 Mev were 0.248 and

0.41 respectively.
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Thus, the photo peak efficiency for the 0.842 and 1.013
Mev gamma-rays are 0.121 and 0.101 respectively. The
absorption factor, f, for the aluminium sample as given in
equation (5.5) for 0.842 Mev and for 1.013 Mev are 1.019 and
1.016 respectively. The gamma-ray spectrum obtained From
the aluminium sample is given in Figure (5.8). Fitting for
1013 Kev and 842 Kev was done by using the method given in
Section (5.5). The area under 1013 Kev photo peak was
calculated by using the computsr programme given in Appendix
(D.1). Figure (5.9) shows the fitting for 842 Kev and 1013

Kev photo peaks obtained from the aluminium sample.

The background under the 842 Kev photo peak was
calculated by extending the line which represents the back-
ground for 1013 Kev plus the Compton distribution from 1013 Kev
gamma-ray. The Compton effect was calculated from 0.83 Mev
single monoenergetic gamma-ray spectrum given by Heathtaa].
These monoenergetic spectra given by Heath were corrected to
the experimental situation. This was done by comparing the
ratio of Compton to peak height of the 0.862 Mev single mono-
energetic gamma-ray from 13785 and the 0.835 Mev gamma-ray
from 54Mn which were measured by the detection system used in
this work to the Compton to peak height from the same gamma-
ray energy given by Heath. The ratio of the Compton to peak
heights from the gamma-ray measured by the present detection

system to that from Heath was found approximately 1.14 in

both cases.
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The Compton distribution from 1013 Kev gamma-ray was
obtained by multiplying the Compton to peak ratio for 830 Kev
gamma-ray from Heath by 1.14 the result of this multiplication

was multiplied by the pesak height of 1013 Kev gamma-ray.

537 Titanium samples measurement

Titanium sample was obtained from Goodfellow Metals.
The dimensions of these samples are 20 mm diameter and 2 mm

thick.-
47 . 47 = g ; .
Tl[n,p] Sc reaction has been studied in this work.

47 (86)

The Ti abundance was 7.93% and the Q-value of this

+
reaction was 0.182 - 0.002 Mevcs?J. In the calculation a 3.40

+
- 0.05 day has been used as a half life for 47Sc[913. g

Sc

A 4 - : 47 _ .
decays by emitting 3 ; 27% of this decays to Ti ground state
and 73% to the first excited state in 47Ti at 0.16 Mev
excitation. This excited state decays by emitting 0.16 Mev
gamma-ray, which represents 73% of 475: disintegratiancea].
Figure (5.10) shows the decay scheme of 47Sc and Figure (5.11)

shows the gamma-ray spectrum from 478:.

(81)

The total absolute detection efficiency and the

(s2)

peak-to-total ratio for 0.16 Mev gamma-ray from the Ti
sample which was placed at a distance of 4 mm above the NaI(T1l)
crystal are 0.437 and 0.955 respectively. Thus, the photo peak
efficiency for 0.16 Mev is 0.417. The absorption correction

factor, £, for 0.16 Mev gamma-ray from titanium sample was

1.087.
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Figure [5.12) shows the Gaussian Fitting for 0.16 Mev
gamma-ray From the Ti sample, measured by using 7.6 cm x 7.6
cm' NaI(Tl) detector. Fitting was made by using the method

explained in Section (5.5).

S8 Nickel sample measurements

Natural nickel was used to make samples which were in
the form of disecs of 20 mm diameter and 2.5 mm thickness.

The EBNi[n,pJSBCu reaction was used in this work, the Q-value

+
for this reaction is 0.394 - 0.0038 Mevta?J, the abundance of

58Ni‘n568%[853 and the half life of SBCG which was used in

this work is 71.0 daystga].

As shown in Figure [5.13), the ground state of o T

decays by emitting positron and electron capture to the 0.8l

Mev first and 1.675 Mev second excited state of 5BFB; 1«675

Mev will decay to the first excited state and ground state of
SBFE by emitting gamma-ray of energies 0.865 Mev and 1.67 Mev
respectively, which represent 1.4% and 0.6% of total SBCD
disintegration. The first excited state will decay to the

ground state by emitting 0.81 Mev gamma-ray which represents

(83)

98% of total SBED disintegration . Figure (5.14) shows the

gamﬁa-ray spectrum due to decay of EECD.

The 0.81 Mev gamma-ray was used to deduce the cross-

(82) for 0.8l Mev is

0.47 and the total absolute detection aFFiciency[SlJ is

section; the peak to total efficiency

0.267. Thus, the photo peak efficiency is 0.125. The self-
absorption correction factor, f, for 0.81 Mev gamma-ray from
the nickel sample is 1.076.
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The area under the photo peak was calculated by

Fitting the curve to the data as shown in Figure (5.15).

The activity of the nickel samples was measured after

38 hours from the end of irradiation, to allow the 8.0 hour

isomer state of SGCD to decay to the ground state of EBCD.
5.9 Zinc sample measurements
Natural zinc has been used to make the samples. The

dimensions of these samples are 20 mm diameter and 2 mm

thickness. The 542n [n,p]64Cu reaction was studied. The

64 (886)

Zn abundance was 48.85% and the Q-value of this reaction

(87] (93]

- -
was 0.207 - 0.0018 Mev A l12.7 = B.072 h half lifFs

has been used in our calculation.

As shown in decay scheme of G4Cu, which is given in

8
Figure [5.16), the ground state of 4Cu decays to the ground
state of E4Zn by emitting 8 . This branch of the decay is
38% of total 54Cu disintegration. There are other branches
of decay to 54Ni which consists of two modes of decay: the
electron capture mode which consists of 43% to the ground
64._.. 4 - 64, .

state of Ni and 0.5% to the first excited state of Ni at
1.34 Mev excitation; the second mode of decay to s4Ni is a

: A gt 64, . .
positron emission to the ground state of Ni. This mode of

decay represents only 18% from all 54Cu disintsgraticntag].
Gamma-ray energy spectrum from the zinc after irradiation has

been given in Figure (5.17).
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In this work 0.511 Mev gamma-rays from annihilation of
emitted positron has been used for calculation and by using
0.38 annihilation gamma-rays per disintegration. There was
a low level of 0.511 Mev background in the system which was
used to measure the activity. Correction has been made for
the measurements by subtracting the activity of 0.511 Mev in
the background from the measurements of sample activity. The
background was measured before and after each run. Figure

(5.18) shows the background accumulated for 4.76 hours.

The total absolute detection efficiency is 0.32(813

and the peak-to-total ratio is D.SBtBaJ, for the 0.511 Msv
gamma-rays from the Zn sample placed at 4 mm above the NaI(Tl)
crystal. Thus, the photo peak efficiency for 0.511 Mev gamma-

rays is 0.201. The absorption factor, f, for 0.511 Mev gamma-

ray from the zinc sample is 1.061.

Figure (5.19) shows the fitting to the 511 Kev photo

peak obtaimed from the zinc sample.

5.108 Indium sample measurements

Indium samples were made from natural indium with
4.23% 1131n abundance and 85.77% ll5In abundancacssj. The
samples used in this work consist of three foils. The

dimensions of each foil were 21 mm diameter and 0.5 mm

thickness.
The Q-value of the llBIn[n,y]llsmlIn reaction is

(87)

+
6.779 - 0.003 Mev , where m, represents the First isomeric
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+
state For 18715 The half 1life of 118m1y  is 53.99 = 0.06

min[94)

llEmI

In the decay of n, as shown in Figure (5.20]), the

first isomeric state of llEIn will decay to the excited

states of llsSn by 1.5%, ll%, 40% and 4S% to the different
excited state with excitation 3.05 Mev, 2.80 Mev, 2.52 Mev
and 2.382 Mev respectively. These excited states will decay
to the lower excited state and then to the ground state of

llESn by emitting gamma-rays. The gamma-ray energies and

their response percentages of the total llEmIn disintegration
are given below. These are 0.138 Mev (3%), 0.417 Mev (36%]),
0.819 Mev (17%), 1.09 Mev (53%), 1.293 Mev (80%), 1.508 Mev
(11%) and 2.111 Mev (20%). The gamma-rays from the indium
Foil were detected by placing the foil 1 cm from the surface
of the crystal. The plane of the foil was parallel to the
crystal surface and the foil centre was on the axis of the

crystal. Figure (5.21) shows the gamma-spectrum from indium

foils.

The measured activity for indium foil was corrected
for the activity induced by the room scattered neutrons.
This was done by irradiating the foils at different
distances from the neutron source. Foil distances from the
neutron source were 10 cm, 11 cm and 12 cm, so we can consider
the effect of scattered neutron constant over the Ffoil
The effect of Fast neutron as a function of l/[d]z, where d
is the distance between the foil and the neutron source. This

was done because the [(n,y) cross-section is large at low
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energies. The effect of low energy neutrons,

very small as shown in Figure (5.22].

The total absolute detection efficiency

peak-to-total ratio

(82)

CB, is found

8l
], the

and the photo peak efficiency for

1.08 Mev and 1.283 Mev from indium foil were given in Table

[5.1).

Table (5.1)

indium sample

Detection efficiency Ffor gamma-rays from the

Gamma-ray

Total absolute

peak-to-total

photo peak

energy Mev efficiency ratio efficiency
189 0.178 D39 0.069
1.293 0.167 0,344 0.057

The values of absorption factor, f, which were used

in equation (5.3) for 1.09 Mev and 1.293 Mev are 1.101 and

1.092 respectively.

The background under the 1.09 Mev photo

peak was estimated by taking into account the Compton effect

from 1.283 Mev.
the 1.293 Mev gamma-ray has
data, modified as explained

shows the fitting curve for
116m

rays from the

The effect of the Compton distribution from

In

143

in Section (5.6).

been calculated from Heath's

Figure (5.23)

the 1080 Kev and 1293 Kev gamma-
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511 Gold sample measurements

The gold sample was a disc of 10 mm diameter and 0.125

mm thickness. The 197Au[ﬁ,y]lgsAu reaction is studied in

+
this work, the Q-value of this reaction is 6.512 - D.GDGBCB?J,

the abundance of lg?Au is 1UD%CSS) and the half life of lQBAu

+
e ot e B ger Stobaos P9 unves

The ground state of W decays by emitting 8~ to the

third and First excited state by l.1% and 388% respectively of
the total lgBAu disintegration and by 0.025% of total dis-
integration to the ground state of lgBHg. The third excited
state will decay to the first excited and ground state by
emitting 0.6876 Mev gamma-ray and 1.087 Mev gamma-ray which

represent 1% and 0.2% of the total lgaAu disintegration. The

First excited state will decay to ground state of 198Hg by
emitting 0.411 Mev gamma-ray which represents 99% of total

lgsAu disintegration. Figure (5.24) shows the decay scheme
for gold and Figure (5.25) shows the emitted gamma-ray from

the gold sample.

TheO0.411 Mev gamma-ray was used in this work for
computing the cross-section, the total absolute efficiency

for the 0.4l11 Mev gamma-ray is 0_345C81] and the peak-to-

total is 0.72[823, so the photo peak efficiency is 0.25.

The area under the 0.411 Mev photo peak has been calculated
by using the Fitting for the data as given in Section (5.5).
Figure (5.26) shows the fitting for the 0.411 Mev photo peak

from gold. The correction factor, f, fFor 0.411 Mev due to self

absorption is 1.26. The gamma-ray which induced by scattered neutrons
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has bsen corrected by irradiating the sample at different
distances from the neutron source. Background spectrum in
the system which was used to measure the activity is given

in Figure (5.27).

5.1 Activity measurement

Activity of the sample, ACt, at time, t, has been

measured by dividing the area under the interest full energy

peak by the time of accumulation, ¢t,
AC - Ntutal (5.17)
t s - :

Activity, ACt, at time, t, was corrected to the 'photo

péak efficiency' as follows:

AC

t
AC = — 5.18
t€ e el

After correction to detector efficiency, the result of
the activity was translated to zero time, t = 0, (end of

irradiation) by using the following relationship:

- - At
ACtE ACO e (5.19)
where ACD : is the activity at time, t = 0
A : is the decay constant
0.6
A = TB_B. (5.20])
%
where T1’5 : is the half life of the isotops.

The activity induced by [(n,Y) reaction was corrected

for the activity induced by room scattered neutrons.
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6. NEUTRON FLUX MEASUREMENT AND COMPUTING OF THE CROSS-
SECTION



6.1 Source to detector geometry

Activity of a source can be measured by detecting the
number of disintegrations per second, which can be done by
using a detector. Since the detector usually has a Ffinite
sperture and positioned at a certain distance from the
source, this will define the solid angle of association. The

émple definition of the solid angle is:

(6.1)

it

)—L =

where, R, is the solid angle subtended at a point source,
A is the spherical area subtended by the aperture on a

sphere of radius R centred on the point source.

Quite a lot of work has been carried out on calculation

ESS'IIUJ. Most of the work has been done to

of the solid angle
calculate the solid angle subtended by a circular disc of
known diameter at a point located at a known distance from

the centre of the disc.

