MEASUREMENT OF THE ACTIVATION CROSS SECTIONS OF THFE. FAST
NEUTRON INDUCED {N,2N). (N,P) AND {Na2) REACTIONS ON THE
ISOTOPES OF MOLYBDENUM, CODALT,

ZIRCONIUM AND GERMANIUM

r

A THESIS SURBMITTED TO THE DEFARTMENT OF CHEMISTRY,
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY,
DILAKA, FOR PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR

‘“. THE DEGREFE OF MASTER OF PHILOSOPNHY

By
MDD ARDUL HALIM
EXAMINATION ROLL NO. : 9603213P
SESSION: 1995-96-97

[TV TR
sBaryae

DEPARTMENT OF CHEMISTRY
BANGLADESH UNIVERSITY OF EXGINEERING &TECHNOLOGY
DHAKA, AUGUST, 2003



BANGLADESH UNIVERSITY OF ENGINEERING AND

TECHNOLOGY, DHAKA

DEPARTMENT OF CHEMISTRY

Certification of Thesis Work

degree of Master of Philosophy on 30 August, 2003,

Board of Examiners

. Dr. Md. Ralique Ullah
Professor

Department of Chermistry
BUET, Dhaka (Supervisor)

. D, Raher Uddin Miah

Principal Scientific Officer (PSO)
Atomic Energy Research Establishment
Savar, Dhaka (Co-supervisor)

. Head

Department of Chemistry, BURT, Dhaka

. Dr. Al-Nakib Chowdhury

Associate Prolessor
Department of Chemistry
BUET, Dhaka,

. Prof. Kazi Ali Aram

Depariment of Chemistry
Jahangirnagar University
Savar, Dhaka.

The thesis titled “MESUREMENT OF THE ACTIVATION CIROSS SECTIONS OF
THE FAST NEUTRON INDUCED (N,2ZN}, {N,P) AND (N,a) REACTIONS OF
THE ISOQTOPES OF MOLYBDENUM, COBALT, ZIRCONIUM AND
GERMANIUM™ submitted by Md. Abdul Halim, Rell No. 9603211, Session 1995-96-

97 has been accepted as satisfaclory in partial fulfiliment for the requirement for the

P‘“-‘“*%]a Crpizeel

Momber

Member (Exlerna

1

R

J




DECLARATION

This is ta certified that this research work has been carried out by the candidate himself
under the supervision of Dr. Md. Rafique Ullah, Professor, Department of Chemistry,
Bangladesh University of Engincering & Technology, Dhaka and . Rahez LUddin
'Miah, Pnincipal Scientific Otficer, Institute of Nuclear Science and Technology, Atomic
Encrgy Research Establishment, Savar, Dhaka. The research work presented here is
onginal, No part of this work has been used by anybody for the award of any degree

previously

Md. Abdul Halim
Candidate



ACKNOWLEDGMENTS

I would like to cxpress my profound gratitude 10 my supervisors Prof. Md Rafique
Lillah, Department of Chemsiry, Bangladesh University of Engincering and
Technology, Dhaka, and Dr. Rahez Uddin Migh, Prncipal Scientific Officer, Atomic
Energy Research Establishment {AERE}, Savar, for their indispensable guidance,
constant cncouragement, constructive suggestions and supervision throughout the

propress of the work,

1 am grateful to Mr. M A Hafiz, Senior Engineer, Dr. §. M. Hossain, Senior Scientific
Officer and Kamrun Naher, Scientific Officer, INST, AERE for their friendly

cooperation and helpful suggestions at various stapes of this work,

I would like 1o express my sincere grattude and indebtedness to Dr. Al-Nakib
Chowdhury and other teachers of the Department of Chemistry for their keen intercst
and encouragement dunng the work, Thanks are also due 1o all the employees of the

Department of Chemstry for their nice cooperation.

I am extremely delightcd to express my indebtedness and thankful acknowledgement to
Dir, Sk, Md, Yuuns, Pringipal Scientific Ollicer and Head, Reaclor and Neutron Physics
Davision, INST, AERE for his constant encouragement and support Junng the work.

Thaiks are alsa extended to all ather scientists of the division

I like to thank Mr. Md Ahad Ali, Technical Clficer, and Br Al: Azam, Junior

Lxperimental Officer, for their cooperation in experimental arrangement.

My graleful thanks are due io the autherities of Bangladesh Atomic Energy
Commission (BALCY and BUET for piving me permission for carrying out this M Phil.

work and providing financial and itechnical support,

I wish to express my indebtedness to my wife Syeda Afsarun Nessa for ber inspirations

and undcrstanding during my study



ABSTRACT

I'he fast neutron induced ¢ross sections were studied systematically 1o the energy range
15.90 - 14 80 McV using the neutron generator facility under identical conditions in
order to provide real nuclear data required in the fusion reactor design and in
developing semicondoctor technology. In the present investigation, the activation crass
scction data for "Mo(n,pY*"Nb, *Mo(n, 20 ™Mo, *Mo(n.p)”'Nb, *Co(n,a)**Mn,
" zrin,2n0°Zr, " Ge(n, 20 CGe. “Gelna)’ Zn and  Ge(n,2n)Y " EGe reactions in the
neutron cnergy range of 13.90-14 80 McV measured m an unilied experimental
condition In cvery case samples of natural abundance was used. Maonoenergetic
neutroms were produced via 4(d n)*He reaction using solid tritium target J-25 neutron
generator at the Institute of Nuclear Science and Technology, AERE. Savar. Dhaka
with a deuteron energy of 110 keV and steady beam current of [20-130 pA The
different energies of neutrons were obtained as a function of emission angle to the
direction of incoming deuteron beam. Activities of the reaction products were
delermined by measuring the gamma-ray counts of the product nuclei using high
resolution HPGe detector gamma-ray spectromedry system. Neutron flux at each sample
position was determined by using “TAl(n.)’ '"Wa monitor reaction with known cross
section of the monitor reaction taken {rom ihe works of H, Wonach The experimental
values of the cross sectivns were determined using activation equation The total
uncertainiy in cross section was obtained by considering both the statistical errors and

possible major sources of systematic errors

The measored reaction cross scction values along with the availablc literature data have
becn plotted as a function of necutron energy to gel the cxcitation functions of the
reactions The theoretical cross section calculations using statistical code SINCROS-1T
1n the energy rangel3 to 15 MeV were performed to validate the experimental data
theoretically Measured data will help Lo remove existing discrepancies in the cross
section valucs, will offer substantial nuclear data buse tor fusion reactor design, current

evaluations of ncutron activation cross section and nuclear model calculation for

nuclear technology application
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CHAPTER L
GENERAL INTRODUCTION

Neutron has been playing an important role in the study of nuclear reactions, nuclear
structure and in the basement and advancement of nuclear technology since the
dscovery of its by Chadwick in 1932, A detailed study of nuclcar reactions is one of
the largest arcas of nuclear chemistry and physics, This field of study originated when

Ruthecford investigated the scattering of low encrgy pasticles in a thin gold foil in 1911,

Radigactivities produced in structurat materials with neutrons as well as with charged
particles are of immense importance in the whole range of nuclear applications. A
patticular structural material may be consisted of many stuble isotopes. Fast neutrons,
therefore, lead to the formation of many radioactive products. Therefore an accurate
knowledge of their formation cross sections is important for estimating the total induced
activity. A study of (n, charged particle} reactions on the structural materials 15 of great
importance since such reactions give rise on the one hand to transmutation products
which might strongly nfluence the development of damage microstruciure and thereby
lead to property changcs and on the other 1o hydrogen and helium gases which may
couse high temperature embattiement of structural matcrials’, The experimental data,

wenerally obtained via the activanon techmque, arc rather discrepant ™

In figures 1 1 and 1.2 arc shown twa possible designs of future Tokamak-type fusion
reactors. Figure 1.1 shows plasma composcd of deuterons and tritons surrounded by a
First wall of taraidal shape which in turn is surrounded ]Jj,r a shiclding blanket in which,
through imteraction of the ncutrons produced in the plasma with lithium, trifium, 15
praduced Figure | 2 shows a complete design of a possible fusion reactor along with
heat exchanger and other componems [t also shows how tritium 15 fed back into the

plasma.
Developing a material suitable for the first wall and simular critical locations is one of

the most difficult problems of fusion. Present materials [ail their resistance to

radiation damage, creep and other things to meet the lifetime requiremcnts of a fusion

“y
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rcactor by about an order of magnitude; ingenious considérations—for-fréquent

reptacement present cost penalties. Thus materials development will be a critical pacing

item in the future fusion programe”.

The deuterium and trtium in the plasma react according to the scheme

D+ T - (*He + 325 MeV) + (n+ 14.1 MeV), The hclium ion deposits its energy in
the plasma thereby keeping the plasma hot. The neutron deposits its encrgy in the
blanket that surrounds the discharse plasma. The bianket not only absorbs the 14 MeV
neutron energy, but produces an additional 9 2 MeV of energy per incident neutron. In
addition Lhe ncutron reactions with the natural hthium in the flibe, together with the
neutron multiphcation rcactions i the beryllium®, easily produce a tritium breeding

ratio of 1.04,

The details of compilation of several types of cross sections used in the nuclear heating
calculation are described elsewhere’ The distribution of tritium production reaction
rates i.e., the tritium brecding ratio by "Li{n,ct) t reaction 15 0.80 and the (ritium
breeding ratio by 'Li{n,n’a} t reaction is 0 36 The neutron flux at the first wall was
calculated as 6 3% 107 nem™ 57 for 14 MeV, 1.96x 1070 em™ 57 for E 0.1 MeV and
2 7x10" n em? s for total neutron Difference of rcaction rates between the plasma
and coolant sides of the first wall are about 10% for both (n,a) and (n,p) reactions’.
Since radiation damage can cause reduction in strength and ductility, appropriate
evaluation of the iradiation behavior of the wall material is of major impertance in the

desiun study.