Since it is difficult to focus the incident deuteron
beam to get a point source, the source has dimensions depend-
ing on the diameter of incident deuteron beam and target

position with respect to this incident beam.

al[lDE] e

For an extended source, R.P. Gardner et
given a relationship to calculate the solid angle subtended
by a circular disec on another circular disc. The two discs

are parallel to each other and their centres lie on the line

which is mnormal to their surfaces, as shown in Figure (B.1).
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The relationship of a solid angle is given as:

' S 8
RDC%,EJ = . J n (MRPY PAR/ S Pdp (6.2)
0 0
— detector
H
—_— source

Figure (6.1) Circular detector to a circular source arrangement

where, R, is the detector radius, H, is the perpendicular
distance between the detector and the 50urcé, S, is the
source radius, and, P, is the distance of point P' from the
axis,;xD[S/H,H/H] is the solid angle subtended by the
circular disc of radius, R, and distance, H, from the source
disc of radius, S, n (H,R,P]), is the solid angle subtended by
a circular disc of radius, R, with mid-point at vertical

distance, H, and horizontal distance, P, from the point P'.

I.R. Williamst:23)

developed a Monte Carlo computer
programme to solve source to detector geometry problems.

This programme can be used for the case of a source smaller

than the detector.
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In the case where the source radius is larger than the
detector radius, JaFFayEgBJ has given a formula in the form
of a series For the calculation of the solid angle subtended

by a circular aperture at a point or extended source.

The fraction of total solid angle subtended by the

detector is defined as the Geometry, G.

MY e (6.3)

4 Tr

The geometry for a point source on the axis is given

/<

ETEIET_) (6.4)

G A Th
p

The geometry for a point source off the axis can be

obtained by using the following equation for pP/D <1,

< 3 2 .2 2
8 s = B0~ B SRR 15 p4 B H (42 . 2 RS
DS 32 nS 4

(6.5)

The solid angle subtended by a circular detector
coxail to a circular source can be obtained from equations

(6.2), (6.3), (6.4) and (B.5).

Since the target in this work was positioned at 45° to
incident deuteron beam, the cross-section of incident deuteron
beam on the target will be in the form of an ellipse. Figure

(6.2) shows the relation of the source to the detector.
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R detector

source

Figure (6.2) A circular detector to ellipse source lying at

a 45° to an incident beam

A computer programme has been developed to calculate
the solid angle subtended by the circular detector at an
elliptical source. The solid angle has been calculated using
equations (6.3), (6.4) and (6.5). Along the line 0O’ which
joins the ellipse centre and the circumference in 0.01 cm
steps and for different angle, @ in 10° steps betwesen 0° and
180°. Values of the solid angle were multiplied by
corresponding values of P and H. The result of this multi-
plication was weighted by the summation values of PH. The

programme which was used to evaluate the solid angle is given

in Appendix (E.1).
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6.2 Silicon surface barrier detector

In many radiation detection applications, the use of
a solid state detection medium has great advantage for the
measurement of high-energy charged particles or gamma-rays.
Detector dimensions can be kept much smaller than the
equivalent gas filled detector because the densities of
solids are much greater than those of gases, and also the
resolution of a solid detector is much higher than that of a
gaseous detector because of the higher probability of incident
partibles losing all their energy in the sensi?ive region

than in the case of gases.

A silicon surface barrier detector was used in this
work to count the charged particles from the D-D reaction.
The surface barrier detector is sensitive to light.Photons
striking the detector surface can reach the active volume
and electron hole pairs can therefore be produced by normal
room lighting. Thus, the detector was placed in a light
tight vacuum enclosure to reduce the noise induced by light
and the scattering of detected charged particles. Figure
(6.3) shows the electronic system for charged particles

spectroscopy used in this work.

The detector is sensitive only within the depth of
the depletion region. This sensitive depth determines the
max imum amount of energy that can be absorbed from the
particles. Thus, the silicon detector chosen for this work
had a depletion depth of 150 microns to stop, up to 4 Mev

=0 2
protons and a small sensitive area, 25.¢ mm, to reduce
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the noise From the detector. The proton spectrum from D-D

reaction is shown in Figure (6.4]).

The depletion depth contains an electric field
resulting from the back bias applied to the detector.
Ionizing radiation that enters the depletion region produces
free charge carriers, which are separated by the electric
field to produce output current pulses which represent the
basic source of information about the number of charge

carriers created by the incident radiation.

The detector which was used in this work was enclosed
in a stainless steel cup with aperture of 3 mm diameter.
This aperture was placed at a distance of 4.5 cm from the
neutron source. Aluminium foil with thickness 0.02 mm was
placed between the detector's sensitive area and the
aperture to protect the sensitive area and to stop the
heavy particles induced in the reaction. Energy loss of the
incident protons on the aluminium foil are 0.426 Mev.
Figure (6.5) shows the detector inside the cup with the

aperture and the aluminium foil which was used in this work.
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Figure (6.5) Silicon surface barrier detector with the

aperture and the aluminium foil
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6.3 Neutron Flux measurement

The associated particle technique has been used on many
occasions to measure the neutron source strength, especially
with the T(d,nJ4He reaction. The associated charged
particles, 4Ha, have been used to find the neutron Flux from
the reaction. For D-D reaction, it is difficult to detect
3He, because of its low energy, so it is more convenient to

work with protons from D(d,p)aH competing reaction for neutron

Flux measurement.

In this work the neutron flux has been measured by

using the protons from D-D reaction depending on the

l[111] 1[112}.

assumptions given by Banveniste et a and Ruby et a

Let

N (w E)JdE be the number of protons per unit solid

’ '
PD PD’
angle scattered into H'PD as a result of a reaction by

deuterons of energy between E and E + dE,

and
N'FS CW'PS,E}dE be the number of protons per unit
solid angle scattered into N'PS as a result of a
reaction by deuterons of energy between E and E + dE,
where
w'FD : is the solid angle subtended by the detector

on the target in the centre-of-mass system
N'FS : is the solid angle subtended by the sample

on the target in the centre-of-mass system.
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In the laboratory system, the number of protons

scattered per unit detector solid angle is:

(w E) dW = (W E) o W* (6.6)

N 1 1
PD “"PD’ PD po "V PD’ FD

so the number of protons scattered into the detector solid
angle is:
Nor (W E) A o= N'op N, EXCS ) 8 (6.7)
PD PD’? PD EHEE? dW PD PD g
where
ﬂ;\P is the solid angle subtended by the detector on

the target.

No integration was made in equation (6.7) because
'AJIFD is very small, so the value of [dw'/dwgnis constant.

Values of dW'/dW have been plotted as shown in Section (3.2].

The number of protons scattered per unit sample solid

angle is:

= T L

Neg chs,EJ d Wog N'og [NFS,EJ d W'pg (6.8)

For a sample subtending a solid angle b;sz
at the proton source, the number of protons intercepted
by the sample is:

Nowr (WansED A B G W e

ps “"ps’ Nps PS PS’ daw-'ps “'PS

Anps
(6.9)
T

since the yield is proportional to %%é%ﬁ( (6.10)
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where
d§/dW' : is the differential cross-section in the
centre-of-mass system

d€ /dx : 1is the energy loss.

The differential cross-section and the energy loss were

explained in Section (3.2) and Section (4.4) respectively.

By substituting equation (6.10) into equation (6.7)
and equation (6.9) and taking the ratio, one can get the
number of protons scattered into the solid angle A;\Ps per

proton scattered into A;\PU

Nog(W pgrE)BNps  (g6/aw' /a€/ax) x 8 f LW’ /dW)og dWpg
NS o (W en’EJ & npp A npp* (d8/7dW"/dE/cx )% (dW* /dW]
(6.11)

So, the number of protons scattered into a sample solid

angle from a deuterated titanium layer is

E
E1J’ (d&/dW* /dE /dx) J’&n (dW'/dW) dWg dE

Negr = A [ E r
Npo 7 (d6/dW'/c€/cx) (d/W'/dW)gy dE
1
(6.12)
where
A is the area under the proton peak
E : is the energy of incident deuterons
El : is the energy of emerging deuterons
So, the equation (6.12) can be written as:
Negr = ¥ A- : (6.13)
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where

E
Ef (dé/dw' /o€ /dx) g (W' /W) g dW g CE
%J - 1 AL
! E
AnPDEJ’ (d6/dW'/dE/dx) (dW'/dW),y dE
3

The number of neutrons scattered into a solid angle of

the sample from deuterated titanium layer is:

Nogr = Wi ¥ An % DYy /Y o)
s
E
S (d€/aW/dE/dx)g_n dE
NasT = o* A% ( Bl s (6-14)
I (df/cw/c€/dx)g_p dE
Ey
where
Yd-n : is the neutron yield from D[d,nJBHa reaction
over the energy range E1 to E on the sample
solid angle
Yd-p is the proton yield from D{d,pJBH reaction
over the energy range El to E on the sample
solid angle
d6/dW : is the laboratory differential cross-section.

Values of differential cross-section in a laboratory system
was plotted in Section (3.2).

Equation (6.14) can be written as

N = Wl* g (6.15)

nST

where
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fE af 1/ €

- J. [df/dW/dt/dx]) dE
_ d-n

ﬂJE 5 As *( El }

E
E{ [dg/dﬂ/hﬁ/ded_pdE ns

The number of neutrons from deuterated copper

scattered into a sample solid angle is:

Nose = Mnst 0 Oandew / Maondt Iqs k8,481
where
LY ) is the neutron yield from the deuterated
d-n~cu
copper over the emergy range from zero to
E1 on the sample solid angle
[Yd n]T '+ is the neutron yield from a deuterated
titanium over the energy range from E1
to E on the sample solid angle.
The yield from a deuterated copper and deuterated
titanium was explained in Section (4.5). So the total number

of neutrons scattered into the sample solid angle is:

Noste = udp®te + ts (6.17)

where LHB is equal to anc.

By using the above information, a computer programme
has been generalized to cover the sample solid angle and the
area under the proton peak. This programme has been given in

Appendix (E.2].
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6.4 Computing of the cross-section

By accelerating deuterons which have energies of 2 Mev
towards a thick deuterium target, neutrons will be emitted
from the target from the D[d,n)3H9 reaction with different
energies due to their different emission angles with respect
to the deuteron direction. Figure (6.6) shows the experi-
mental arrangement and the sample was placed at zero degrees
to the incident deuteron beam. As shown in Figure (6.6),
the experiment chamber was connected to the end of a beam
tube in the low scatter cell of the Joint Birmingham

Radiation Centre.

The neutrons which were emitted from the D-D reaction
at different angles with respect to an incident deuteron were
used to irradiate the sample. Figure (6.7) shows the samples

which were used in this work.

The activity in a sample due to the activation of a

given nuclide can be expressed by the Following activation

equation:
ST N (6.18)
where
Act. : is the induced activity present at the end of
irradiation in dis./sec.
N . is the number of target atoms present in the
sample
§ : is the cross-section in cm
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The

. : : . 2
is the irradiation flux in neutrons/cm /sec.
is the irradiation time
is the half life of the product nuclide

is the decay constant of product nuclide.

number of target atoms present in the sample can

be calculated by using the following relation:

N

where

At.wt.

So,

VWK

e wE (6.19)

is the awgadro's number, which is equal to
23

6.023 % 10 atom/gm. atom

is the weight of element in gm.

is the fractional isotopic abundance of a

given target nuclide

atomic, weight of element.

the cross-section can be determined from the

following relationship:

§

where

Pr.

Act.
N § (l-e-rtIPr.

(6.20)

is the probability of emission of a gamma-ray

of interest.
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7. RESULTS AND DISCUSSION



7.1 The [(n,p) excitation function

Cross-section of the 27Al[n,p]27Mg was measured by using

0.84 Mev gamma-ray emitted during the decay of 27Mg. The

results of these measurements are presented in Table (7.1).
These results are plotted in Figure (7.1] together with the
measurements by other workers, and with the theoretical

calculations. The results obtained are in very gocd agree-

1(114]

ment with those of Calvi et = . Measurements of Calvi

o1£114) were carried out by using the D(d,n]aHe reaction

(114)

et
as a neutron source. The neutron energies by Calvi et al

were obtained by using neutrons emitted at different angles

with respect to the incident deuteron beam. Calvi et al[llaj

measurements were done by using an activation method.

The results obtained also agree with those of Smith et

Ed[llS] 1[115]

data. Measurements by Smith et a were carried

out by using the activation method, and by using the 7Li(n,

p]?Ee reaction as a neutron source. The Smith et 31[115]

) 235 238
measurements were made relative to the u and U cross-

l[115}

sections. The uncertainty in the Smith et a3 measure-

ments was between 5% and 11%.

Comparing the present data with the data from other
workers and with theoretical predictions shows that the
experimental data is more in agreement with the calculated

curve lying between the other two (Figure 7.1).
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Table [7.1)

Measured 27Al[n,p]27Mg reaction cross-section

Neutron Uncertainty Cross- Uncertainty
Energy Section
Mev Mev b b
2.992 0.32 0.0017 0.000069
3.115 0.36 0.00375 0.00015
3.237 0.40 0.00374 0.00015
3.356 0.486 0.0051 0.000=20
3.586 0.56 0.00606 0.00024
3.700 0.6 0.00589 0.00023
3.816 0.64 0.0063 0.00025
3.933 0.68 0.00855 0.00038
4.049 0.70 0.0118 0.00048
4,158 0.72 0.0117 0.00047
4.258 0.74 0.0108 0.00043
4.463 0.76 0.01747 0.00071
4.504 0.76 0.0204 0.00083

170




T4T

.06

P PRESENT DATA

S REF. (115)
L €E REF. (114)
= .. &= CALCULATED DATA
gg .24t
5
],-
L)
Ll
w
A
Q
14
Q

2 5

NEUTRON ENERGY (MEV)
F1G(7.1) COMPARISON OF EXPERIMENTAL AND CALCULATED (N,P> CR0OSS SECTION FOR AL-27



Since there is no exact formula to calculate the
parameter in the level density equation (2.1), in this work
different combinations between the parameters of the equation
of the level demsity have been chosen to find a

suitable curve to fit the experimental work.