The inleraction of radiation with crystalline solids has been studied extensively in the
last two decades, mainly as a result of the developmeni of nuclear energy For non-
(jssionable metals major altention must be paid 1o those types of radiation that are able
to displace atoms from their normal lattice positiens. In this rcspect irradiation with
high energetic particles such as fast elecirons, neutrons, protons, deuterons and icns are
10 be considered More indirectly, thermal newtron irradiation and c-irradiation may
alsa causc atomic displacements, Transmutation elements resulting from nuclear

reactions may in some cases be important oo” o recent years increasing attention has
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also been pwd o the effect of spontanegus recombination between vacancies and
interstitial, ocourring even at very low temperature Theoretical and experumental work,
as well as computer work in this field, have contributed to a better understanding of the

. - {l.
daniage production mechanisms ™",

The accurate knowledge of ncutron interaction cross section around 13-15 MeV
encrgies are of significant interest for fusion facilitics In D-T fusion almost 80% of the
total energy is carned off by 14 MeV neutron 7 In fusion reactor, the 14 MeV neutrons
produced in the plasma are slowed down in the first wall and in the blanket. A typical
spectrum of the neutrons entering the blanket extends down to keV energies, with the
bulk of the ncutrons centered in the MeV region and a strong component of 14 MeV
neutrons. For neutronic calculations therefore all neutron cross sections of the fusion
reactor materials have to be known from keV energies to about 15 MeV, with an
emphasis on partial reactions such as (n,p}, (nnp), {nx), (n,noe}, {n,2n) ctc. and on
energy and angular distribution of secondary particles {neutrons and charged particies)

cmiutted 1n these reactions

The {n,xn), (x =2) and {n,[) reactions can be used to enhance the neutron flux through
neutron multipiication In normal D-T fusion reactors, materials with high (n,2n) cross
seclions are used as main or additional materials in the first wall. They can lead to a
significant multiphcalion of the neutrons impinging on the blanket These neutrons
enhance tritium breeding Decause of the Coulomb barrier, the emission of neutrons is
more likely than that of charged particles Neutrons captured in {n,p}, (n,a), as well as
(ny), (n,d), (nt) and {T‘l,j He) reactions with lower cross sections are not available for
tritiun brecding. Major parasitic neutron absorbers are the structural matenials used in

the {irst wall and in the blanket through (n,p} and {n,ct) reactions.

14 MeV ncutrons have a rather singular threefold importance:
{1} They represent about the upper energy limit of neutrons oeeurring

in nuclear fission reactors
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(2) The -1 reaction in which |4 MeV neutrons are gencratcd represents the
basis for alt contemporary fusion reactor designs based on magnetic plasma
confinement,

(33} The D-T reaction used in neutren generators allows the measurcments of 14

MoV noutron cross sections.

Now & days, neutron production from plasma is a reality, which makes the nuclear data
specially useful in monitoring plasma temperature and assessing D-T fuel “burn™ rates
during the contamment intervals For blanket design purpose, tritium breeding cross
seclians and neutron multiplier cross sections for encraies of about 14 MeV and below
are important Radiation damage by energctic ncutrons and long-lived activation of
fusion reactor structure are alse important. These are the affects which will influence

the longevity and service of reactor tacihbies.

Since 14 MeV ncutrons dominate the neutron ficld around D-T plasma, the accuracy of
Ihe cross scction data at |4 MeV neutrons are imporlant for the prediction of reactor
parameters such as tritivm breeding, nuclear heating, radiation damage, radioactive
waste estimalion, calculation of the aclivation in materials to be used in fusion reactors
and so on Hence nuclear data have a wital role to play in nuclear science and
technology Tao date there has been enormous advancement in the field of nuclear data
measurcment, evalualion and nuclear reaction theory as well as applications. The want
of nuclear dala, particularly nuciear cross scctions have been increased during the last
ihree decades. Measurernents, calculation and cvaluation of these cross scctions have
been exiensively undertaken during these days. Hercin are described some

(undamentals pertaining to the present investigation.

1.1 Neuiron Sources

Recently, much progress has been made in the production of intense neutron sources.
The availability of ncutron sources with well defined characteristics 1s essential for a

detaried study of neutron induced reactions. The ncutron sources are categorized as
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maonoenergetic and continuous {white neutron sources) sources. There are three

principal methods for producing neutrons These are

17 interaction of alpha or gamna radiation from radioactive substances with
light elements like Be
2) reaction of accelerated charged particles from accelerators with light nuclei
3) Fssion reactor
The first and third methods produce neutrons of continuous energy. The production of

monoenergetic neutrons Is achieved by second method

Diflerent types of neutron generator preducing meno-energetic neutrons through D-D
and D-T reaciions are used in many laboratories around the world with a view to
facilitating research on nuclear reactor technology. A SAMDES J-25 AID ( France)
Neutron Cenerator was installed at the Institule of MNuclear Science &
Technology(INST), Alomic Energy Research Establishment {AERE), Savar, under the
coordinated research program with the International Atomic Energy Agency (LAEA) for
the measurements of nuclear data In J-25 neutron generator, 14 MeV mono-energetic
neuirens are produced via *Hid,n}'He reaction The large positive Q-value'™ (176
Me¥) and low atomic number makes it possible to produce 14 MeV neutrons even at
low deuteron incident enetgies, e, Eg= 100-200 keV, This intense neutron source 1s,
therefore, used tor the ivestigation of the interaction of fast neutrons with structural
materials of nuclear reactors which are important for design, development, safe
operation  of fission and fusion nuclear reactors In acthvation measurcments,
menocnergetic neutron seurces arc necded since the determination of cross section is
cnergy dependent. ‘Lhercfore in this work. only ncutrons produced from the reactions of

acceleraled charged particles are discussed lurther in the latler section
1.1 Status of Neutron Cross Seetion Data for Mo, Co, Zr and Ge
A dctailed survey of literature shows that the ample cross section data of the (n,2n),

{n,p) and (n,t) reactions on the isciopes of molybdenum, cobalt, zirconium and

germanium in the energy range of 13-15 MeV are not that available. 5. M. Qaim &
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al.®® measured the excitation functions for (n,p) reaction on "Ge, “Ge and "Ge
isotopes in the neutron energy range of 6.2 to 12.4 MeV. R, 1. Miah' measured the
cross sections of (n,2n) reactions on Mo, *“Zr, ®Ge and "Ge isotopes and (n,p)
reaction on “*Mo, *Mo 1sotopes and (n,a) reaction on "'Ge isolopes in the energy range
of 1364 -14.71 McV R U Miah also performed the theoretical caleulation of cross
sections of Ge(n,2n) "™ ¥Ge reactions using statistical code EXIFON®'. Wenrong et
al = reported both the measured and evaluated cross section data for (n,2n) reaction on
"7 isotopes in the encrgy range of 13 to 15 MeV. Recently, Cullen et al.”*, Bychkov et
al.”", Tkeda et al * and G Crdtman® reported neutron activation cross seclion on the
selected reactions In most cases, it has been shown a significant deviation in cross
section data measured [ evaluated by different authors for the same reaction, S, M.
Qaim®® reporied the cross scction of **Mo(n,py "Nb at 14.7£0.3 MeV to be 2.640.7 mb
whereas C V 8. Rao et al*’ reporied this cross section to be 10.0+1 2 mb Both of
them used activalion techniqgue Similarly 1n the measurement of cross section of
Zr(n.2n)*Zr reaction, a cross section value of 517447 mb was reported in CIND®
whereas Y Fujino® reported the value to be 805+58 mb. The main sources of the
discrepancy in the experimental data arise from the difference of the experimental
conditions, neutron source charactenzation, radiation measuring technique, neutron
monitoring method, standard cross section data and nuclear data { gamma-ray, half life,
natural abundance) used to deduce the final data. Although extensive data for {(n,2n),
{n,p) and {n,ct) reactions on varrous nuchides at 13-15 MeV neutron energy are found in
the literature, many of them appear to contain relatively large systematic crrors and

needs further evaluation.
1.2 Aim and Scope

Cxiensive measuremenis of fast neutron induced reactions cross sections on structural
materials of fission and fusion reactors have been carmed out during the last years at
several laboratories over the neutron eneray range from threshold up-to 150 MeV
There is high demand of precision cross section data for engineering requircments as

well as for validation support of nuclear model calculations
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The prediction of atomic displacement rates and helivm production rates requires
knowledae of the cross sections of the nuclear reactions on the isotopes of structural
maicrials 1n addition nuclear power engineering needs, based on fission reactors, many
other regions of science and lechnology have very large needs in nuclear cross section
data.

Sennconductor electronic components are sometimes needed to be used in intense fast
neutron fields for nuclear measurements, There are many semiconductors available, but
very few of them have practical application in electronics. Germanium is the most
frequently used semiconductor material. It is becausc the energy required to break their
covalent bond ( i.e. encray required to releasc an electron from their valence bonds is
very small; being 0.7 V) Germanium has become the model substance among the
semiconductors because it can be purified relatively well and crystallized casily.
Therefore, the investigation of fast neutron interactions with atomic nuclei of this semi-
gonductor material would vield imporiant information to the study of nuclear structure
and reaction mechanism and provide a good way of testing the application of nuclear
models From the view point of semi-conductor technology, neutron activation cross
scotion data around 14 MeV have also become important specially for calculations on
auclear transmutation rate, induced activity, radation damage and so on. Such data are
also needed for further improvement of semi-conductor technology. The cross sections
of the neutran induced reactions for Ge isolopes are of some intercst, both from the
fundamental point of view and for cstimating radiation damage in semi-conductor

materials

New regions of nuciear data applications appeared for example such as nuclear safety,
alicrnative reactors, space reactors, industnal applications, decommissioning of long
time operated fission reactors, high cnergy neutron dosimetry which widen the needs
for nuclear data both in energy range and number of reactions. To meet these needs the
experimental and theoretical investigations are made of radiation interactions with

nuclei in many countries and during tong peried of time,
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The results of mtensive activity of nuclear scientists ailowed to meet many
requirements, but nevertheless the present and future requirements put new tasks both
in increasing nuclear cross section data amount and improving reliability and accuracy
of evaluated data. It can be mentioned that the uncertainties in nuclear data lead to
uncertainties in the prediction of reactor parameters. Large uncertainties in turn lead to

the large and expensive margins in design,

In view of these consideration, we intend to carry out a piece of research work on the
measurements  of  cxctation  [unctions  of the reactions  “*Mo(n,py*"Nb,
7 o(0,20) ™Mo,  *Mo(n.p)*Nb  PCo(na)*Mn, "Zr(n20y°Zr, ™Ge(n,2n)" Ge,
MGe(n,c)" "Zn and "Ge(n,2n)"""FGe in the energy range of 13 90 to 14.80 MeV in the
same experimental configuration. The cross sections of this reaction in this cnergy
region were also determined theoretically by using statistical code SINCROS-1I™ to

validate the experimental data.

Aclivation cross seciion data in the neutron energy range 13 - 15 MeV, as mentioned
carlier, are needed primarily for Uhe engincering design of fusion reactors, especially for
the calewlations of tritium breeding. radiation damage, radiation shielding, induced
activity, nuclear heating and so on. But there are other impartant applications of 14
MeV cross scction data These are wnvestipation of nuclear theortes and nuclear
structures, festing of nuclear models, neutron dosimetry. isotape production, nuneral

exploration, fast neutron activation analysis and so on.

Zirconium, molybdenum and cobalt are the most important constituents of the fusion
iructural materals®*? Germanium is the important semiconducting material. A
critical survey of the avwlable literature reveals that some information of the cross
seclions of the selected reactions have been existed, However, for more information and
better understanding on the feld extensive research work are still inevitable. The

present measurement aims at adding some newer data points to the existing literature
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CHAPTLER 2
GENERAL EXPERINMENTAL

2.1 General Consideration ol Neutron Activation Analysis (NAA)

The method of activation analysis depends upon the formation of radio nuclides from
elements in the sample when they arc subjected to bombardment with energetic
particles. such as neutrons. photons, deuterons, o particles etc. Thus the process in
which the sample i:--t-ubjecled to nuclea bombardment and then analyzed For its radio
active contents, i1s known as activation analysis, Thermal neutrons are particularly
suitable, because many elements have high thermal neutron absorption cross sections,
but 14 Me¥ neutrons have grown in importance, because the case with which they can
be produced by low voltage acceleraturs and their effecliveness in the detection of trace
elements such as N, O, 81, P, Ti and Pb, which are difficult or impossible to detect with
thermal ncutrons Neutrons wilh selected energies betwceen thermal and 14 MeV are
also helpful for cinphasizing some elements in the presence of others which perhaps are
present 10 greater concentration’ . Bascd on highly characteristic and well defined
nuclear properties of the clements, this technique s close to an ideal non-destructive

analytical method, capable of handling samples in liquid, solid or powder form.

Neutron aclivation is a nuclear reaction phenomencn, When a neutron interacts with a
tas get nucleus, a compound nucleus is formed De-cxcitation of the compound nucleus
can occur in different ways Lhal are independent of the way the compound nucleus is
formed. Each of these processes (shown below) has a certain probability, depending on
the nuclear cross section of cach mode, which s related to the exeilation energy of the

14
compound nuecleus™ .

Elastic scattermg
Non-clastic scattering
X+ n— | X+n}* Emission of particles, {n,a), {n,p}, (n,2n} etc.
Radicactive capture (n.y)
Fissian (n,f}

in elastic scattering the resulting nucleus is wentical with the target, whereas in non-

elastic scattering a radicactive isomer may be formed. In the emssion of particles the

I
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resulting nuclhide 15 usually radicactive and differs from the target nuchde i atom or
mass number or both. The most favorable and important nuclear reaction in NAA is
racdhioactive capture {n,v}), m winch the excited nucleus passes to a lower energy state by
the emussion of one or more y-rays. The resulting nuclide is usually radicactive In
fission the excied nucleus splits into two nuclei accompanied by the emission of the
neutrons and v-rays. The fission process is limited to only a few elements with high

atomic numbers { Z = 90). thus its significance tn NAA 15 very hunited,

A radioactive nuclide has a characteristic half-life (t;z), mode of decay and energy of
emitted radiation during the decay process. Depending on the energy considerations (QQ
value). a radionuclide can decay to a daughter product (usually stable) by vanous ways,

as shown below.

Beta or beta and gamma ray

Pasitron or positron and gamma ray

Eleciron capture

[ Radwnuclide]* Garvma ray ( isomeric transition}

Internal conversion

Alpha particle
In neutron activanion analysis, neutrons are used to activate target nucleus 'The neutren
may be regarded as to be capturcd by atomic nucleus to give a large nucleus with the
satne positive charge, which is. therefore, an 1sotope of the element Nuelei, which have
been excited or activated by neutron capture, give characteristic gamma rays by which
1t 15 possible to identify the nuclei The half life periods of vanious 1sotopes formed in
this manner from various elecments will be widely different and this constant (i e, hall
lile period) may be used in the identification of active isotopes along with other

pertinent information in many instances In activation analysis, aclivation and

spectrometry take place separately

Mast of the radio-nuclides that undergo decay by alpha, beta or positron emission and
by electron capture also emit gamma rays as a result of readjustment of energy content
in the radio-nuelides during their transition from excited states to more stable states
Gamma-ray measurements have, in general, much wider applications in NAA because

gamma-rays emitted from the most radic-muclides have a wider range of energies (10-

12
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3000 keV) and have large penctrating range. There aie subject to mimmal loss by
absorption in a sample matrix during then measorements. This property coupled with
the developments in high resolution and high elliciency semiconductors, For example
High Purity Germanium {(HPGe) deteciors and availability of high neutron flux reactors,
peutron generator, ctc., make NAA gamma spectrometry a powerful tcchnique in

measuring activation cross section and multi-glemental determination,

2.2 Instruments and Techniques for Production of Neutrons

2.2.1 Production of Fast Neuilron by J-25 Nentron Gcn(:ralurl

The two nuclear reactions used for the production of fast neutrons by low-voltage

acceleralors can be expressed as fallows:

21— [THe]* = Mo+ 'n+ 3.266 MeV
4 - "H =" He]* —"He 1 'n + 17 586 MeV

At acceleration voltages used in ncutron generator of about 150 to 200 keV, the cross

M cmPfatom, Whereas, for thin targets, the

section for the D-D reaction 15 about 3x107
D-T cross section at about 130 keV incident deuteron energy is about 4,55x107
cmfatom and the maximum value 5 barns are shown at 110 ke incident deuteron
bombarding energy . From cross section considerahons, it would be expected that at
150 keV incident deuteron cnerey, the ocutput from the D-T reaction would be about
300 times greater than that from the D-D reaction, Therefore, the contribution of the [O-
D backuround neotrons to those emitted in the D-1° rcaction can be neglected
Experimentally, it has been obscrved that this improvement is indeed approximated for
thick target neutron production, The prolific yield from the D-T reaction makes it
particularly uscful for analytical applications requiring a hgh degrec of SENSItivIty;
however, the D-D reaction 1s somelimies preferred in special cases because of
minimization of the number of interferences. Neutron sources based on the light particle
reactions have played an important role in experimenial fast neutron research’™’.
Henceforth 14 MeV neutrons from neutron senerator were used in the presemt

imveshgation although various kinds ol neutton sources with diffcrent energy ranges

13
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. . - . W . | .
and intensities are avadable™ Using low-cnergy acceleralars, monocencrgetic newrons

are generally produccd by the * big-4" reactions shown in Table 2.3,

Table 2 | Data of the “big-4" neutron source reactions.

Reaction {J-valuc Breakup Breakup Monoenergetic
(MeV} reaction threshiold neutron  eneryy

{MeV? range {(MeV)

"Hid,nY'He  +17.390 T(d,np)T 3.71 11 75-205

T(d,2n) He

*H{d,n) He +3.270 D({d.npil 4,45 1.65-773

H(pnyHe  -0.763 T{p.np)D 8.35 03-76

Lip,nyBe  -1.644 Li{p.n) Be* 237 012-0.6

‘The production of neutrons by bombarding suitable targets with the isotopes of
hyvdrogen 15 particularly attractive since.lhe net cnergy gain by ihe reaction system 18
quite farge. For instance, a proton entering a nucleus adds about 8 MeV of energy to the
systemn. In the case of an a-particle, the net gain is not quite as much since the
difference between approsimately 28 MceV  of binding energy required to break up an
a-particle inta two neutrons and two protons and the 32 MeV gained by the reaction
system from the addition of four extra tuclcons, 1s only 4 MeV. When compared with
the entry of a deuteron, however, even the cnergies brought in by protons and a-
particles arc considered smalt The deuteron requires only 2 MeV to sphit into a neutron

and a proton but adds 16 MeV into the reaction system, a net gain of 14 MeV.