In Figure (7.1) the dotted curve was calculated by using
the parameters D = 0.03A and C = 0.38%EXP(-0.005A), the
second calculated curve From the top was calculated by using
parameters D = A/20 and C = 0.38%EXP (-0.005A), and the third
curve from the top was calculated by using the parameters
D = A/10 and C = 0.28%EXP(-0.005A), where A is the aass
number. The parameters D = A/20 and C = 0.38%EXP(-0.005A)
give a better fit to the experimental data than the other

parameters given above.

The 47Ti(n,p]47Sc reaction cross-section was measured in
this work by using the 0.16 Mev gamma-ray emitted during the
decay of 4750. The results of these measurements are presented

in Table (7.2).

The present results have been compared with the results

From other workers and with the calculated cross-section as

(115)

shown in Figure (7.2). The Smith et al data shows a

very good agreement with the present data over all the energy

range. The uncertainty in the Smith et 31[115] data was
between 5% and 11%. The cross-section measurements from
fi116]

Ghorai et al are somewhat higher than those in the

present work but the discrepancy is not appreciably greater

.+.
than the guoted uncertainty of -17% in Ghorai et altllsJ.
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(118) carried out the experiment by using the

Ghorai et al
activation technigques. They used the D[d,n]aHa reaction as

a neutron source to irradiate the sample which was prepared
as a mixture of pure titanium and aluminium oxides. The
(n,p) cross-section for titanium was measured relative to the
aluminium cross-section. Errors connected with the half-life
and uncertainties in the cross-section for aluminium in this
energy range may be the reason for the difference with the
present data (Figure 7.2). (See the limitation of the
relative measurements, Chapter 1). There is a large
difference between the present data and the data of Gonzalez

al(ll?]

et over the low energy range. The experiment by

Gonzalez et al[ll?]

was carried out by using the activation

technique and the D[d,n]aHa reaction was again used as a

neutron source to irradiate the sample at different angles.
47 . 47 . ;

The Ti(n,p) "Sc cross-section was measured relative to the

absolute measurement of 31P[n,p]al

Si cross-section by comparing
the 0.160 Mev gamma-ray from the decay of 475: with the beta
activity of alSi at 3.56 Mev neutron energy. The difficulty
with the beta measurement explained in Chapter 1 may have
resulted in deviation between Gonzalez et alcll?) measurement
and the present measurement. The guoted uncertainty in the

(117)

+
Gonzzalez =t al measurements was -12%.

The present data was also compared with the calculated
cross-section. The data shows more agreement with the middle
curve than with the other curves in the higher energy region,

but the measurement values of cross-section are larger than
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Table (7.2) Measured 47Ti[n,p]4755 reaction cross-section

Neutron Uncertainty Cross- Uncertainty
Energy Section
Mev Mev b b
2.351 0.08 0.0372 0.0016
2.442 0.085 0.0312 0.0014
Cr 707 0.24 0.0373 0.0018
e.99g 0.32 0.0405 0.0018
3.115 0.36 0.0407 0.0018
3.356 0.46 0.0502 0.0022
3.472 0.52 0.05656 0.0025
3.586 0.56 0.0595 0.00286
3.7 0.6 0.0685 0.0030
3.816 0.64 0.0B612 0.0027
3.933 0.68 0.06136 0.0027
4.048 a7 0.0641 0.0028
4.158 0.72 0.0638 0.0028
4.344 0.76 0.068 0.0030
4.413 0.76 0.08672 0.0030
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that predicted by any of the theoretical curves at low

energies.

The uwpper curve (dotted curve) has been calculated by
using the parameters D = 0.03A and C = 0.38 *EXP(-0.005A) in
the level density. The second curve from the top was
calculated by using parameters D = A/20 and C = 0.38 %EXP
(-0.005A) and the lower curve was calculated using the
parameters D = A/10 and C = 0.38 *EXP(-0.005A) in the
calculating the level density. So the parameters D = A/20
and C = 0.38%EXP(-0.005A) give a better fit with the
experiment result than the other parameters given gbove at

higher energy range, though the fit is not a good one.

The gamma-ray of energy 0.8l Mev which is emitted by the
decay of SBCD was used to deduce the 58Ni[n,p]5800 cross-
section. The result of these measurements are presented in
Table (7.3). This data shows a gradual increase with the

neutron energy.

The present data is plotted inm Figure (7.3) with the
data from other workers and the calculated curve. It can be

seen from the plotted graph that present data are very much

in agreement with the results of Smith et 31[115], the

uncertainty in this data was between 5% and l1l%. The data

(118)

of Mien-Win Wu =t al which were derived by using the

activation technique are generally in agreement with the

present data. The uncertainty in the Mien-Win Wu et alflle]

measurements was 4.5%. The data from Konijn et al[llgj are
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also in general agreement with the present data. The

uncertainty in the Konijn et alcllgJ measurements was between
- (119)
3% and 9%. The results of Konijn et al shows a
: . ; £115]
structure. This structure was disproved by Smith et al’ >

so part of the Konijn et altllgJ

data were compared with the
present work. The calculated cross-section, as shown as a
dotted curve in Figure (7.3), is in good agreement with the
experimental measurements. The value of parameter C given

(35) For odd mass numbers was converted

by Blatt and Weisskopf
to the equivalent value for even mass numbers using equation

(2.5). The value of parameter D which is used to calculate

the level density is 0.3A.

The annihilation gamma radiation from the zinc sample
: B4 64 : :
was used to find the Zn(n,p) Cu reaction cross-section.
At this gamma-ray energy a low level of background was
found; correction for this background was made by measuring
it before and after the experiment. The results of the
64 64 2 ; :

measurement of the Zn(n,p]) Cu reaction cross-section 1s

presented in Table (7.4].

The present data has been compared with other experi-
mental results and calculated cross-sections as shown in

Figure (7.4).

The present data are in reasonably good agreement with

l[115]

the Smith et a3 measurements. The uncertainty in the

l[115]

result of Smith et a was between 5% and 1l1l%. A low

level of anmihilation as a background was also found in the

detection system used by Smith et al(llsj.
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Table (7.3)

B =
Measured 8Ni[n,p] SCD reaction cross-section

Neutron Uncertainty Cross- Uncertainty
Energy Section
Mev Mev b b

29l 0.08 0.086 0.0036
2.442 0.085 0.1027 0.0043
2.55 0.14 0.122 0.0051
- T4 0.24 0. 1403 0.0058
2,871 D.e7D 0.1541 0.00B4
3.115 0.36 0.18856 0.00738

< A g 0.4 0.2137 0.0088
3.356 0.456 0.2376 0.0088
3.472 g, 52 0.246 0.010
3.586 0.56 0.2795 0.011
3.816 0.64 0.305 0.012
3.933 0.68 0.365 0.015
4.049 B 0.342 0.014
4.259 0.745 0.382 0.016
4,344 0.76 0.4014 0.016
4.413 0.76 0.405 0.017
4.4863 0.76 0.421 0.017
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(120)

The data of Santry et al were also compared with

the present data. Comparison showed a large difference

between the two sets of data. The experiment of Santry et

alElEU] was carried out using activation method. These

measurements were made by counting the beta particles.
In this specific case the other reactions which may occur

with 2%zn(n,p1%%cu ars ®P2n(n,p1%Bcu (@ =-1.843 Mev],

E7Zn[n,p]E7Cu (Q = 0.21 Mev]), EBZn[n,chBSNi (Q = 0.720 Mev)

and SsZn[n,YJSSZn (Q =6.502 Mev]. All this reaction decays

by emitting beta particles, so the correction for these

reactions may increase the uncertainty in the measurement of

64 64 ; - : -
Zn(n,p]) Cu reaction cross-section by using beta counting.

(120)]

Santry et al used the halfF-1life to resolve the reaction

of interest from other reactions. The discrepancies between
64 64 " !
measured values for Zn(n,p) Cu reaction cross-section was

explained by Santry et al[lED)

as possibly being due to the
large flux of scattered neutrons which may distort neutron
intensities from their normal values and the production of

ESZn activity (13.9 hr half-1ife) at all neutron energies

lead to confusion with the B4y (12.9 hr half-1life)

activity. The San activity becomes more effective for the
high neutron Flux and when it becomes difficult to resolve
0.433 Mev gamma-ray from EgZn from 0.511 Mev gamma-ray from
E4Cu, the two gamma-ray energies were resolved in our
detection system [see gamma-spectrum from zinc sample,
Figure (5.17)). In the case of beta counting, the amount of
B

SZn which is observed by gamma counting is usually used to

correct the beta counting data to obtain the accurate activity
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64 (120)

For Cu. Santry et al quoted experimental uncertainty

+
-3%, but the discrepancy between his values and those found

in the present work are well outside these limits.

The present data were compared with the data by Kozi et

altlal]. This comparison shows a good agreement with the

(121)

present data. The experiment of Kozi et al was carried

out by using the activation method. The sample was irradiated
at different angles. The activity due to irradiation was

measured by using the gamma-ray emitted from the sample.

(121)

The uncertainty in the Kozi et al measurements was 20%.

a1[122]

The data from Rapaport et are generally in agreement

with the present data, as shown in Figure (7.4]). The

a1[1223

experiment of Rapsport et was carried out by using

the activation method. The results were measured relative to

the 31F‘(n,p]31

al[lEE]

Si reaction., The uncertainty in the Rapaport
et measurements was between 7% and 10%. The present
data wsre also compared with the calculated cross-section.
The data shows a better agreement with the upper curve than
with the lower one. The parameter D which was used to cal-
culate the level density For the top curve in Figure (7.4)
was A/20 and the value of parameter C for the same curve was
derived from equation (2.5) and from value of C given by

£353. The lower curve in Figure (7.4) was

Blatt and Weisskopf
calculated by using the parameter D in the level density in
the equation [2.1) which is equal to A/10 and parameter C was
derived from equation (2.5) and values of C were given by
Blatt and NaisskchcaSJ. The sources of uncertainty in the
measurement of (n,p)] cross-sections which contribute to the

errors quoted in Tables (7.1) to (7.4] are given in Table (7.7)
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a 64

Table (7.4)Measure ZHCn,pjsﬁlJrsactiun cross-section

Neutron Uncertainty Cross- Uncertainty
Energy Section

Mev Mev b b
2.050 0.08 0.0084 0.00032
2.116 0.08 0.0133 0.00046
2.188 0.08 0.0102 0.00035
2.266 0.08 0.0114 0.00038
2.442 0.085 0.0286 0.00081
2o 0.14 0.0317 0.00110
2.8721% 8.275 0.0512 0.00178
2.98 0.32 0.05868 0.0018
3.472 0.52 0.07608 0.0026
3.933 0.68 0.1047 0.0036
4.259 0.745 0.1078 0.0037
4,344 0.76 0.1121 0.0038
4.504 0.76 0.1248 0.0043
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7.2 The [n,y] excitation Function

The (n,y) reaction has besn measured for indium. This
measurement was carried out by using the 1.09 Mev gamma-ray
emitted from the sample. The result of this reaction is
presented in Table (7.5). The value of the cross-section

decreases gradually with inmcreasing neutron energy.

There is limited data for this reaction in the energy

range of interest. The present data was compared with the

(123)

data of Johnsrud et al , as shown in Figure (7.5). This

data is in very good agreement with the present data. The

1[123]

experiment of Johnsrud et a was carried out by using

the activation method. The experimental data was compared

with the calculated (dotted curve) cross-section from

Decowski et 31[1243. This curve shows a substantial dis-

agreement with the experimental data.

The gamma-ray energy 0.412 Mev was used to measure the

197 198

Auln,y) Au reaction cross-section. The result of this

measurement is presented in Table (7.6).

The present results are compared with the other data as

shown in Figure (7.6). The data of Joly et alElES)

generally in agreement with the present data. The experiment

ltlESJ was carried out by using the captures gamma-

(125]

of Joly et =

+
ray. The uncertainty in Joly et al measurements is -20%.

(127)

The data of Poenitz shows a good agreement with the

present data. The uncertainty in the measurement of

(127)

: +
Poenitz was -11%. The data of Lindner et al[lasj are
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Table [(7.5) Measured llsIn[n,lelsmlIn reaction cross-section

Neutron Uncertainty Cross- I Uncertainty
Energy Section

Mev Mev b b
2.442 0.085 0.140 0,029
eve 39 0.1le 51235 0.026
2.871 0.275 0.102 0.021
3.115 0.36 0.088 0.018
J.356 0.46 0.0732 0.015
3.700 0.6 0.0458 0.008
3.933 0.E8 0.0432 0.008
4,159 Q.7 0.040e6 0.008
4,344 0.76 0.033 0.006
4,504 0.76 0.0282 0.006
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very much in agresment with present data. The experiment of
: (128) . : ’ :
Lindner et al was carried out by using the activation
method, by measuring the capture cross-section relative to
235 = oA : : ;
the u Fission cross-section. The uncesrtainty in the
: (1286] =% .
Lindner et al measurements was -5%. The experimental
data were compared with the tbest Fit' cross-section from

[128]. The best Fit curve was First obtained

Vaughn et al
in the energy range 0.123 Mev to 0.560 Mev, because the
cross-section at this ensrgy range has a simple shape= and
there are good data available. The curve was then extended
+to cover other energies by considering other data sets.

The present results are generally in a geod sgreement with
the 'best Fit'! cross-section and the uncertainty in the

' best-Fit' cross-section increasass From 8% at 1 Mev to 18%

at 4 Mev.