In the present experiment, reaclion (2) was used to produce monoenergetic [ast ncutron.
To take place this reaction (2), the J-25 neutron generator was so designed thal
deutenumt molecules are ionized in the 1on source bottle, acceterated in an electrostatic
field of 110 keV at a beam current of 200 pA and focused on a tritium target. The
deuteron interacts with teitium m the target to form a compound nucleus [He]* at a
highly excited state which later breaks down into a “Me nucleus and a neutron with the

relcase of 17 6 Mel energy

i4
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The reaction T{d.n)*He has a pﬁsiti‘;’; .Q-value- of 17 6 MeV. Q-value means the energy
released or absorbed in & reaction An amount of energy equal 1o the Q-value of the
reaction plus kinetic energy of the incident particle ({H") is shared by the outgotng
particle ('n) and residual nucleus (*He). The fraction of the energy which each of them
receives can be determined by applying the principle of conservalion of energy and
mementuin. However, the lighter particle always takes the greater portion of the
available energy. A neutron emitted in the forward dreection carries away about 14 1
MeV of the energy. The remaining 3 5 MeV appears as the kinetic energy of the alpha-
particle, The alpha particles are absorbed m the target holder but the neutrons being
very penetrating, escape nte the room For 110 keV deuteron, the D-1 source
properies were swudied eartier'” at the J-25 neutron generator facility, INST, AERE,
Savar, Dhaka The energy of the neuttons in the center of mass system is 14 1 MeV In
the laboralory systetn the neutron energy varies rom 14,71 MeV at 0° to 13,55 MeV at
180°

2.2.2 Organization of Neutron Gengrator

Neutron penerators are small acceleralors consisling of vacyum, magnetic, electncal
and mechamceal components, radiation sources, cooling circwits and prneumatic transfer
systems. There are various types of 1on sources, beam accelerating and transpon
systems, targets, high voltage and other power supplies, neutron and tritimin monitors
and shielding arrangements The general characteristics of the neutron gencrator is
given in Table 2 2 and a partial view of the J-25 Neutron Generator is shown in Figure

22

Tahle 2,2 General characteristics of J-25 neutron generator

Wodel I-25

Maximum high vollage 130 kY
Maxaimum current 2 5mA

Power cansumption SkVA

MNeutron production D-T Reaclion
Neulron energy 13-15 MeV
Maximum ncutron yield 2x10" nem™ sec
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The major components ol the neutron generator are briefly described below

2.2.2.1 Positive lon Source

The radio frequency {RF) type ion source 1s used to produce deuteron ion, The
deuleriun gas is fed at a controlled rate into the glass envelope via a gas leak. Ifan RF
vallage is applied across the eaciter rings. an electincal eld is penerated between the
two ring electrodes located outside and 1 contacl with the glass envelope. Since glass 1s
an insulator. the electric field lines traverse the glass and pass into the gas The power
supplied to the RF oscillaton is adequate to create and maintain intense ionization of the
eas. This gas discharge glows with a bright pink color The plasma color (a bright pink}
is also one of the principal guides to the performance of the source, If a DC potential is
now apphed across the bottle, ions can be directed toward the exit canal of the bottle. A
gap or clectrostatic focusing lens is used to prevent the divergence in exit canal and
directs the ions nto the accelerating scetion of the generator The wans enter 1he field of

the acceleration tube where they arc accclerated through a potential of 110 kY,

2.2.2.2 Vacuum System

The atm of all vacuum systems for a neutron generalor. as lor a charged particle
accelerator, is that the accelerated deuteron 1ons should reach the (ritium target without
collision with gas malecules, To do ihis, it is necessary to keep the pressure in the
accelerating tube 5o low that the mean fiee path of air molecules should exceed the
length of the accelerating tube, The wacuum system of the neutron generator consists of
a dipstick pump of EDWARDS high vacuum, England, The pressures of different mean

"

free path are shown in Table 2.2

2.2.2.3 Acceleration Tube

' he intense ion plasma praduced inside the ion source is directed through the exit canal

and into the focusing and accelerating sections of the neutron generator. Generally,

these functions take place in a single tube composed of 10 ¢lectrodes and a hollow

17
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cylindrical insulatars of ceramic. The insulators and the metal electrodes are bonded
together with polyvinyl atcohol (PVA) glue to form vacuum tight (joints} It has
permitted the dual action of focusing and acceleration An equal division of the high
voltage {110 kVY is perfurmed for the whole length of the tube, As a result the beam
reccives a kick of 11 kY in passing cach electrode. The facusing clectrodes carry a
negative DC potential with respect Lo the terminal high voltage (110 kV) applied to the
first accelerating stage By utilizing a system of resistors a potential difference is
maintained between each accelerating stage. This division of high veltage can be evenly
distributed between the individual stages 5o that the ion been receives a boost in encrgy
gquivalent to the potential drop at cach stage. At the end of the accelerating tube the
ions have acquired an energy equivalent to the total potential drop between the high-
vollage terminal and ground. The positive ion beam reaches the {arget with an cnergy
equal to their charge multiplicd by the potential difference through which they have

lallen and thus a continuons deuteron beam ol L1 k' energy is obtained

Table 2.3 Mean frec path vs, pI’ESSLlJ'E:W

Pressure {mbar) Mean free path {cm)
atmospheric Gx 10"
1 | 5x16™
1o 5x10°
to® 5x10°
i Sx10°

2.2,2.4 Quadrupole Lens

Flectrostatic {or magnetic} quadrupole lenses are commonly used as post-acceleration
ian beam lenses at almost all accelerators. Fleclrostatic quadrupole lenses are more
simple, bul they need power and hgh voltage feed through nto the vacuuwm system.
Furthermore a high vacuum is required in the system to avoid corona discharges.
Quadrupole lens consists of (wur hyperbolically shaped pole faces or electrodes. The
quadrupole lens focuses in one plane and delocuses in the perpendicular plane. Thus

ceveral such lenses must normally be combined to make a vseful lens system  Usually

13
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quadiupole doublets and tripiels are in usc at ncutron generators.  The biased
quadrupole lens is powered asymmetrically, so that the particle beams are focussed and

stcered The biased quadrupole lens requires split power supplies
2.2.2.5 High Voliage Generator

High voltage generators are used in neutron generators for excitation, focusing
acceleration, ete. of the deuteron ions It has the following main components

Rotor

lonize elecirodes

Inductors,
The rotor, which is a tube-like cylinder, made of insulating material. The rotor is driven
by an electric motor and charges are deposited on the surfuce of the rotor. The rotating

cylinder is the only moving part of this clectrostatic generator.

The ionize electrodes, which are very thin metallic needles ( blades) placed in cleose
proximity ta the rotating cylinder, The charging needles spray the electric charges by
corona discharge onto the surface ol the rotor while the discharging electiodes (needles)

collect the charues by drawing them ofl the surface of the rotor.,

The segments or inductors, which induce a strong electric field on the shar]':n edge of the
ionizers. The induclor electrodes are placed behind a shightly conductive special glass
eyvlinder The excitation inductors lay the electric charges onta the surface of the rotor
whilst the extracting inductor withdraws them The charge collecting (ionizer) electrode
and the inductor pair on the apposite side are called & pole of the machine. The inductar
and the conductive glass cylinder aie together called the siafor, The stator, the rotor and
the ionize electrodes are closed hermetically i a tank under pressure of compressed

hydrogen.
2.2.2.6 Tritium Targels

Tritium solid targel is cspecially made on copper backing Tntm is a radioactive
nuclide which decays by emission of 7 with a half fife of 12.3 years. Some

specifications of tritium target 1 are given below.

19
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Activity of fresh larget : 370 GBq +10%
Gross diameter of the laryel 245 mm

Active diameler ol Lhe fargel 2 30
Thickness of the copper backing 21 mm

During irradiation the tritivm target 15 cooled by a jet of cooled compressed air to
reduce tntium evaporalion from the hol target Collimator diameter used was 10 mm

For the present experiment the tritium targets were imported from Radioisotope Center,

POLATOM, Poland.

HY terminal Acceleration
lon scurce
Gas supply lon beam
Power supplics

ry

Targeat

¥y

Bewmn handling  f

HYV generator , Control
lnsul. Trans, | ) console

[

i Vacuum and
cooling systems

Fig.2.3. Block-diagram of neutron generator.
2.2.2,7 Neutron Monitor

The inherently low detection elficiency for fast ncutrons of any slow neutron detector
can be somewhat improved by sworouading the detector with a few centimeters of
hydrogen- containing moderating majerial The incident fast neutron can then lose a
fraction of its initial kinelic energy in the moderator before reaching the detector 25 a

lower- energy ncutron, for which the detector efficiency is generally higher''. A BF;
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long counter was used inside the neutran generatar room for the detection of neutrons.
Paraffin was used as the moderating material As long counter detectls the neutrons by
the
My _ 7y
nt B="la+ta
seaction (atter thermalization), the pulses from the gamma rays associated with the
neutron lield can be well separated For monitoring the neutron flux, a multichannel

analyzer was used in the multiscaler mode,

21



CHAPTER 3
GAMMA-RAY
SPECTROMETRY SYSTEM



GAMMA RAY SPECTROMETRY SYSTEM CHAFTER 3

CHAPTER 3
GAMMA RAY SPECTROMETRY S5YSTEM

‘The gamma-ray spectrometry system is onc of the important parts in the field of
instructional arrangement {or measuring the reaction cross sections. It s thus essential
for the experimenter to know about the different components of gamma-ray
spectrometry system to assure proper function of the measuring system and assess

possible sources of error in the measurement,

3.1 Interaction of Gamm: rays with Matter

The intcraction process of gamma rays with matter is complex. The ¥ photons may pass
through an indefinile distance through matter without interacting i.e., without losing any
energy. On the other hand, suddenly in a single encounter with atomic electren ar in the
nuclear field, it may lose all its energy by being captured or fose a fraction of its energy
and get scattered as a photon of longer wave-length. In view of this unpredictable
characteristic behavior, photons da not have a specific range in matter as the charged
particles. In order 1o understand the deteciors used for gamma-ray detection and to be
able 1o select one for a particular measurement, it is necessary 1o review the ways in
which gamimna rays interact with matter. Although a large number of passible interaction
modes are known for gamma rays with matter, only three major types play imponant
roles 1n the radiation measurements are as fallows,

1. Photoclectne effect

2 Compton scattering and

3. Pair production,

3.1.1 Photoelectric EfTect
In photoclectric effect, the gamma ray interacts with an orbital etectron, transferring all

its energy to the clectron and disappearing in the process as shown in Figure 3.1, The

electron is ejected from the atam with a kinetic energy E.., given by

11
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E.=L, - EpL

where E, is the incoming v-ray energy and Ey: 15 the binding encrgy of the cjected
clectron.  Such a pholoelectron will intcract with other atoms in its path, leading to

turther wnization,

=1
Photoelectron

v

( Low energy}

Fip. 3.1 Photoelectnc effect

The photoelectric effect 15 most likefy to happen when the y-ray energy matches the
clectron binding energy, since, in the photoeleetric effect, the electron must absorb all
the y-ray energy. Furthermore, the most tightly bound electrons will be most likely to
absarb the v-ray energy; thal is, the photoelectric-eftect probability will be greatest for
K-sheli clectrons Ko single analvtic expression is vahd for the probability of
photoelectric absarption per atom over all ranges of Z, but a rough approximation™ is
7
T = COonstant ® --w-sse-----
E"
where Z is the atomic number of the stopping material and E, is the y-ray energy The
exponent n varies between 4 and § over the gamma-ray cnergy region of interest Thus
the photoelectric effect is most impartant at Jow y-ray encrgies (0 E,<0.5 McV) and 1s
relatively more important in heavy elements 'L he photoelectric elfect is accompanied
by X-ray emission and/or Auger electron emission. These radiations arc associated

with nccessary rearrangements in the atomic electrons due to gjection of onc electron,
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3.1.2 Compton Scattering

Gamma rays of medium energy (0 5 to 1.5 MeV) may undergo elastic collisions with
loosely bound orbital electrons as shown in Figure 3.2. In soch cases, only a portion of

the «-ray energy is transferred (o the electron, which is gjected.

Y

di
{ Medium energy) Recoil electron

Fig. 3.2 Compton effect

The v-ray photon itsell is deflected in & new direction. with a reduced energy. These
recuil electrons may cany away from such an encounter any amount of energy up to a

defined maximum. The enevgy of clectron is given by
15, = ho[ {{hw/mc)(E - cosB) /{1 1 (hwimge®)(1 - cas0)}]

where hy = incident photon cnerg
my = test mass of electron
¢ =speed of light in vacuum
A = angle of scattering for gamma photon
The maximum encrgy transfer 1o the clectron oeeurs when the photon undergoes 180°

hack scattering, and then the electron energy E. . 15 given by
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E'.I'
| EF T oo
i +0.511/2 E,
where Ey is the incident y-ray energy in MeV. Thus Compton recail electrons appear
with a wide energy spread, although they are derived from a monoenergetic beam of
incident v-radiation  Considerable jopization can naturally be rcalized as these
stectrons dissipate thelr energy on inleraction with matter. Moreover, the attenuated y-
ray may undergo scveral more such collisions before losing all its energy. The
Compton cffect s a favored mode of interaction for y-rays of medium energy
interacting with absorbers of medium-fo-low atomic number  As in the photoelectric
effect, if an inner orhital electron is cjected, X-ray and Auger electron emission will
result, The prabability of Compton scattering per atom of the absorber depends on the
number of ¢lectrons available as scattering targets and thercfore increases linearly with

Z This probability falls off gradually with increasing energy.

3.1.3 Pair Production

The third mechanism by which electromagnetic radiation can be absorbed 1s the

production of clectron-positron pair. The phenomenon of photan absorption leading

Electron

*
Y "
(E> 1.02 MeV) Ta +P05|1rnn
(annihilated}
4

Fig 33 Pair production

Fd
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to the creation of an electron-positron pair becomes important with photons of energies
areater than 10 McV  In pair production, the incident photon vanishes and a positron-
clectron pair is croated in its place Deing an antiparticle, the positron has a short hife
~107%5 and it annihilates in its turn on mecting the first electron, available all around
The &' — ¢ annihlation is accompanied® by the creation of a pair of ¥ photons each of

enerey ) 512 MeV, procceding in apposite dircctions as shown in Figore 3 3.
ny i £ : g

The pair production probability is given by

For this 1o happen. the incident photon should have a mimimum energy of 2mee’ ( =

102 MeV),
E
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Fig 3.4 Pair production — quantum mechanical interprefation
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I was found that the possible values of the energy of a free electron are eiher greater

* ar smaller than - mee® and thal no possible energics for the electron exist

than + m.c
between these two limits. This state of ailairs is shown in Figure 3.4, where the shaded
regions are those in which values of the energy exist™ Clectrons in states of positive
energy behave in the usual manner of clectrons that are ordinarily observed, while
electrons in states of negalive energy should have properlies which have no classical
analogy, Tn terms of Dirac’s theory, the production of a positron 15 interpreted as
lollows

A photon of encroy greater than 2 mec” can raise an electron from a state of negative
eneruy 1o a state of positive energy. The disappearance of an electron from a negative
cnergy 10 a state of positive energy. The disappearance of an electron from a ncgative
energy statc leaves a hole, which means the appearance of a positron | the appearance

al an electron n 4 positive encrey state means the appearance of an ordinary electron.

Thus, a pair of particles is created,
Absorption CoclMicient

The probability of the interaction of y-rays with matter can be expressed as an
absorption coeflicient The resultant absorption coefticient, | is the sum of mainly

cocfficients for photoctectne, Compton scattering and pair production process.

L= |-|-|1-:+ We t Hpp

1

Where, p = Absorption coefficrent [or photoclectric process,

Il = Absorption coefficient for Compton scattering and

Wy = Absorption cocfficient for pair production

The variation of absorption coelfieients by the different modes of y interaction with
genmaniup ™ * {s shown in Figure 3 5. It has been seen that the curve for Compton
effect coincides with the resultant over the 1egion from about 03 to 2 MeV, The

absorption of energy can be expi::gﬁed per om length of matler or per gram, atom or
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electron per ¢m? in the path of the beam ‘The absorpuion coefficient depends on the

NVNTEM CHAPTER 3

eneruy of the incident y-rays as well as on the nature of the absorbing matcerial
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3.2 Detection and Measurement of Gamma rays

This section provides ifarmation for the proper selection of detectars and electronics
for detcction and analysis of v-ray. The choice of a pamicular detectar tvpe for an
application depends upon the gamma energy range of interest and the application’s

resolution and cfficiency requirements. Additional considerations

l Power

Signal Multichannel

Jr e ] =
Preamplific Analyzer

/

HPGe
Detectar

Bias
Supply

Flg 36 A schematic view of the clectronic equipment assaciated with FIPGe detectar

include count rate perfurmance the suitability of the detector for tinung expenments and
of course, price. In the present work, the delector with semiconductor material Ge has
been selected. A semiconductar material 18 ane whose electrical properties lic in
helween those of insulator and good conductor Semiconductar which have almest
eniply conduction band and almest [illed valence band with a narrew cnergy gap ( of
the order of 1 eV) sepurating the two Germaniom is the most frequently used
senticonducior material 1t 15 because the eneruy required to relcase an clectron from
Iheir valence bands is very small™; being of 0 74 ¢V In clectronics the term solid state
is ofien used interchangeably with semiconductor, but in the detector field the term can
obviously be applied to solid scintillaiors Therefore, senuconductor is the preferred
term for those detectors which are fabricated ltom either clement ar compound single

crysial matenals having a band gap in the range of approximately 1 to § eV,
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O

Germanium is the most widely used semiconducior 1o perform the detection and
counting of y-ray, [PGe-detector associaled with preamplifier, amplifier, analog-to-

digntal converter (ADC) and multichannel analyzer (MCA) has been used

3.2.1 Nigh Purity Germanoiom (HPGe) Detectar

The conventional coaxial sesmanium detector is oflen 1eferred to as Pure Ge, HPGe,
Intrinsic Ge or Hyperpure Ge. Regardiess of the superlative used, lhe detcctor is
hasically a cylinder of germanium with n-type contact on the outer surtace and a p-type
contact on the surface of an axial well T'he germanium bas a nel impurity tevel of