The uncertainties which are given with the (n,y)

cross-sections are given in Table (2.7,
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Table (7.6) Measured lg?Al[n,yllgsAu reaction cross-section

Neutron Uncertainty Cross- Uncertainty
Energy Section

Mev Mev b b
es 11t 0.08 0.0538 0.6013
2.266 0.08 0.0452 0,011
2D 0.08 0.04. 0.010
2.438 0.085 0.0371 0.008
2.866 b2 7s 0.0262 0.0086
.27 0.4 D.021 0.005
3.565 0.56 0.0207 0.005
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Table (7.7) Values of

uncertainty which contribute in the

measured cross-sections

Source of uncertainty

Value for

(n,p) reaction

Value for

(n,y) reaction

Angular distribution
Proton counting
statistic

Detection efficiency
Gamma-ray counting
statistic

Self absorption

The correction For the
activity induced by
scattered neutrons

0.077%

B.5 v 9%

3.0%

0.6 - 3.0%
0.7%

0.077%

0.2 - 0.6%

3.0 - 5.0%
0.7%

2l.0 = 25,0%
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Conclusions

The estimation of fast neutron Flux From the D[d,n]aHe
by detecting protons from the competing D[d,p]aH reaction
appears to give good results when correction is made for
the anisotropies, and it has proved possible to estimate
the neutron mean energies and energy spreads From the semi-

thick deuteratad titanium target.

The experimentally observed excitation functions for the
27Al[n,pJa7Mg, 47Ti[n,p]478c, 5BNi[n,p}EBCn and 54Zn[n,p]E4Cu
were in reasonably good agreement with previous measurements
by several workers, and in general were subject to less
experimental error than most previous results. Significant
discrepancies were observed with some previous work on the
47Ti[n,p]475c and saZn[n,p)s4Cu reactions, particularly

when sctivation had previously been estimated by beta counting.

Attempts to Fit the experimentally observed curves to
theoretically predicted excitation functions were partially
successful. A reasonable good fit was obtained for the
27kl[h,p]27Mg and 5BNi[n,p]SBCc excitation Ffunctions, though
the measured cross-sections increased with energy slightly
less rapidly than did the theoretical ones, and this was
more marked in the case of the 47Ti[n,pJ47Sc and S4Zﬁ[n,p}54Cu

reactions.

A better Fit to the experimental results for 47Ti[n,p]

475¢ and SaZn{n,p]S4Zn may be obtained by using the parameter
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D = A/10 and using smaller value for parameter C than the

values used in this work.

Less work had been done previously on the [(n,y)

excitation Functions, but the present measurements in the

1151n[n,y)llsmlln reaction were in excellent agreement with

those of the only previous measurements in this energy range,
though both differ appreciably from theoretical estimate.

The discrepancies between the theoretical and experimental

1[124] in the energy range

of interest. The present measurement for lg?Au[n,y]lgsAu

was not explained by Decowski et a

reaction were in reasonable agreement with those of three

previous workers and with the 'best-fit' curve from Vaughn et
o10128)

The above measurements improve the knowledge of

excitation functions in the 2-5 Mev region as requested by

Compilation for Requests for Nuclear Data[lag), WRENDA-74,

World Request List for Nuclear Data Measurements - Fission

Reactor Programmestlaﬂ] and Request Lists of Nuclear Data for

[131]_

Controlled Fusion Research Because of the half-lives

of the reaction products the excitations of the 47Ti[n,p]47Sc
and SBNi[n,pJSBCU are likely to be more successful for the
measurement of fast neutron fluxes within the fission

[115-132]_ The added precision of the present

spectrum region
measurements should increase their usefulness in this

application.
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APPENDIX A

This programme which is used to calculate the [(n,p)
cross-section. For this programme, one needs to put a disc
in drive zero and answering all the guestions asked by the
computer. The result of this programme will be printed on

the paper and storedaomn the disc under different file name.

File NPA/10 corresponding to parameter D = A/10

File NPA/20 corresponding to parameter D A/20

File NPD.3A corresponding to parameter D = 0.3A
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IMFUT 22
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FRIMT"THE @ YALUE OF <H.F>» REACTIOH"
IMFUT QP
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GO TO 448

Li=8

1=EH+QF

FRIMT" "R {-—-00 MOT TOUCH--->3

IF Ul{=M. THEM 1178

Fil=8

FOR I={Li+{Ms222 TO Ul STERP H

K=2. 137# 1015 0¥S0RCI#C 1AM 2

GOSUE 14z8

LO=0C8, S0%ERF (-0, 00S$R ) REXF(ZH¥SORCCDO# U1 =I 202
FI=F1+{CI#S¥L DN

HEXT 1

Fil=1,0G7#%F1

F3=a

FOR .I=(MH 23 TO Ul STEP H

SOSLUE 1426

LO=08, ZO$EXNF (-0, 000#R ) D ¥ESF (2SR (D% Ul =T 220
FEsFZ+(CI#S#L T %M

MEXT I

Fa=1.087%Fz

1 F2=4

528 FOR Hi=8 T3 12:FRIMT :HEMXT H1

FRIMT 0 8 @MY THINGH"

194



S 0

77
780
734
S0
218
g

A D]

LI
]

=104 L0 I
(5 A

a3 50 L0 00
om0 E

328

G L0 G LD 00 0 00 00 O 00 100

1828
1648
1656

1868 S=

1878
18iz8
agls)
11aa
1118
ii2d
1126

42l

1144

ol n

N e
[l b= s
(o N o o

bl

FOR I=i{M~/2» TO EN STEF N

LO=:c8, SSH¥ELF -0, BES#A 2 D REXP (ZRSOR (DO #CEN-T 502
CR=1.3#%#{18T=-150#CAT1/230)

CL=¢2,. 281011 0/ 2¥r¥SORC #1102
zH=2.19?$iiarllbﬁsaﬁclﬁlﬁtﬁi

EZ=S0RCCCIB TS T2 +CK 120
CT-'4#FF¢h¢;Rf-!}+P“““,

CH=g# (CR+CLITZ0#CTHC 18 T4

FE2=F2+ I¥CH¥LDI#EHD

MEXT 1

Fz=1,002%F2

F4=8

FOR Hi=8 TO 22:FRIMT SPCO1+HI»"d d":MEKT HI
FEIMT" A FROGERM IS RUMMING a .
Ud=EM+EA

IF U4<= H THEM 11B@
FOR I—fH’“ﬁ TO U4 STEF H

\

LO=¢0, 32¥EXP{ -0, DASH{A-20 ) VREXP (2RSAR (DL 2% (U4=1 223

REHHPA COMPOUMD CROSS SECTIOM EY ALFH FARTICE
E=2,137% 10120 #S0RCIH 18 M0 2
MA=4, 892
RD=1.3%(R=-32M1/202+1.2
E={ M4 120 A CMA+ME ) 123 2% 1
M= CMA%MD A CMA+HMS >
E=a. :iﬁ GESORMIFSORCE Y $RED
ET=0, |SCOS2$2#(22-20¥SOR MO ¥ 1/ SORCEY 2
"“HF U SE+IZHR¥ET R 120
={(ET-R)’SERCET 12+8. 252>
61=HTH{H£SmRﬁ-H$M+1h}
L=L0G{ {0, S¥Z+8, 2S+R¥ET )/ (R¥ESORCET 12+, 250 0
L2=L/LOGC18)
C=ET#<0, S¥n+C1r-Z2+8, 0L 2
P=Z#EXF(-2%C)
-—»+-ﬁ SEC1AZ 20 0% (REET+E,. 2522
EaJ SORCCCIBTI I TEX+(K T2 00
= 4FPRESFRDHC 1A= 130 2 (S T2+ KR (RIFC LB =130 2 +F 2 1200

-LC1=2$E$ET

IF LC1>CRt2:0R 1 THEM 1848

FRIMT"OUT OF LIMIT FOR COMOUHD™

La=C2, Se%{1at=112 0 24n¥S0RCIH1ATEDD
Sl=g#C0 0l 3ECATLA20 0+ 20101500+ 20 120
S1¥T#10808
Fad=F4+({I#SE TN O
HEXT 1
F4=F4#¥MA
F=F1-/(F2+FZ+F4>
CR=1.2% 18 T-130#AT(1./"302
CL=(Z. 28018 M=11:3{2¥n¥SOR(EM#$L18 o 2
CE=2.137#C18 11 1 »#SQR(EMHEC 1 T2 2
K2=SORCCC1BTISy 125+CKE 122

3 CT=4$CHERKZ,/CCCHAHZ D 120

C=rn#¥{(CR+CL» T2 )#CT# 18123
MOH»=CHF

EH(H»=EH

MEXT EM

OFEML. 4 :CHMDe

105



1218
122
1228
1248
1258
1268
127
1286
1256
12848
1218
1328
228
1348
13256
1268
1378
1320
12538
1458
1414
1424
1428
1448
1436
1458
1478
1428
1420
1566
1514
152¢€
1528
1548
15586
1568
1578
1528
1558
15684
1818
1826
1628
1648
1658
1£e8
1679

FOR H2=1 TO H:FRIMT EHM{H22,HCHA2) ‘HEXT HZ
CLOSEL. 4
FRIMT"H=".H

IF J=1 THEM 127@ )

IF J=2 THEM 1238

IF J=2 THEN 1318
QFEM2,3, 3, "80 :HPA- 18, SEQLHEITE"
GO TO 132
OFEHZ. 3,2, "B HFRAZ28, SECL. WRITE"
GO TO 1326
OFEMZ2.8,3, "BA: NP, ZA. SEQ. WRITE"
SFE=CHRE$C13)
FOR I=1 TO H

FRIMTH#2LEMCIN SFi I 5%:

MERT I

CLOSEZ

FOR H2=1 TO H:EM{HEZ)=0:@X{H2)=0'HEXT HZ
H=0:C=a:F=4

HES®T J

FOR H2=1 TO 48:FRIMT:HEAT HZ

FRINT" A1 THE FPROGEAM FIMISHED &"
FOR H2=1 TO 18:FRIMT:HEXTHZ

PRINT" i- o TAKE THE DISK CUT OF DRIVE & &"
FRINT" - 3 TURM THE COMPUTER OFF - I
FRINT""

PRIMT""," 9 THARME You 3"

EMD

REMARK COMPOUMD CROSS SECTIOHW BY FROTOM
MF=1.887

=(MR12ACCHP+MRE D 120 %1
M=¢ (MF#MR Y SCMP+MED 21, 887
R=@,21354%20R M $SARCE 2 #¥RD
ET=0. 1SS052%1$#(Z22-1 )¥SORMI$ L ASARED
2=S0RCE, 25+ 2¥RFET)-R 132
M= (ET-R)/SORCET 1248, 2532
C1=ATHEASOR=HEX+1 2 )
L=LOGC 0, S¥2+8, Z25+R¥ET » A R¥SORECETT2+8, 230 00
La=L/L0GC18)
C=ET#{0, S¥a+C1 1 -2+6, 5%L2
P=Z%EXP{-2%C)
S=—2+(0, S (1 S22 0 RRET+E, 2500
EE=SARCCOIBTIIN 123+ 1200

T=4$PHKHRIKC 1O I=130,7C (5 120+ CKIHCRIHC LA T-130 24P 120

LC1=2%R#%ET

IFLCI1>(ETZ220R 1 THEN 1578

FEIMT"OUT OF LIMIT FOR COMPOUMD"
Le3=02,. Be%1at=11 20 /I 2¥n¥SORCI#10 6 2
Si=a%{ 1, 210 T=-150#ATILS200+L30 120
S=S1#T#1 0060

FETURH

196






In each asppendix B-1, B-2, B-3, B-4, B-5 and B-6, there
is a computer programme which was used to evaluate and draw
the fitting curve, for the published experimental data which
are given in Tables (3.1)], (3.2), (3.3), (3.4), (3.5) and

(3.6) respectively.