1 3
around 10 atomsfem

The n and p contacts or clectrodes, are typically diffused lithium, The reliabie
performance of the dereclor depends on its depletion depth which 15 nversely
proportional (o the net clectrical impurity concentration in the detectar material and on
applied potential difference. The principle 10 brief iy that semiconductor material
contaims impuritics which can be of the donor or the acceplor type. A donor (n-type)
aives electrons to the conduction band, where as an acceplor {p-type) takes electrons
out of the valonce band, thus crealing a hale by forminyg a p-n junction By applying a
reverse bigsed voltage. ie., a positive voltage to the n-type material and a negative
voltage to the p-iype material, elecirons are * pulled farther away” from the junction
and thus a depletion region is formed that is sensitive to y-radiation The greater the
reverse hias the wider the depletion tayer becomes The depletion layers stops growing
when its dilference of potential equals the source voltage™ . Thus, when a y-ray interacts
within the depletion region. it causes wnization and creates holes m the valence band
and electrons in the conduction band *** The elcctrons migrate to the positive voltage
on the n-side. while the holes migrate to the ncgative voltage on the p-side, thereby
creating an elecirical output signal which s directly proportional Lo the amount af
incident « -ray energy absarbed in the depletion region. 1n a Ge(Li) detector only 2 % eV
needed to obtain the equivalent of one on pair As & practical matter Ge detector must
be cooled in urder to prevent rediffusion of the Li and to reduce the thermal charge

catricr generation {noisc)
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Depletion
layer

++++ 00 - - — —
++++ 00 - - — —
++++ 00 - = ~ —

Fig. 3.7 Formation of depletion layer across a p-n junction

to an acceptable level, The most common mediom for detector cooling s liguid
nitrogen  In liquid nitrogen {IN:} coaled detectors, the detectar clement {and 1 some
cases preamplifier components), are housed in a clean vacuum chamber which is
attached to or inserted 1n a LN; Dewar ‘The detector is in thermal contact with the
fiquid nitragen which cools it to around 77'K or - 196"C At these temperatures, reverse

. a oy e -1z
feakage currents are in the range of 107 to 1077 ampaies

HPGe detector  provide greatly improved cnergy resolution over other types of
radintion detcctars for many reasans Fundamentally, the resolution advantage can be
attiibuted to the small amount of energy required to produce a charee carrier and the
conscquent large output signal relative to other detector types for the same incident
photon energy. A cross-sectional view of a coaxial germanium detector is shown in

Figure 3.8 Some impomant dimensions of the closcd end vertical dipstick detector are

mentioned below.
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Diamcter ;41 em
Length o 55em
Active area [acing the window :17 50 cm’
Distance from the window (1.5 ¢m

n- contact | p- contact

. . T . .
Fig. 3.8 Coaxial germarum delector cross section’ " The hatched region indicates
active volume for gamima ray 1nleraction

3.2.2 High Voltage Power Supply

An external high vollage called “detector bias™ is used for operation and oprimum
performance of radiation detectors. The high voltage madule s a d.¢. converter where
low voltage d.c output which is regulated. fillered and can be varied by the trant panel
cantrols. The unit is poweted from a slandard Nuclear [nstrumentation Modules (NIM)

bin power supply.

‘The Canberra model 3105 is suitable for use with high resolution detector systems 1t is
a NIM lugh voltage power supply, designed primarily for operation with semiconductor
detectors and can accommodated all types of detectors requwing up to 5 KV blas with a

current of 100pA. The applied bias voltage (o the detectar used in our experiment was
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4,000 volts, The 3105 Canberra power supply can withstand any overload or direct
output short circuit for an infinite period of lime and provide normal output when the
ONN-OF switch is reset Quiput voltage can be continuously adjusted over the full

range, 0 10 £5,000 volts by means of five turn control
3.2.3 Preamplifier

The preamplifier associated with radation detectors performs four essential functions:
i) Conversion ol charge to voltage pulse
i) Signal amplification
11} Pulse shaping

v} Impedange matching

Most preamiphifiers in used today are charge sensitive and pravide an output pulse with
an amplitude proporional 10 the integrated charge output [rom the detector General
purpose preamplificrs have a RC feedback network which results in a quasi-step
function cutput,

The preanphfier is isolated from the high vollage by a capacitor. The nise time of the
preamplifier’s output pulse is related to the collection time of the charge, while decay
time of the preamplifier's output pulse is the RC time constant characteristic of the
preamphfier itsell Rise times range from a few nanoseconds to a few microseconds,
whilc decay times are usually set at about 50 microseconds. The RC preamplificr gives
better performance at high total encrgy rates, It 15, therefore, uscd exclusively on larger

detectors which have greater stopping power [or high energy photons,

o maximum performance, the preamplifier should be laocated at the detector to reduce
capacitance of the leads, which can degrade the rise time as well as lower the effective
signal size. Additionally, the preamplifier also serves to provide a match between the
impedance of the detector and the low impedance of coaxial cables to the amplifier,
which may be located at great distances ltom the preamplifier Canberra model-2001 is
an advanced type of charge sensitive preamplificr which has been used 1n the present

work A few major characteristics of the preamplifier are as follows:
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| The pulse time is less than 40 n sec

=3

The pulse decays exponentially with a time constant of 50 p sec

The source capacity is O pFf

tad

4. The noise level 15 equivalent to less than 600 ¢V

3.2.4 Amplilier

The major role of an amplitier s to convert the preamplifier output signal into a form
maost suitable fur the measurement desired. Since the number of applications and signal
characteristics are numercus, so are there many technigues for trealing the signal to
optmize each application. The amplifier serves (o shape the pulse as well as further
amplify it. The purpose of this addiiional amplification and shaping is two fold. First,
further amplification improves the signal -to-cable noise ratic. Secondly, further
shaping acts (o prevent pulsc overlap by clipping pulses The spectroscopy amphfier
pravides a uni-polar cutput and nclude pole zero cancellation and rapid baseline
restoration afer the occurrence of a pulse The inportant characleristics of the amplifier
are the linearity, the output pulse shape, the gain stability and the noise level Canberra
model-2022 amplifier is vscd in this experiment, 1t offers the befter resolution
performunce features and flexibility (han any other nuclear pulse amplifier used

commercially.

3.2.5 Multichannel Pulse Height Analyzer

The heart of the multichannel analyzer is the analog-to-chgital converter (ADC), which
converts the incoming analog amplifier signal 1o a group of standard-shaped pulses 1f
the incoming pulse is 4 volts, the ADC might produce 400 standard pulses; or if the
incoming pulse was 3 volts, 300 pulses would be produced. In this way, analog
inlormation (the signal height) is converted 1o digital information {the number of
pulses),

The most commonly used ADC design is that of Wilkinson. First, the input signal is
given Mat-top, using a pulse-stretclung network. When the input signal reaches its peak

amplitude. an oscillator is turned on, thereby producing a train of standard pulses, and a
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linearly visineg voltage is also wned on - When the voltage of the input signal and the

lnearly rising signal become equal, the oscillator 15 furned ofl,  Consequently, the

bigaer the imtial signal voltase, the longer it will take for the linearly rising voltage to

equal the input signal amplitude and  the osellator will produce more pulses  The
pulses from the ADC are counted by the address scaler, and the resultant number is said
to be the address (channel number) of that signal At each memory lacation or chananel,

a counter records the number of ocourrences of the inceming signal,

Far the present experiment PC based System 100 MCA boards and software were used
for data acquisition and display. 'The System 100 MCA has a full 16K channels of data
memoery, which can be configured as 4K {4096 channels), 8K (8192 channels), ar the

cnlire 16K (16384 channels). Some features of 5 100 MCA are

s Vertical axis 10 linear or log scale

» Built-in eneigy calibration function
» Built-in peak analysis function

»  Built-in live time carrection funclion

+ Read out ot dead time 1 percenlage

3.3, Energy Calibration of the MCA

The § (00 MCA has a buldt-in cnergy calibration tunction which calibrates each
channel in the displayed specirum for a specific energy unit. 1t allows unknown peaks

1o be identified by their locations i1n the calibrated spectrum.

| gast square method 1s applied for {irst or second order fittung but first order (straight
iinc) fitting is sullicient for most of the cases Channel number 15 assigned as

independent variable while encrgy (keV') is assigned as dependent variable,

-
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Table 3 1 List of standard calibrated sources with gamina-ray encrgy

Radicactive suurce Lalf Tife (Gamma-ray energy (keV)
“Na 2.6y 301
o 271, 76d 122.06
136.48
"o 527y 1173 23
1332 51
"B 10} Sy 80.99
276,40
302 85
356.01
383,85
"0y 30,14y 661.64

Then relationship between keV and channel numbers s established as
ke¥ = m x channcl number +C (1)

where. slope m (keVichannel} and C { intercept from the energy axis) arc two unknown
coefficients which must be determined by Teast square fiting method  To determine
these two coefficients a spectrum was acquired using the standard calibrated sources

listed in Table 3.1,
From the spectrum 12 pairs of energies (keV) and channel numbers were obtained and
these were used as input data pairs for the least square fitting, The results of the fitting

WETE

keVichannel = 0603466

Tntercept from the energy asis = 1 30222 ke

Mow equation (1) becames
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ke = 0.603466 x channel number -+ 1 30222 (2}

With the belp of relationship (2} keV conesponding o a particular channel number can

be dircctly read out.