The computer programmes in appendix B-7 and appendix
B-8 was used to evaluate and draw the angular distribution
of D[d,n]aHe and D[d,p]aH reaction in three dimensions for
different angles between (0-180) degrees in the laboratory
system, and for different deuteron energy between 50 Kev to

2 Mev.
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APPENDIX B-1

OFEN1,S
FRINT"1--TOTAL CROAS SECTION D(D,NYHE-3"
F’RIHT!I e e e S S o S S S —— S o o ———— T 1]
FRINT" ED, K-SECTION"

PRINT" ===, ———mm—mm L

CMD1

FRINT#1, "IN
PRINT#1, "PU; PA3008G, 5560 ; PD; PASH0G, SS68; FU"
FOR I= 8 TO 126 STEP 1@

FRINT#1, "PA" 2800+ [¥50)", 5508; FU"
PRINT#1,"LE. ";CHR$(3)

PRINT#1, "PA" 2950+ 1#58) ", 6608 ; FU"
PRINT#1,"DI8, -1;LB"I"", CHR$(3)

NEXTI

PRINT#1, "PU; PAZ60G, 5566

PRINT#1, "PR4506, 6250"

PRIMT#1,"DI1,@; LBCROSS-SECTION CMEX";CHR$C3)
FRINT#1, "PU; PR3080, S500; PD; FA3066, 1432; PU"
FOR I=8 TO 2.5 STEP @.4

FRINT#1. "PRIO0G, "S500-1#54334" ; PU"
FRINT#1, "LE. "; CHR$(3)

PRINT#1, "PRZ7S0, "S7S0- 1454334 ; FU"
FRINT#1,"DI9, -1;LB"I"";CHR$(3)

NEXT I

PRINT#1, "PA2500, 4750"
PRINT#1, "DI@, -1;LEDEUTERON ENERGY ¢MEY)";CHR$(3)
FRINT#1, "PRZ2200, 62358"

FRINT#1,"LEFIGC > THE TOTAL D¢D.H)HE-3 CROSS SECTION AS A FUN-";CHR$C
FRINT#1, "PA1298, 4368"

PRINT#1, "LECTION OF EMERGY":CHR$(3)

FRIMNT#1, "PU; PA209S, SS560"

FOR I= 3870 2288 STEF 1@

A=116080

K1=-5,525+231. 126%A-102, D46#A 12-202. C27HAT+34E. D61 #A 14-221 . GTEHATS
HE=E5. D3HAMS-7 . I5IHA 17

K=K 1+H2

(=INT(A¥1670+8,5)

L=INT(X#56+3, 55

FRIMNT A, Y

PRINT#1, "PR"3060+L" , "SSE6-K" ; PD"

MEXT I

FRINT"PUT THE SIGNAL WHICH YOU WAMT AFTER (SM> IM LIME SS5@°
PRINT*PRINT GO TO S4@"

EMD

OPEM1,5:CMD1

PRINT#1, “SH#; PU"

FRINT"GIVYE THE DATA IM THE FORM OF"

FRINT"2CROSS-SECTION. DEUTEROH ENERGY"

A



388 INPUT A.E

528 PRINT#1,"DI@,-1" _
£00 PRINTH#1, "PA"Z000+INT(A*58+6.5)>", "5508-INT (E*1670+@, 52" ;PU"
&18 60 TO 35358

628 OPEM1.3

638 PRINT#1, "FPA4460, 2680; FU

648 PRINT#1.,"DI8.-1;LB + REF.C >
658 PRIMT#1.," G REF.(
668 PRIMT#1," B REF.(
678 FRINT#1." . REF.(
688 FRIMT#1." P REF.<
5698 PRINT#1.," H REF.(
708 PRINTH#1." % REF.<
718 EMD

Tt e N N W W

4{1(‘;



APPENDIX B-2

UFEH3;4

OFEN 1,5:CMD1
FRINT#1, "IN

PRINT"3--A OF DCD.N)HE-3"
PRINT" -

PRINT"  ED. A -
PRINT" —===, = ————m——eee .

FRINT#1, "PU;FR 2800, 235688;FD:FPR%6ES, 2568 ; PLI"

FOR I= 1 TO 12

FRINT#1, "PR"Z008+(I1¥3354)", 2588, PU"

PRINT#1,"LB.".,CHR$C(2)

FRINT#1."PR" 1806+ I#534>", 2256, PU"

FRINT#1,"DI1,8:LB"CI+I2/18"", CHR$(3)

NEXT 1

PRINT#1, "PU; PRZ0OGE, 2560

FRINT#1.,"FA 4868, 268068

PRINT#1,"DI1,8;LEDEUTRON ENERGY(MEY)>";CHR$(3>

FRINT#1, "PU;FAR1236, 1268"

FRINT#1, "LBFIG( 2> THE EHERGY DEFENDEMT ASYMMETRY COEFFICIENT.A.":CHR$(¢
PRINT#1."LEFOR DCD.MNXHE-3 REACTION" ;CHR#(3)

FRINTH#1, "PU; FH2UGBJESBBJPD FRZBG6, 6588, PU"

FOR I= 1 TO 1@

FRINT#1 ., "PR2804, "2568+#408" ; PL

FRINT#1, "LE.",CHRE$C3)

FRINT#1."PR1738, "2440+1%466" ; PU

FRINT#1,"DI1.8;LB"I-5"";CHR$(2)

MEKT 1

FRINT#1,"PAR1E88,4508;518.4,8.6"

FREINT#1.,"LEBR" ., CHR${3)

FRIMNT#1, "FPU;PRZBGG, 4558

FU? I=8.83 TO 2.2 STEP 8,81

A=

#=8. 260+, 262#%A-9. 145#A 12+6., Z37¥A13-2. 463%A 4 +G. 4 1 6¥A 15

FRINT A.X

PE;?T#I;“PH“EBBG+IHT(“9¢U¥H+E 22", 4588+ INT (K¥406+0, 52" ;FD"

H I

PRINT"PUT THE SIGNAL WHICH ¥OU WAWT AFTER (SM» IN LIME Sz@"

PRINT"FRINT GO TO 438"

EHD

OFEN1.5

FRINT"GIYE THE DATA IM THE FORM OF".

FRINT"?DEUTERON EMERGY.VALUE OF A"

FRINT#1,"SMX,; PU - . :

IMFUT A.E

FRINT#1, "PR"2006+INT(A¥22320+8.5) ", "4508+ INT (E#488+@, 5> " ; PU"

GO TO 526

OPEM1.S

FRIMT#1. "PRSSGG, 3708.F

FRINT#1."LB X REF.{ )

FRINT#1." O REF.<
PRINT#1." #% REF.(C
PRINT®L," . REF.C
FRINT#1.," H REF. ¢
FRINT#1.," + REF.(

S’ e S Nt N
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APPENDIX B-3

OFEN4, 4

OPEN 1,5:CMD1

FRINT#1, "IN

PRINT"4--B OF D(D,HIHE-3"
FRINT" - "
FRINT" ' ED, E "

— ——

FRIN
PRIHT#l;"PU PA Z0808.2560;FD; FA308S. 2388, FU"
FOR I= 1 TO 12
PRINT#1, "PR"Z00E+ (15840 ", 2504, PU"
FRINT#1."LE.".CHR$(Z)
FRINT#1."PR"1200+( #5240 ", 2234, PU"
FRIMT#1,"DI1.8: LB CI+I0./18" ", CHE$(Z
MEXT I
FRINT#1,"PU;FPR288G, 2564
FRIMT#1."PA 4088,2800
FRINT#1,"DI1,8; LEDEUTROH EMERGY(MEY»"CHR#(3)
FRIMT#1.,"PU,FAR1250, 1208"
PRIMT#1.,"LEFIGK » THE EMERGY DEFEMLDENT ASYMMETRY COEFFICIEMT.E.".CHR#(
FRIMT#1, "LEFOR D(D,M)HE-3 RERCTION":CHR$C3)
FRINT#1, "PU;FRZ2GGA, 2584, FD; PR28GG. 6520, PU"
FOR I= 1 TO &
PRIMT#1, "PARZ00G, "2500+%c78" ; FU
PRINT#1."LE." .CHR$(3)
FRINT#1, "PA1758, "2448+1%c7a"; FU
FRIMT#1."DI1.8:LE"I-1"" :CHR¥{32
HEXT I
FRIMT#1,"PR16E6, 4586; 518, 4, 8.6"
FRIMT#1."LEB" .CHR$C322
FRINT#1., "PU;FAZB8G, 2280
FOR I=8.63 TO 2.1 STEF 8.061
F=I
W=—@, B726+1 . STESFA+0, SSSHA T2+0. 0453¥A 13-0. BI3¥A T4+8. 011 7#ATD
FRINT R.®
PRINT#1, "PR"2000+INT(A$2920+0., 5", "S170+INT (¥c7a+8. 30" ;FD"
MEXT I
FRINT"FUT THE SIGHAL WHICH YOU WANT AFTER (SM» IM LIME 328"
FRINT"PRINT GO TO 438"
EMD
OFEM1, 5
FPRINT"GIVYE THE DATA IN THE FORM OF"
FRINT"?DEUTERON EMERGY.ALUE OF EB"
FRIMT#1 ., "SMX FU"

IMFUT R.B
FRINT#1, "PR"Z000+INT(A*2328+8, 52", "3178+IHT (E#670+6, S0 " S FUY
1 GO TO Sza
OFEML1.S
FRINT#1, "PR3S0G, 27a4a; FU"
PRIMT#1.,"LE ¥ REF.C )
FRINT#1." O REF.C
1 FREINT#1," % REF.C 2
3 PRINT#1," . REF.¢ 2
1 FRIMT#1." H REF.C( 2
3 FRIMT#1." + EEF.C 2
3 END



APPENDIX B-4

OFEN 2.4

OFEN 1.5

PRINT"2--TOTAL CROAS SECTIOM D{D,P)H-3"
FRIMT = e e e e e e e e -
ERINT * ED . CROSS- SECTIDH"

PRINT " === N e e o e e e
PRINT#I;"IN

GO TO 418 .

FRINT#1, "FU:PA2G8G, 5568 PD; FPA26GG, S588; PU"
FOR I= 8 TO 128 STEF 18
FEIMT#1,"PR"3008+(I%56>", 5568, FU"
FRINT#1,"LE.";CHE${3>
FEINT#1,"PA"Z2358+(1#58)", 688, FU"
FRINT#1.,"DI@,-1;LE"I"",CHR${3)

HEKXTI

FRINT#1.,"PU.PAZOGE, SS66"
FRINT#1."FA4568, 256"
FRINT#1,"DI1,8;LBCROSS-SECTION <ME)";CHR$(3)
FRIMT#1,"PUiPAZ80G, 5586, FD; PAZGG6, 1422, FU"
FOR I=8 TO 2.5 STEF 6.4

FRIMT#1, "PAR30BG, "SSO6-]#S¥334"; PU"
FRIMT#1,"LE." :CHRE$<(3>

PRINT#1,"PA2Z7S8, "S7SO-1#5%3324"; FU"
FREINT#1,"DIG,-1;LB"I"";CHR$(3)

NEXT 1

FRIMT#1,"PR2SE8, 4758"
FRIMT#1,"DI&,-1:LEDEUTERON EMERGY (”EV\"JCHE$(3)
FEINT#1,"PR2288, 6358"

FEINT#1.,"LEFIG< » THE TOTAL D<D. P)H3 CROSS SECTION AS A FUNC-",CHR$<¢
FRIMT#1."FA1334, 438"

FRIMT#1,"LETION OF EMERGY";CHR$(Z)

FRIMT#1, "PU.FPA3G88, S566"

FOR I= 28TO 2288 STEP 18

A=1/1808

A==3.484+235, 81 1¥A-305, S13$¥AT2+216. 38SHAT3-73. 425%A T4+10, BSS¥A 1S
K=INT(R#¥1&78+3,5)

FRINT A.¥ .

L=IHT(X¥58+8, 5>

FREINT#1, "PR"3806+L" ., "S506-K";PD"

HEXT 1

FRIMT"FUT THE ‘IbHHL WHICH YOU MANT AFTER <SM> IM LIME S38"
FRIMT"FRINT GO TO Sza"

END

OFEMN1.5

PRIMT#1."SM+;FU"

FRIMT"GIYE THE DATA IM THE FORM OF "

FRINT "?CROSS-SECTION. DEUTEROM EMERGY"

IMFUT A.EB



S88 PRINT#1,"DI@.-1" ,
52 PRIHT#l;“PH"BB@B+IHT(H*5@+B.5)“;“SSBB—IHT(B$15FE+B.5)";FU"
s068 GO TO 548

618 OPEM1.5

620 FRINT#1,"PR4308, 2008;FU

€38 FRINT#1,"DIG.-1;LB + REF.C 2
640 PRINT#1." X REF.(
658 PRINT#1." # REF.C
£68 PRINT#1." O EEF.C
678 FRIMNT#1." D EEF.(
€88 FRINT#1." B REF.(
€58 END

S
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APPENDIX B-5

OPENS. 4

OPEN 1.,5:CMD1
FRINT#1."IN

FEINT"S--A OF DD, PJH—°“

FRINT"—-—- e
FRINT" ED. B s
FRINT" -—-. ="

FRIMT#1,"PU,PAR 28686, 2588;FD;FAZ883, 256 ; FU"
FOR I= 1 TO 12

FRIMT#1, "FA"Z000+( I1%3524 ", 2504 FU"
FRINT#1."LB. " ,CHR$:3>
FRINT#1."FR"1280+(1#534>", 2258, FPU"
FRINT#1."DI1.8;LB"CI+I>/18"",CHR$(3)

MEXT 1

FRIMT#1., "PU;PARZOBG, 2580

FRINT#1,"FA 468068, 208060
FRIMT#1,"DI1.&;LBDEUTRON ENERGY(MEVY>";CHR£(3)
FRIMT#1."PU:PAR1258, 18848" -

FRIMT#1."LEFIGZ > THE EMERGY DEFEMDENT ASYMMETRY COEFFICIEMT.A.":CHRE$(
FRINT#1,"LEFOR DCD.FP)H-3 RERCTION";CHR$(3>
FRIMT#1."FU;PARZOBEG, 2566 FD; PAZBG6, 568 FU"
FOoR I=1 TO 18

FPRINT#1."PRZGGG, "2500+%408" ; FU
FRIMT#1,"LB. ", CHR$:32>

FRINT#1."PRITSA, "2440+1%408" ;FPU
FRINT#1.,"DI1.@8;LB"I-5"";CHR$(3)

MERT I

FRINT#1."PA16G8,45605;:5148.4,8.6"

FRIMT#1."LER" .CHE${3>

FRIMT#1, "PU: PA2DEG, 43500

FOR I=8.83 TO 2.@5 STEP 8.61

A=1I

W=@, 415+0, 332%A+1. 2O1¥AT2-2. SO3HATE+0. 541 %A T4
FRINT A.¥

PRIMT#1. "PAR"ZE008+INT(2320%A+8.5)" . "45680+ I HT (X#40@+a, 52" ;FD"
MERT I

PRIMNT"PUT THE SIGHNAL WHICH YOU WANT AFTER <SM> IH LINE 528"
FRINT"FRINT GO TO 43a"