3.4 Measurements of Detector Paramelers

3.4.1 Encrgy Resolulion

Energy resolution of a detector or spectroscopy system is & measure of 1ts ability to
dilTerentiate between two peaks thal are close together in energy. Thus the narrower
the peak, the betier the resolution capability, It is specified in terms of full width at half
maximu {FWHM) tor 1332 51 keV peak of “Co Resolution 1s o function of

aarma- [ay cnerey,

Lhe overall energy resolution achieved in a germantum system 13 normally determined
by a comhinalion of three tactors, the inherent statistical spread in the number of charge
cariiers, varialion in the charge collection elliciency. and contributions of electronic
notse”

Ta measure the resolution of the HPGe defector a spectrum was acquired using “Co
saurce [or a counting time of 600 sec o “Co spectrum there are [wa gamma-ray
peaks, onc is at 1173 23 keV and another s at 1332 51 as shiown in Table 3.1, The
peaks are 159,28 keV apart  For the region of the two peaks expenimental data weic
plotted by putting channel numbers in X-axis and counts in Y-axis. From the graph,
the full width at balf maximwm (FWEHM) value was (ound 10 be 3.4 channels at 133251

keV peak Resolulion in ke can be detesmined rom the foilowing relationship

159 28 keV

Resolution = FWLM (chammels) x —-—emmmammmmmcme e oo oo e
No, of channels between the peaks

The detector resolution (FWHNM) obtained n this measuremcnt was 1.94 keV at

1332.51 keV peak ol “'Co
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The dominant characteristics of germanium  detectors 15 their excellent energy
resalution when applied 10 gamma-ray spectrometry.  The greal superiority of the
geimanium sysien 10 energy resolulion aflows the scparation of many closely spaced
cmMma-ray enelgics, which remain unresolved in the Nal (TI) spectrum A narrow peak
includes lewer channels and fewer background counts. So, accuracy of measurement

increases when high-resolution measuring system 1s used,
3.4.2 Efficiency Measurement

Ffficiency of a detector relates the number of detector pulses to the number of gamma
rays emilted by the source It allows us to convert the count obtained {rom spectral
analysis to unit of activity, Efficiency changes with the physical change of the counting

sy slem

Using standard calibrated sources lisled in Table 3.1. spectra were acquired at 3 cm
above the surface of the detector for a counting time sufficient for peak area equal to or
srepter than 10,000 Counts were taken at a distance from the surface of the detector to
avoid coincidence tosses when a single source cmits more than one gamma-ray energy.
'"Y'(Cs has single energy, hence spectra for "Cs were acquired both at 8 cm and at the
suttace  The ratio of the counts at surface of Lthe detector to the counts at 8 om {rom the
surlace ol the detector for P'Cs with the same counting time is called the normalizing
Factor by which counts of the all other sources are muliiplied to obtain counts at the
sut[ace of the detector, Efficicncy at the surface of the detector can be deternined from

the following relationship

Detected count f sce
BARGIENGY =  mmemmrmomeromo oo emeamem e

Present activity of the source x [,
where 1, 15 the nomber of gamma rays per dismtegration,
Met ares under a photopeak
Detected Couls f 8¢ = mnm—mmmmmmmmm- - semmmme e e oo o
Counting time (Sec)

Present activity of the source is given by
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A= Anc’ t

where A= present activity of the source,
A= Initial activity of the source,
i = Decay Lime,

A

Diccay constant

‘The efficiency for a particular gamina ray depends on detector size, shape and types of
matenal. especially the alomic number of the material, source-detector distance and
cxperimental geomelry, The measured efiiciencies as a function ol gamma- ray energy

are plotted m Figure 3 9.
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Fug, 3 @ Detector cfficiency as a function of gamma-ray energy
3.4.3 Dackground Radiation

For the present work, the background effect 1s very important in detecting gamma rays
by high purity germanuum({HPGe} detector Seme counts in the detector were observed
due 10 background radiation during the experiment These counts are mamly produced

by the cosmic radwtion becausc of its interaction wilh earth’s atmosphere and it

determines the nunimum detectable radiation level, The background counts depend
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upon the size and type of the detector and also upon the sluelding around it. The sources

of background radiation arc as follows,

Radivactivity i the air swrounding the deteclor
|, Radigactivity fiom the carth's surface {the terrestnal radiation), walls of the

iaboratory or other far away structures.

tad

Nalurad radioactivity of the constituent matenals of the detector itself

4, Some fission products activities

LN

Activity of cosmie ray that continuously inleracts with earth’s atmosphere.
3.4.4 Shiclding Arrangement ol the Detector

For the protection of  background of the detector, shielding arrangement is very
cssential  The shielding not only reduces the background resufting from cosmic
radiation and from natwal radioactive traces 1 the bullding matenals or in the surface
af the earth, but also from nearly nuclear lacilities and other radiation sources like air,
which presumably contains trace ol radivactive gases, Radon (Rn) and Thorium {Th
220) cte.

Mathematically Lhe shielding cffectiveness v expressed as

i=1,c"

where 1, is the initial beam intensily, s the beam intensity after penetrating a thickness

t of the material and 11 iy the linear absorption cocflicient of the material of the shicld

In our experiment, lead is used as shielding material across the HPGe detector The
mmpartant advantages of lead are high density (114 g/ cc). large atomuc number { Z=
82) and comparatively low cost. A briel desenption of the shielding used n the

experinient is summanzed m e Table 3 2

Table 3.2 Summary ol shielding arrangement around the HPGe Detector

Malenal Lead

Length 145 cm

Low background shielding Heizht 125 cm
Thickncss 4cm

Form Square
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CHAPTFR 4

MEASUREMENT OF {n.2n), (,p) AND (n.x) REACTION CROSS SECTIONS

FOR 1SOTOPES OF Mo, Co. Zr and Ge IN THE NEUTRON ENERGY RANGE
13.90 - 14.80 MeV

In sider (o determine the most precise and rcliable cross section data {or the reactions
Mon,p) "N, Mol 20y ™Mo, *Ma(n p)*Nb, “Cofn, a)*Mn, "Zr(n2n)y?Zr,
MGe(n2n)Ge, Gen.a)""Zn and  “Ge(n,2n) ™G in the energy range of 13 90 to
14 80 MeV, precision measurements were carried out by the activation technique in
combination with high resolution HPGe delector gamma-ray spectrometry.  For
convenience the reactions ave arranged 1n two groups and discussed in the subsequent

SCCliomny,

4.1 Measurement of Cross Sections for Molybdenum and Cobult lsolopes:

Experimental Procedure

[n the present experiment, lugh purity target materials of molybdenum trioxide powder
of natural isotopic compaosition and cobalt foil were used. One molybdenum sample
was prepared in the form of pellets by applying pressure of 7 tons using a hydraulic
press This pellet has the diameter 1.2 em and thickness ~0 15 cm. Mass of these pellet
was between 00,7293 and 08519z, The molybdenum pellet was then sealed in thin
polyethylene bag. One cobalt fotl was made round shaped and cleaned well by acetone.
Mass of this foil was 0.1527¢ Molvbdenum pellet and cobalt foil was sandwiched
between alumuinium flux montor foils of same diameter as 1t. Mass of the each
aluminium fioil was between 01916 and 02035 g The samples were sandwiched
between fux momtor foils Then the samples and the aluminium tols were irradiated at
the neutron wenerator facility of the Institute of Nuclear Science and Technolog
{INST), Atomic Energy Research Lstablishmenl, Savar, Dhaka. The Neutron gencrator

aperation data are as follows

Beam current 120 1A

Beam diamcter . 10 mm
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Deuteron energy |, 110 keV

Irradiation titne - 1.5 hours

Durng the irradiation, the target was cooled by a jet ol cold air A BFzlong counter was
placed at 2 m from the tritium target and at 45" relative to the incoming deuteron beam
and was used with MCA scrics 40 for monitoring the relative change of neutron flux
The MCA series 40 was used in multichannel scaler mode to record neutron counts

every ten seconds

Afier the irradiation, induced activities in the samples and the flux monitar foils were
determined by measuring the gamma-ray counts with high resolunion HPGe detector
gamma-ray spectrometry. Counting of the samples and ihe [lux manitor foils were
perfarmed under the same geometry as was used at the time of efficiency measurement
of the detector. Using the measured counl rates, efficicncy of the detector and other
decay data, activitics at the end of iradiation were determined by the  following
equation

CRS .,

¢

Drs =
exf,
The cross section values of the desired reactions were calculated using the foflowing

standard activation equaticn

DPy
= ————p"
Nea(l -7

where, CPS = Net area under a photo-peak / counting time
I, = Gamma-ray intcnsity of the source.
ta = Decay time
g = Efficiency of the detector
N = Total number of targel nuclel

_ W ExN,
A

M = Atomic weight
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F = Ivotopic abundance of tarset nuclei

W = Weight of sample in gram.

Na = Avogadro’s number (6023107 atomsimole )
g = Neutron flux (n cm? sec']).

ti = lrradiation time (scc).

o = Cross section {mb).

DP&= Disintegration per second

A = Dccay constant =0.693/T.2

;2= Half-lives of the product radionuclide

Energy of the neutron as a function of emission angle was determined earlier'” in this
laboratery by measuring the ratio of ®Zr to *"Nb specilic activities produced in Zr and
Nb fouls by (n,2n) reaction at ditferent angular positions. The energy of neutron for the

sample position 1s shown in the 3rd column of Table 4 1.