EHD

OFPEM1.5S

FRIMT"GIYE THE DATA IH THE FORM OF"
FEINT"2?DEUTERON EMERGY. VALUE OF R"
FRIMT#1,“SH#: FU

IMPUT A.B

FRINT#1."PR"Z2008+IHT (A%2928+8, 50", "4588+INT (Ex400+8, 5> " FU"
GO TO Sza

OFEM1.,S

PRINT#1, "PASS68G, 3704 PU

FRIMT#1.,"LE ¥ REF.< 2

FREIMT#1." 0 REF.C >

FRIMT#1." % REF.C 2

PRINT#1." M REF.C

EMD
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APPENDIX. B- 6

OPEME. 4

OFEN 1,5:CMD1
FRIMT#1,"IN

FRINT"6--B OF D{D.FiH-3"

FRINT"~-- —t
FRINT" ED, B ’
FRINT" ---, 4

PRIMNT#1,"PU;FA 2000,2508;FD; PAR20ES, 2560 ; PU"
FOR I= 1 TO 12

PRINT#1. "PR"Z000+{ I#554)" ., 2508, PU"
FRINT#1.,"LE.",CHR$(3)
PRINT#1,"PR" 1208+ I¥5340", 2230, FU"
PRIMT#1."DI1,8;LB"(I+12/18"" . CHR$C3)

MEXT I

PRINT#1, "PU;PAZBGE, 2568

FRIMT#1,"PA 4888, 2968

FRIMT#1,"DI1.8; LEDEUTRON EMERGY(MEY>";CHR#(3)
FRIMT#1."PU;FPA1258, 1568"

FRIMT#1. "LBFIGC Y THE EMERGY DEFEMDENT ASYMMETRY COEFFICIENT.E.";CHR#$C
PRINT#1."LEFOR D(D.P)H-3 REACTION":CHR#$(3)
PRIMT#1, "FU;PAZBOG, 2500.; FD; PAZB08. 6382 PU"
FOR I=1 TO &

PRINT#1, "PA20G0, "2500+%c67" ; FU
PRIMT#1,"LB.",CHR$(32

FPRIMT#1., "PAL17SG. "2448+%c67" ; FU
FRINT#1,"DI1.€;LB"I-1"";CHR$(32

HEXT I

 PRIMT#1."PA1£84,4500,;510.4,8.6"

FRIMT#1, "LEE",CHE$(Z)

- PRINWT#1, "PULPRZOGE, 3200

FOR I=0.83 TO 2.2 STEF 8.81

A=1

H=-0,121+1. 6ES¥A+A, 423%A T2

FRINT R.X

PRINT#1, "PR"2000+INT (A#22326+8, 53", "3167+INT (H¥E67+@. 50" iFD"
HEXT I :

FREINT"PUT THE SIGMAL WHICH YOU WANT AFTER (SM> IM LIME 328"
FRIMT "PRINT GO TO 42a"

EHD

OFEM1.,5

FRIMT"GIYE THE DATA IM THE FORM OF"
FRIMT"?DEUTERON EMERGY. VALUE OF E"
FRINT#1."SMM;: FU" < -

INFUT A.E

FRIMT#1., "PA"2000+INT (A¥22928+8.5) ", "3167+INT (B¥667+8. 50 " PU"
GO TO 328

COPEM1.5

FRINT#1, "PASSHG, 3788, FU"

FRINT#1,"LB X REF.C 2

FRINT#1." O REF.C 2

PRINT#1," % REF.C 2

FRINT#1." M REF.C 2

EMD



APPENDIX B-7

This programme was used to compute the differential cross-

section for D[d,n]aHe in the laboratory system.

16@ OPEHZ.4

118 OFEM1,5:CMD1

1286 PRINT#1."IN

125 GO TO 38

128 PRINT" ED .  HAHNG.. DIFF. ®-SECTION"
148 PRINT" ’ s e .
15@ PRINT#1,"PU;PAZSEA, 2080"
1& PRINT#1. "PD;PR442@, 2088, 2508, 2008, FU"

178 FRINT#1. "FI;PAZS08, 4025, 2508, 2008, PU"

126 PRINT#1,"LT8.26 -

198 11=0

2ea K=2584

216 Y=2809

228 I1=I1+1

23@ FOR I= @ TO 389@8.1 STEP 6@

250 PRIMT#1."PD;PA"R+IY, "Y+I""

2e8 MEXT I

278 PRINT#1,"PU;PRZ2568, 2000"

280 PRINT#1,"LT."

233 IF I11=3 THEMN 378

2@ IF I1=2 THEN 344

218 PRINT#1, "PU;PA4480, Z00Q"

320 H=4459

330 GO TO 22

2468 FRIMT#1, "PU;PAZ2508, 4808"

358 K=2508:Y=4000

368 GO TD 228

270 PRINT#1, "PU:PAS30G, 2568 "

%58 PRIMT#1.,"DI1, 1;LEDEUTEROH EMERGY (MEVD " CHR$(3)
358 I=06

468 FOR J=@ TO 2.1 STEP 6.2

41@ PRINT#1,"PA"4480+1", "2a0a+I1":FL

428 PRINT#1,"LE.,"CHR$(Z>

438 PRINT#1,"PR"4568+1". "1258+1";FU

448 FPRIMT#1,"DI1,8;LE"J"".CHR¥CZ)

458 I=I+208

468 HERT J

470 FRINT#1."PU;PARZ7EE, 1550"

420 FRINT#1."DI1,8;LEANGLE C(DEG)";CHR#(3)

499 PRIMT#1."PU;PA15E4G, 1358" _

oo PRIMT#1. "LEFIGC Y AMGULAR DISTRIBUTIONS OF THE D{D.MHIHE-Z "iCHR$(3
S{G FPRIMT#1."PU;PA2Z8G, 1154"

S28 FRIMT#1."LEREACTION AT A LABORATORY SYSTEM" CHR$C3)
20 FOR I=0 TO 188.1 STEP €0

S48 PRINTH#1, "FR"ZSOa+I#11", "2080"FU

S50 PRIMT#1,"LE.";CHR$C32

S50 PRIMT#1,"PR"ZZo0+I%11", "1808";PU

S70 PRIMTH#1."LE"I"".,CHR$(3
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1618
16208
1az8
1E48
1853
1864
1878

HEXT 1

FRINT#1."FU;PA17E8, 2068" _

FRINT#1."DI@, 1;LBDIF. CROSS-SECTION “;CHR#(3

PRINT#1., "PU;PRZBE0, 2508"

PRIMT#1."LECMBA/STR. >" ;CHR${3>

FOR I=8 TO 45 STEP 13

PRIMT#1, "FR"ZS0Q", "2000+%43" FL

PRIMT#1."LE.":CHRE$(3)

PRIMT#1,"PA"2188", " 1358+ 1%43" ;FU

PRIMT#1,"DI1,8;LE"I"",CHE$(2)

MEXT I

FOR I=8.85 TO 2.81 STEP 8.85

G=SOR((1.003%])/(2.01e#(I+6.05382))

81--5.825+ 21, 120%1-109, D464 12-203. 627#[ 13+345. BE1#] M4-221 . 676#1 13
2=65,83%] To-7. 352¥1 17 :

3“q1+°”

A=@, 365+5., 2694%[ -3, 145§ 12+5, 337 13-2. 462%] 14+8, 4157%1 135

B=-0,8726+1,577#]+0, 5325%] 1240, 8434% [ 13-0.032%] M+0. 81174113

K1=2508+INT(I1#15868+8,52

Li=2068+INT(I%1588+8,3)

FOR J= 8 TO 18.2 STEP 8.3

IF J=3 THEN S&8

IF J=8 THEN 558

IF J=18 THEH 9t

K1=CTAHCJ#m 183 2 12

Ka=2#0%¥x1

HI=4#(1+XK1 ¥ (G120 %41-10

IF J{5 THEH £28

B0 R=(-K2-SORC (X2 12)-K32 0/ (2¥(1+X12)

GO TO 23a
H=(—K2+SARC(KST2)-KI) 2/ (2% (1+X1 0
Cl=C(1+A%X 12+B¥< 142 %S
32=4¥w*(1+ﬂ/u+33q)

3=C1/C2
C4=5QR((1!(GT€))—CSIH(JﬁﬂHIS)}12)
CS=C#((COS{J¥n 182 )>+C4> 12/°C4
Ce=Co%C3 -
GO TO 1@aa
Ca=S/(4¥n¥1+A/"3+B/50 2
uD TO 228
c2 b#(i+H+B)K(4#ﬂ¥(1+HKo+Bf5)}
GO TO gza

3 K=INTCR1+J#116+8,3)

L=INT(L1+CE%45+8, 5

FRINT 1..J#¥18,C6

FRINT#1. "FR"K", "L" ;FD"

HEXT J

PRINT#1, "PR"K". "L1";PLIPA K", "L1"
HEXT 1

EHD



APPENDIX B-8

This programme was used to compute the differentizl cross-

section for D[d,p]aH reaction in the laboratory system.

168 OFEM10.4

116 OFEM1.,5:CHMD1

126 PRIMT#1."IN

130 PRINT” "ED » ANG. , DIFF. KR-SECTIOHW"
148 PRINT" ’ : 3
158 PRINT#1.,"PU;FAZ568, 2668"

158 FRINT#1,"FD:FA4488, 26080, 23680, 2088, PU"

176 PRINT#1,"PD,;FPR2588, 4804, 25388, 2068, FU"

188 PRINT#1."LTB.28

158 I11=0

288 X=2500

218 Y=260806

228 I11=I1+1

228 FOR I= @ TO 2880.1 STEFP 384

250 PRINTH#1."PD;PR"X+I","Y+I""

2e8 MERT 1

278 FRINT#1,"PU;PAR2SGG. 2088"

288 PRINTH#1,"LT:"

290 IF 11=3 THEN 370

288 IF I1=2 THEN 348

218 FRINT#1."PU.FR4480, 2066"

328 x=4480

338 GO TO 228

348 PRIMT#1,"PU:FRZ508, 40600"

338 K=20508:Y=4800

268 G0 TO 226

378 FRINT#1."PU:PRS266, 2580"

22@ PRINTH#1.,"DI1, 1;LEDEUTEROMN ENERGY (MEY>";CHR$(3)
3290 =9

480 FOR J=8 TO 2.1 STEP 8.2

418 FRINT#1."PR"4428+I1", "2068+1";FPU

428 FRINT#1,"LE.";CHR%(3)

428 FRINT#1."PR"435386+1", "1338+1" ;PU

448 FRINT#1,"DI1.8;LEB"J"",CHE$(3)

458 I=I+Zoa4

468 MHEXT J

478 PRINT#1."FU,FPR2V0G, 1358" -

458 PRIMT#1,"DI1,8;LBANGLE (DEGX>"iCHR#C(3)

498 FRINT#1."PU,FPR1S8G,1358"

588 FRINT#1,"LEFIGC ? ANGULAR DISTRIBUTIOMS OF THE DCD.PXH-3 ":CHR$(
218 FRIWNT#1, "FU;FAR2288,11358"

228 PRINT#1."LEREACTION AT A LABORATORY SYSTEM".CHRFC(I
238 FOR I=8 TO 128.1 STEP &8

o948 FRINT#1, "PA"Z250G+I%11", "2688" ;FU

o558 PRINT#1,"LE.":CHR$(3)

S8 PRIMT#1."FR"Z2Z0+I1%11", "1268" FU

578 FRINT#1,"LE"I"".CHR$(3)
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SE8 NEXT I
558 PRINT#1."PU;PA1700,200G"

6@@ PRINT#1,"DI8, 1;LEDIF. CROSS-SECTION ":CHR$(3)
£18 PRINT#1,"PU;PR2008, 2560"

628 PRINT#1,"LBCMB/STR. " ; CHR$(3)

€20 FOR I=0 TO 48 STEP 18

£48 PRINTH#1,"PR"2568", "2000+1¥58";FU

£5@ PRINT#1,"LE,";CHR$(3)

668 PRINT#1,"PA"2189", "1956+1458" ;PU

678 FRINT#1,"DI1,8;LB"I"",CHR$(3)

€58 MEXT I

§58 FOR 1=8.@5 TO 2.01 STEP 8.85

780 G=SORC (1. BO7#10/ (3. 0164 1+8.86)))

718 S=-5,404+238, 01 1#1-306. S19%1 12+216, 35841 13-75. 42641 14+10, B5EKI 15
720 Fi=d, 415+0. 93241 +1. 251 K 10-2. 89341 13+0. 34141 14
730 E=-0.121+1,66S#1+0. 4234 12

748 K1=2508+INTC1#1500+8.5)

758 L 1-20004 INTC 14130045, 5)

768 FOR J= @ TO 18.2 STEP 8.5

778 IF J=9 THEN 948

780 IF J=0 THEN 968

730 IF J=18 THEN 968

868 +1=(TANCI#1/18)) 12

810 HI=2¥C#X1

S20 NI=4HC1HRIDFCCGT2I¥H1-1)

538 IF J<3 THEN 860 =
S48 H=(-H2-SORC(RZT2I-K3D )/ (ZHC1+K1D)

850 GO TO 570

S60 H=(-H2+SERC(HZT2I-K3D )/ (ZH(1+K1D)

§7@ C1=(1+F#12+EEN 19043

830 C2=4%n%(1+A/3+ES)

898 C3=C1/C2

9G@ C4=50RC 1/ (G122 )= (SINC /183 12)

918 CS=G#C (COSCTHn/18)2+04) 12704

920 CE=CSHC3

928 GO TO 5@

340 C3=3/(3%7¥(1+R/3+E/S))

950 GO TO 598

950 CI=S#CLHA+E) S CAHmHC L +R/3+B/S )

S7G GO TO 508

350 K=INTCK1+J#110+8.5)

938 L=INT(L1+CE#50+8,5)

1388 FRINT I.J#18.C6

1616 FRINT#1,"FR"K","L";FD"

1628 NEXT J

1630 PRINT#1, "PA"K", "L1";PU;FA"KL", "L1""

1640 MEXT I

1653 END
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APPENDIX C-1

This programme was used to calculate the mean neutron energy

for thick target used in this work,

energy.

FRINT"{EN:"
OFENZ, 4 : CMD2

PRINT * MEAN MEUTROM EMERGY AT FOINT SAMFLE (MEY)

PRINT" - —
DIM F(26@,1)

READ M1,M2, M3, M4,0

%1=M1+M2

¥2=M2-M3
T=-CO/H2 IR CH2+ML (0,23

J1=a

FOR J=8 TO 18 STEP @.1
J1=J1+1

F=8

F1=0

FOR 1=8.83 TO 2.6081 STEP &.01
NI=COSC ¥ 18)

H4=(SINCT#m. 1300 12

Al=1+(1/C2%M1)
H2=1+(C2H1 /K1 D C1-2RMIHCRI P2 /%1 0)
AZ=CI 124540/ CK1 125

E1=A1/CA2+A32)

CL1=1+(C T KD HCL+CH2/ C2AMB DRI =CT AT )
C2=1+(1/C2¥M13) .

E3=C1/C2

Z=CHIRNZR L =CTATI 0 /¢ M $M3)
E1=CMI%MIKI#B1D./CH1 129 .
E2=(2H (K3 12) )+ 2+ 2HLIHTOR (ZHEI+CHI 1233
E=E1$E2 _
G=SORCC1. BBSHI /(2. D164 [+6.538)) )

for 2 Mev incident deutsron

SI=-5.825+231.128*1—159.646¥ITQ“E@S.SE?*IT3+348.861$114



408 S2=-221.07c¥] 15+E5., O3%] 16-7.352%[ 17
4106 S=51+52
420 A=0.3285+5,267%] -3, 14S# 1246, 23T#I 13-2. 463 I M4+0. 4 16%1 15
428 B=-D.0726+1.577K][+0, SS25%] 12+0. B434% I 12-0. 093%] M4+0. 81 1 71 15
448 IF J=2 THEMN 7e@
458 IF J=8 OF J=13 THEN 7388
468 KS=(TAH{J¥n /132> 12
470 HE=2#G¥x5S
480 NP=4¥1+XS (G120 ¥45-1)
428 IF J<9 THEM 529
988 H=(-XE-SHR((XET2)=XT2 2/ (2¥(1+X52)
518 GO TO S328
528 K=(—XE+SARCCRET2I=HTPI 1 AC2¥C1+550)
938 C3={1+A¥(KT2)+E#(HT4) %3
949 Ca=4%¥n¥{1+R/32+EB-5)
5080 CS5=C3./C4
968 CE=SARC{1/CG12) »=C(SIMCT#m 18) 2 122
9578 CT7=G¥{{(COSCJ#n 18)2+CE> 12/C8
S868 C8=C7#CS
S90 H=1#1860."2.014
08 DL=1.45%N 13,45
218 DH=(242.6-°H)#LOG1+C1.2¥19 14 Mr+C B, 1 153%H) >
628 D=(DL#DH-<{DL+DH>%8.5%537.7
628 IFI>=1.87 THEN &38
€48 CL=4.17S%(H 13,45 ,
538 CH={4€73/M)¥LOG{1+{387.3 N +8, B2 13S%H)
&68 C=(CL#¥CH.'(CL+CH) »#¥2.432
678 CT=(0.263%C+0, 0207%D ) $55,'9.213
88 GO TO 728
630 TL=S5.496%(MH13.45)
700 TH=C(S1eS M)¥LOGC1+(SE8, S/ H)+8, 00247 34%H
7180 TE={TL¥THACTL+TH) »#¥12.58
28 CT=(0.3c#TE+0, O4%D . %58,/'4, 729
738 F=F+E#{C8/CT>
748 F1=F1+<C3-CT>
7oB GO TO €88
768 CS=5/{4%n¥1+A/2+E 50
7rd GO TO Sev
720 CO=S*(1+A+E) '(4%¥n¥{1+A/3+E/S)
738 GO TO Sea
280 MEXT I
818 F¢(J1.1)=F-F1
228 FRINT J1.J#%18,FC(J1.1>
830 MEXT J
348 DATA 1875.632,1875.633, 939,576, 2803, 421, 2. 269
558 EHD



This programme was Uu

+o draw neutron spectrum on the s

166 DIM DACZ3)
118 FR=0
128 DR=6
126 DIT=0

APPENDIX C-2

eed to calculate the data which was used

ample (see Section 4.7-a).

148 FOR I=1 TO 23
158 IF 1>28.5 THEN 278
166 DT= DT+8.8342

iva T72=1-DT

188 O1=ATH(SRR((1A(TZ2T200-122

158 0=2#%01

288 SA=0/2

218 T1=SIN<O1>
228 TAR=T1%T2
238 A=SA-TA
248 DACI>»=A-FA
258 PAR=FA+DACI)
Ze8 GO TO 256

278 DRCI»=(n/22-FA

228 MEXT 1

293 OPENZ.8.3,"R0:SP9, SEQ, MRITE"

288 SF=CHR$C13)

218 DIM L 2aa,28)
228 DATA 1875.633.1875.633, 239,576, 2808.421.3.269
238 RERD M1.HM2.M3.M4.Q

348 R1=Mi+M2
298 R2=M2-M3

260 T=—C(Q/H2o#XK2+M1-CRA20 D

378 FOR Ji= @ TO
375 P=0

580 K1=@.81

230 IF J1=8 THEM
408 K1=J1-8.57

18

428

418 IF J1=13 THEH 448

420 K2=J1+8.58
28 GO TO 458
445 K2=18

468 FOR J= KI1TO K2 STEPS.82

478 P=P+1

428 FOR I=6.84 TO 2.08681 STEP 8.82
498 XI=COSCJ#n/ 120

SE8 H4=C(SIMNCT¥r/

182512

518 Al=1+C(1/C2%M1 02

528 A2=1+C(2¥I/H
S3@ AZ=(112#Nd)/
543 E1=A1/(AZ+A3

L% C1-2HMICHITZD /K100
(#4112
)
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Cl=1+ (I N1 D1+ K2/ C2MID D RCI= T AT 2220
C2=1+{I/C2%M122

BE3=C1./C2

ZS=CR1HA2ECL=-CTA/TD 20 CMIEM3D :
E1=CMI¥M3#I#B1 0,61 120

E2=C2% (N3 122 2+2+ (ZHNIHSAR (ZHBI+ (K3 T2 2 D
E=E1%E:

H=INTE#*25)

G=S0R((1.008%] 2. (3. 815%([+6,532) 2 2
Sl--u.8u5+231 128#%1-103, B4e%] 12-203, c27H] 13+348. 051 %] 14
S2=-221.076#] 15465, 3% 167, 352 17

A=8. 365+5.“63¥I*9.145#Ir“+6.33 #] 13-2.463%] 4+0. 416 15
E=-0.0726+1.577#1+0, S225% 12+0. 8434 ¥ 13-G. G33%] M+0. 811 7% 15
IF J=9 THEM 1118

IF"J=0 THEN 1128

IF J=18 THEN 1138

AO=(TANC J#n. 132 2 12

HE=2%G¥1S

AV=4¥ 01 +; 5*#(& 122 ¥45-12

IF J<9 THEN 7

H=(-HE-SAR{: hnf7) RPIIAC2HECL+HD D)

GO TO 796

A= =HE+SHR(CHSTI2)-XK7P 2 3/ 2¥1+550 )
CB=(1+H${HTE)+B¥{HT4})$3
Cad=4%¥n¥{1+A/2+E8-5)

C5=C3-C4 -
CE=S0RCC1 /(G122 x=(SINCI #1822 122
CT=C#{{COS{J#$n 182 +CE) 12 C8

C2=C7#CS

H=1#18608,2.614

DL=1.45%H10.45

DH= 242, 5/ H)¥LOG 1 +C1 . 210 14 MO +(8, 1 153%M2 )
D=(DL#DH/CDL+DH> >%8, S%537.7

IFI>=1.87 THEM 258

CL=4. 17S#(N19.45)
CH={467 3 /M) #¥LOG 1 +C(387.3-°H)+0, B2 138%N >
C=(CL#CH.'tCL+CH) >#¥3.432
CT=<{0,3c9%C+2, BZ87#D #6579, 212

GO TO 999

TL=S.43€% N 13, 45
TH=(S185/H»#¥L0OG{1+(5638. S/ M>+8,. 0O3474%¥H >
TE={TL#TH-/<TL+TH) >¥12.58
CT=C0.3c¥TE+D, 044D ) ¥58,'4, 723
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938 CR=CE&/CT

16864
1818
18z9
1828
1833
1848
1858
18335
1aca
1678
1873
- 1828
1828
18335
118a
1118
11z8
11z8
1148
11e8
1178
1188
1288
1218
1228
1238
1248
1256

IF Ji=8 THEM 1878

IF Ji=128 THEN 1838

IFJ>J1 THEH 1858

LCH. J1+12=L{H, J1+1 )+CR¥DACF >
PRIMT P,DRCF).F

GO TO 1158

L{H, J1+13=L{H, J1+1)+CR#DA(S3-F>
FRINT S2-P.DR(53-P).F

GO TO 11&8

L{H, Ji+1=L{H, J1+1 2+2%CR¥DAC3E-P>
PRINT Z8-F.DACZ8-F>,F

GO TO 1168

LEH, J1+12=L{H, J1+1 2+2%CR¥DACF >
FRINT P.DACP>,P

GO TO 11ie@
CS=S/(4%n¥{1+A-3+E/52)

GO TO =206
CS=S#%{1+A+B) /(4¥n¥ 1 +R-3+B/S2 )
GO TO 226

PRINT Ji1.J.1

MEXT I

HEST J

FOR K=1 TO 288.1

PRINTH#2, J1:5$ ;Ko S$, L R J1+10:5%;
HEXT K

HEXT J1

CLOSE 2

END E
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APPENDIX C-3

This programme was used to calculate the mean neutron energy
and energy spread, due to target thickness and sample

dimension.

168 DIM Jid<28@,Kd2ead.LEaa, 2a)
118 OPEMZ25.8,2,"8:5P2, SEGL RERD"

128 FOR A=8 TD 18

126 FOR EB=1 TO 268.1

148 INPUTH25,J1,K.LCB.A+1)

1538 FRINT J1.K.L{B.,R+1>

168 MEXT E

178 MEXT A

126 CLOSE 25

438 DIM SC2, 282

448 FOR Ji=8 TO 13

428 S1=8:52=0

458 FOR I= 1 TO 288

478 IF LCI.J1+13=0 THEN 518

488 S1=S1+I%LCI.J1+1)>

438 S2=52+LC(I.,J1+1)

o808 PRINT J1,I.LCI.J1+10

a1 HEXT 1

928 SC1,J1+1)=51/52

938 S(2.J1+1)=((51/52)/25)+8.82

54@ MNEXKT J1

208 OPEM1.4:CHMD1

5e8 FRINT"ANGLE", "CH.HO."."MEAN MEUTROM EMERGY"
5?@ PRINT | | e SR L] 3 W i i i i s B s i e e B ]
528 FOR Ji=8 TO 18

928 PRINT J1#18,5{1,J1+12.5¢2,J1+1>
eE8 NEXT J1

18 FRINT"AMGLE"."EMERGY SPRERD QHE!}"
F:'n_l'j PRIHT"_..._.." X 1) e s e o o o ot o e iy i s e e e . e et
838 FOR J1=6 TO 13

£48 H1=INT(S(1, J1+12+8.5)

£38 Cl=LC(H1,J1+13/72

gl FOR I=H1 TO 286

ges IF LCILJI+122C1 THEN 718

678 HZ=RES(I-H1>

38 H3=Hz2/25

£598 FRIMTJ1#18,H3

a8 GO TO 728

718 MEXT I

728 HEXT J1

728 EMD
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APPENDIX D-1
The following programme can be used to calculate the area

under the Baussian fFitting and the background under the

calculated area for a single peak.

PRINT"#¥##¥¥¥¥¥$FERK FITTINGH$¥$%$EE4%
PRINT"PRINT HO. OF THE FIRST CHRNMEL"

INFUT M

FRINT"FRINT NO. OF THE LAST CHAMMEL"

IHFUT N s
PEgE;“FRIHT HOW MAMY HANMELS SHOULD SUBTRACT FROM EACH SIDE OF THE FERCH
IH T

DIM C<M>,Y¥(158)

FOR I=M TO N

FERD C<I)

HEXT 1

Y=8:51=0:52=0:53=08:S4=0:N1=8:H2=8

FOR I= M+T TO H-T

WI=1/CC1/CCI+1 0041 /CCI=12)D

H1i=N1+W1

H2=H2+1

Y=Y+LOGCCCI-12/CCI+1) 2%l

S1=S1+1#LOGCCCI-10-CCI+1 20 %M1

S2=52+1#%MW1

S4=S4+(I120%M1

MEXT I

S9=( 1#(S1/H12—CS2/H1 2¥CYAHL Y 2 A ¢ 1#CS4/ N1 =CS2/H1 2¥CS2/N13)
E=((Y/N1 D #¥{S4 /M1 ) =C52-°H1 Y¥CS1/M1) 3¢ 1%CS4/H1 3= CB2/H1 2 ¥CS2/H1 3
S=S0R(2/55)

F=-BA55

FRINT P,5

REM¥###¥DELTA OF SEGMA AND PEACK POSITIOM##%##
R=8:56=0:57=0
FOR I=M+T TO H-T

R=R+(SS#I+E-LOGCCCI-13/CCI+10 3312

SE=56+]

SY=57+112

MEXT I

I1=S0R{(HZ¥R/CH2-20 3 /A CHEHST-SE 122 )
05=-8.7871%D1/5511.5
[2=3LR((STHR/ CH2=20 3 ACHE#ST-S6 1200
IP=-SOR((B/SS 12%(02-B) 12+ (B/SS 2 12%C D1 /555 123
Y1=8:Y2=3

FOR I= M+TTO H-T
W2=1/CCIo+((I-Pr 12/ (S 0% DP 12+ CI-Pr12%DS 12-°¢S123))
Wa=1/W2

V1= 1+ CLOGCCCI D D0+ I-PO 12/ C2%S 12330
Ya=Y2+W3

HEXT 1

YE=ERP YL AYE D

216



1 FRINT"ARER=" 2,35@7¥3%YQ
FRINT"FWHM="2,335%5

) L=0

) FOR I= M TO M STEP 8.3

L=L+1

YCLI=YA$EXP(=((I-P) 12)/(2%512))
FRINT I.Y¥<L>.Y@a

1 MEXT 1

| REM¥##¥¥E$ K KCOUNT S/CHANMEL # ¥ ¥ 5 %%
! DATA 34.,33,33.,34,01.63,72,1087,132,144,154, 1608, 146, 136, 186, 72.71.39. 33, 44
1 DATA 25.17.28

I DATH

DATA
REMEFEEEEREREREERREEEREERREREERHEEHEH
PRINT"AVERAGE OF HOW MAMY FOIMTS YOU WANT FROM LOW EMERGY LEG"
IMPUT M1

A1=0:[A2=0:A3=8:A[4=0

FOR I= M TO (M+M1-1>

AZ2=RZ2+C{I)

Al=A1+I

MHEAT I

A1=A1.M1

Az2=R2/M1

PEIH;"??ERHGE OF HOW MANY POINTS YOU WANT FROM HIGH EMERG LEG"
INFUT M1

FOR I= N TO (N-N1+1> STEP -1

AZ=A3+1

A4=H4+C{I>

MEXT I

HAZ=A2/M1

A4=H4/M1

ER=8

FOR 1= T0 N STEP. 8.5
PC=YO¥EXP(-((I-P)12)/(2%S12))
EC=({A4-A2>/(A2-A1) 3% I-A1)+A2

IF BC>PC THEN 938

ER=EA+EC

GO TO 248

EA=BA+FC

HEXT I

ER=EA#8.5

FREIMT"EBACKGRUMD="EA

FRINT"FEARK AREA-E.G.="Z.S07#S%Y8-EA
END






APPENDIX E-1

This programme was used to calculate the solid angle sub-
tended by a circular aperture at the ellipse source lying at

45° to the perpendicular axis on the detector surface.

FRINTVAAJOR AXIS OF ELLIFS
IHPUT A
FRIMNTYMINOR AXIS OF ELLIFS"
IHFUT B
Tﬁéﬁ;“EERPEHDICULHR DISTENCE BETWEEM THE CENTRES OF THE DETE. & THE SOURC
PRINT"DETECTOR RADIUS"
[HFUT R
OPEN1, 4 : CMD1
GS=0
31=@
FOR J=0 TO 188 STEF 18
FOR I=6.81 TO A STEP 9.8l
IF J>98 THEN 298
7=71-1¥(COSCJ#m/180) » #(COSC 45%m 1803 )
FRINT J,2
P=30RCCI 12)=C ¢ THCOS ¢ J#m. 180 ¥COSC 45%m./180) ) 123
TFCCCCIHCOSCTHm/188) ) 120 /A 120 +C CCI#STHC T#n,/188) 2 12) /B12) )31 THEN 488
G0 TO 330
Ji=188-J
=71+ #(COSCT1%n/180) Y¥(COS: 45%n/180) )
F=SOR( (I 12)—C ([#C0SCT1%m/ 120> ¥C0SC45%m,/198) 3 12) )
IFCCECIHCOSCT1#m 188 3 120 /AT20+C CC THSIMC T1#m./180) > 123 /B122 231 THEN 409
D=SORC(R12+4Z212)
G1=0.S%(R12/CDHCD+Z2 ) -3 (P 120 (R 129 %2/ CE¥D 15
G2=15#(P M) ¥R T2IHZH( (Z123-0. TSHCR12) )/ (324D 13)
G=G1+G2
.:»—Ln.--i-GiEF'!EZ
S1=51+P¥2
HEXT 1
HEXT J
SS=4%q#(55/51)
FRIMT 55

218



APPENDIX E-2

A computer programme was used to calculate the number of
neutrons scattered into the sample solid angle, for different
angles between 0° to 180° in 10° steps. The angle bestween
the psgpendicular line on the sample and the line joining

the edge of the sample and neutron source should not be
greater than 10° For a sample placed at any angle between

10° to 180°. In the following programme 5.8 degrees was used.
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250 PRINT"AREA UNDER THE FROTON FERK"
2668 IHPUT PH

270 FRINT"TIME OF ACCUMULATION IM SEC. "
288 IMPUT TH

296 PRINT"DETECTOR SOLID AMGLE"

388 INPUT SI

210 OPEN1@,4:CMD18 '
328 PRINT" AMG. ","MEUTRON/SEC. "

336 PRINT e s e e S, Kot e s !l e e el oy s oy ot i 1]

348 FOR J1 =8 TO 16 STEP 6.5

356 R&=9

260 R4=0

378 kK=8

388 Y1=8

298 Y2=0

488 FOR I=1.875 TO 2.88081 STEF 8.81

410 W2=0

420 E=(1/2.0818>%1080

438 LT=5.426%(E13.435)

440 HT=(S1S65/E)#¥L0G{1+(5€38.5/E>+{0. 003474%E >
450 T={LT#HT/CLT+HT> >#¥12.58

460 LD=1.45#%#(E19,.45)

470 HD=(242.6/E)¥LOGC1+<1.2¥18 14 E0+{B. 1152%E>

428 D=(LD#¥HD/(LD+HD) 4537 .7#8.5

498 DT=0.26#T+0.04%D

s588 J=J1

510 G=SQR(<1.00S¥I)>/¢(3.01€¥{[+5.5382))

520 51=-5.825+231.120%[-102. 9464 12-203. 627#I 13+242,. 061 %] ™4-221.076%] 1

20 S52=65.03%] 16-7.303%1 17

548 S=51+52

550 A=0.365+5.369%[-2. 145%] 1246, 337 13-2. 452#] 14+0,41E£¥] 15
S50 B=-0,0726+1,577#1+0,.5325%] 12+0. 04534% 1 13-0. 033 14+0. 01 17#1 15
570 IF J=9 THEN 758

S88 IF J=6 THEN 779

538 X1={TAM{J#n 18> 212

00 HK2=2%G¥41 .

£10 H3=4%{1+X1 2#{(GT120%¥X1-1>

s=28 IF J{3 THEN €58

630 H=(=H2-SER({H212)-H32 )/ (2¥ 1+81 1)

£48 GO TO &&8

ES0 H=(-H2+SOR{ (X2 T2)=K3) 3/ C2RC1+K1 20

E60 Cl=C1+A¥CXTI2)+B# (N 4) 0 ¥5

678 C2=4%n¥{1+R/3+E/5)

638 C3=C1-/C2

530 C4=S0R((1 /(G122 2 =(SIHC T % 18> 2 120

700 CS=C#{{COS(J#¥n 1822+C4:12-C4

716 Ce=CS#C3

728 R1=C&-/DT

730 Y1i=Yi+R1

748 GO TO 729

750 C3=5/(4%a¥(1+A/3+EB/5))

768 GO TO €99

770 C3=S#%(1+A+E)/(4%¥n¥(1+R/3+ES5) )

788 GO TO &28

7O0 G=SOR{C1.0907#I)./(3.01c%(+2,858) )
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08
318
2208
828
848
=50
gca
878
388
290
264
918
220
33
24
956
Se8
gve
320
250
1960
1618
1628
1630
16409
1854
10€8

5=-3.404+238. 01 1#]-206. S12% 12+215. 308% ] 13-75. 4254 14+10. G53%] 1

A=0.4135+8, 932%[+1., 20%] 12-2, A5 12+0. 84 1% 14
B=-0.121+1,660%1+0,423%] 12

IF J=3 THEN 1826

IF J=8 THEM 1848
K1=(TAMC J¥n. 1322 12

R2=2HG¥N1
AI=3E(1+X1D¥C(G 1281 -10

IF J<{9 THEN 5106
#=C=X2-SORC (X2120 K32 ) (2% {1+X13>
GO TO 928 :
A=(=X2+SARC (K2 T2I-K3) I/ (2% 1+X10)
Cl=C1+A%(KT2)+EH(K 140 0 %3
C2=4%n¥(1+A/3+B/3)

C3=C1/C2

C4=3S0RC (1 /(G122 )=C(SIMCT#m 1322 12
Co=G#((COSCJ#n."182)+C4) 12 °C4
Ce=CS#C3

R1=C&/DT

2=Y2+R1

R2=C3-DT

GO TO 1958
C3=5/(4%n¥(1+A-3+B/5) }

GO TDO 2958
C3=S#(1+A+B) /(4¥m¥ (1 +R/3+E/5))
GO TO 358

L1=0

1678 Hi=8

1838
185a
1160
1118
1128
1128
1148
1158
11586
1170
11808
1196
1268
1218
1220
1238
12408
12358
1288
1278
1258
1290
1268
1318
1320
1338
1348

IF J=8 THEN 1188

Li=J#16-5.23

L2=J#18+5.3

FOR L=L1 TO L2 STEF 8.1
C4=SARC1A(G12) )~ STHCL¥n/188) > 12>
CS=C#C( (COSCL#¥m 1302 2+Cd4 > 12.°C4
Wi=l1+CS

MEXT L

IF J=8 THEM 1128

W2=lk1%3, 1

GO TO 1206

b2=l1%0, 1¥2

R3=RZ%W2

F4=R4+R3

J=9

C3=S/(4¥n¥{1+A, Z+B/"S3 )
C4=S0RCC1/(G12) )= C(SINC T#n. 180 2 12
Co=GH#{(COSCT#n 182 5 +C4> 1204
R2=CS%C3- DT

RE=RE+FE3

HEXT 1

Y=\Y1./Y2

R=R4./{RE¥S1)

H=R¥Y#FA

YC=8

FOR I=0.833 TO 1.887 STEP B6.81
E=(I/2.818 %1606

no
(4%
Pt



1358 LC=4.175%(E 19,43

13268 HC=(4673/E)#¥LOG(1+(387.8-E)+ 0. B2153%ED
1370 EC=(LC#HC. (LC+HC>>%3.432

1380 LD=1.45%(E1A.43)

1399 HD=(242.5/E2#LOG{1+{1. 210 T4 EX+ (0. 1157%ED
1409 ED={LD#HD./(LO+HD) »#537.7#0.5

1419 DC=0,97#EC+0. B3%ED

1428 J=J1

14238 G=SAR({1.003%I)./(3.016%([+5.332852)

1448 51=-5,825+221. 120%1-102. B46K] 12-203. 627#] 13+348. 86 1% 14-221. 8761 12
1450 S2=6£5,03%] 16-7.353%1 17

1468 5=51+52

1470 A=0.365+5, 369%1-9, 14541 12+6, 33741 13-2. 463% ] 14+0, 41641 13
1480 B=-0.0726+1.577#1+0, 58254 12+0, 043441 13-0. G33¥] 14+0. A117%1 10
1438 IF J=3 THEHN 1558

1se@ IF J=8 THEN 1570

1518 ¥1=(TAM{J#%1. 1822312

1520 H2=2%G#¥x1. \

1538 H3=4#%(1+X1 2% (GT20¥x1-1"

1548 IF J<9 THEN 1578

1558 R=({-K2-SARC((XZ12D-K3))/(2k(1+X122

1568 GO TO 1588

1570 H={-H2+SAR((K212)-Kk3))/(2¥(1+K12D

1580 Cl=C1+A%CKT20+BRCE 140 0 %5

1598 CZ=4%nr#¥(1+R/3+B/2)

1668 C3=C1/C2

1610 C4=SQR((1/ (G121 )-(SIN(J¥m 1833 120

1620 CS=G#((COS{J#1.13)2+C4>12/C4

1638 Ce=Co#C3

1648 GO TO 1e5@

1658 C3=S/(4%¥n¥(1+A/3+B/32>

1666 GO TO 1616

1670 C3=S#%(1+A+B)./ {4¥a¥{1+R/3+B/32)

1eg@ GO TO 16186

1658 YC=YC+Cs/DC

1780 HEXTI

1718 CT=(YC/Y1)>%1.439

1720 F=H#(CT+1)/TM

1738 PRINT J1#18.F

1740 MHEKT J1

ny
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