The neutron flux at each sample position was determined using T Altn,oy*Na monitor
reaction, For the determination of flux, cross sections of the monitor reaction at
difterent energies were taken as input from the works of H Vonach™' These cross
sections are shown in the 4th column of Table 41 To determine neutron (lux, the

following equation was used

428
W= .
Neof(l-e¢™)
The description of the notations used in above equation are menticned In previous
equation Neutron energy and fux at surface of tritium target are shown in the 3rd and
sth columns of Table 4.1 respectively, The decay data for the reactions were taken

from the literature'” ™ and shown in Table 4 3.
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1
200 ©° O
30° MICA

40°
50°

60°
70°

80°

o°
SAMPLES

110°

ALUMINIUM ~ RING

Fie. 4 1, A sketch of the scattering-free ring geometry arrangement for the irradiation of
zamples

Table 4 1 Neutron energy and (lua al surface of tritium target for the molybdenum and
cobalt samples

Sample Sample Energy of Cross-scction of Neutron flux
position neutron Al ) Na nfem?/s
{MeV) reaction (b} x 10"
Surface Mo 14 80 113,10 576
Surtace Co 14,80 i12.10 524 |
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Partial decay schemes of the product nucler and the ongin of the pamma rays measured
are shown in Figurcs 4 2-4.87. The decay data for the reactions weie taken from the

57 and are shown in Table 4 3. Measdied cross section values are shown in

lilerature
Table 4.4, For all the cross section values two to three independent measurements were
carried out and Doth the statistical and systematic errors were considered to evaluate

total error. Table 4.5 shows the principal sources of systematic erors,

4.2 Measurement of Cross Scections for Germaninm and Zirconium  Esotopes:

Experimental Procedure

Germanium from E MERCK, Germany, in powder form was used to make four pellets
by applying a pressure of 6 tons using a hydraulic press  Mass of the each pellet was
between 04971 and 0.7142 ¢ The germanium pellets were then sealed in thin
polyethylenc bags and sandwiched by 2 aluminmum (purity 99%) {lux monitar foils.
hass of the each aluminium foil was between 0.1852 and 02067 g Extremely pure
zirconium {purity 99.5%%) toils were made squire shaped and cleaned well by acetone.
Mass of the sach foil was berween 01438 and 01558 ¢ Each zirconium foil was
sandwiched by 2 aluminium flux monitor foils. Mass of the cach aluminum foil was
between 0.1739 and 0.1972 . The scattering-fTee ring geometry arrangement shown
in Fig. 4.1 was used for the irradiation of the samples and the flux monitor foils at 6.6
cm from the D21 source. The samples and the monitor {oils were fastened to the ning
which was accurately graduated for the indication of angular positions. The angular
positions of the samples with respect to the direction of deuteron beam were 10°, 40",
70" and 110° for germanium and 0°, 20°, 60° and 90" for zirconium. Then the samples
and the aluminium foils were wradiated at the neuiron generator facility of the Institute
ol Nuclear Science and Technology (INSTY, Atomic Energy Research Establishment,
Savar, Dhaka. In the present experiment, the main eperational parameters of the neutron

oenerator are as follows

Deuteron cnergy 110 keY
Bcam current =130 pA
Beam diameter 1 ~1 cm

Irradiation time : 3.5 hours
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Neutron energy and flux at ditferent sample positions were determined by the procedure

14

described in scetion 4 1 and shown in the 39 and 5" columns of Table 4.2 respectively

Table 4 2 Neutron energy and flux at different angular positions for the zirconium
and germanium samples

Sample Sample Energy of Cross scction of Neutron flux
position neutron Al Na r/cm’/s
(MeV} reaction {mh) x 10
0" Zr- 14.7120.115 113.10 9.45
10" Ge-1 14,7010.113 113.10 002
20" 7r-2 14.63+0.111 113 10 913
44" (Ge-2 L4 S1L0 108 114 52 G 04
60° Z1-3 P4 3140 086 117.54 8 26
70" Ge-3 14 210 075 )19.87 8.01
90" Zr-4 14,000,040 121.91 7.95
1o Ge-4 13 S0H.060 123 05 7.70

Table 4 3 Nuclear and other related data concerned in this worlk™™ >

Target  Reaction Product  Hall-ife Gamma-ray  Gamma-ray

nucleus nuclcus Eerdy intensity, I,
 {(keV) (%)
YAl (n,@) “Na 14.96 h 1368 6 100
"My (n,p} Mo 10,13 934 50 95 50
Mo {n,2n) M 6 85h 263.20 61.20
g (np) "N 2340+ 778.40 97 00
*Cao (1, ) Mn 2 5%2h 846 60 99.00
"z (n,2n) “Zr 3.27d 909,10 99 00
"Ge (n,20) Y Ge 39 21 51100 2R 40
“Ge {m.ee) vz 3.97h 386,30 93.00
e (m2n)  TEGe B2 8m ¢ 264,80 12.00
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Table 4.4 The (n,2n}, {n,p) and {n,c) reaction cross sections for isotopes of Ma, Co.

Zr and Ge in the neutron energy range [3.90 - 14,80 MeV

MNuoclear reaction

MNeutron encray

Measured reactron cross

(MeV) section (mb)
“Mo{np)’ " Nb 14 80 58 3744.6
“Mo(n,2ny Mo 14,80 6.05+1 01
“Mo(n,p)”" " Nb 14 80 25 06007
*Co(noy *Mn 14 80 31.8264+1.3428
14 7120 11 814,354:70,62
14.690.11 710 20453 73
Mg rin2m*Zr 14.4110.08 750 07451.67
141030 04 638.86+42.53
14.7040.11 449 25+32.63
14.57+0.10 435 27432 21
Gefn, 20" Ge 14 310 07 417 03£35 82
13 9040 06 405,98133.57
14 7040.11 3.7540.27
14,5740 10 3.2940.25
MGein,o)" MZn 14 3140 07 3 244030
13 904H0.06 2 9740.17
14.7040.11 1203.24498 0%
14.5740.10 1179.35495.21
®Ge(n.2m” ™ iGe 14.3140.07 1182.55%46.13
13.90:0 06 1127.62444.07
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Table 4.5 Principal sources of uncertainty and thewr magnitude

CHAFPTER 4

Sources of uncertainty

Magnitude {%0)

1. Irradiation geometry
Sample weight
Statistics of counting

Efficiency of the detector

ST &

Error in flux determination

6 Neutron absorplion and scattering within the samples
7 Self absorption of gamma ray in sample

8 Gamma-ray emission probability

Q. Decay data

13 Neutron {lux variation with time

0.5-1.5
02
G35-7.0
1.5-30
10-20
0.5

0.5
03-1
02-1
05-15
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P 10.13d

EC (97 25%)
B {0.06%)

¥ 934,50 (95 50)

7
Fig 4 1 Partial decay scheme of the product nucleus aof ““Mo(n,py*""Nb reaction
‘J‘.'huMu {i.S.‘Sh i

IT .
i 263.20 (61.20), measured gamma ray

h 4

2164

1472

“'Mo
Fig. 4.2 Parial decay scheme of the product nucleus of “*Mo{n.2n)""Mo reaction,
Y6Nb 23.40h

B 68%
340

gal

778,40 (97 00), measured
gamma ray

gGMD

~ 16

Fig. 4.3 Panial decay scheme of the product nucleus of Mo(n,p)™Nb reaction.
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“Mn 2.582h

[ 53%%

v 364 60 (92.00)
measured gamma ray

M ha

56

Fig 4.4 Parial decay scheme of the product nucleus of #Coln,a) Mn rcaction.

3.2714d A

f1' 98 920%

+ 90910 (99.00%),
measured gamma ray

Stable v

Fig 4 5 Partial decay scheme of the product nucleus of Zr(n,2n)"*Zr reaction.
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48.9 sec e

iT

82 min. “*Ge

pr0.32%

BT 5%
¥ 333 (002 %)

¥ 264.8 (12%)
measured  gamma
_ray

Stable " As

Fig 4 6 Partial decay scheme of the product nucleus of " Ge(n,2m) ™" EGe reaction.

3.97hr  "Zn

0789 %

¥ 38O {(93%)

¥ 596 (27 9 %)

h
v 511.57 (28.4 %)
measured gamma ray
Stable "'Ga

Fig 4.7, Partial decay scheme of the product nucleus ol "Goln,e) ™7 reaction
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39 hr “Ge

(37 %)

B (31 %)
v 11006 measured gamma ray (511 kel)
comes from positron annihilation

7308

Stable *'Ge

Fig. 4.8. Partial decay scheme of the product nucleus of ""Ge(n,a)*’Ge reaction
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NOCELEAR CROSS SECTION CALCULATION LSING SINCROS-If CHAPIER 5

CHADPTER 5
NUCLEAR CROSS SECTION CALCULATION SYSTEM WITH SIMPLIFIED
INPUT FORMAT, VERSION-IT {S5INCROS-1I)

In order to describe the measured eross sections, nuclear model calculations were

1 which is based on the statistical

performed using the computer code SINCROS-]
muodel, incorporating pre-equilibrium emission. The SINCROS-11 has been developed
by improving the functions of the program in SINCROS-1" and preparing some process
codes for the cross section applications, The input format of this new version is more
simplified than that of version 1. The level density of nuclei is represented by defining
only the Fermi-gas model parameter “a”, and “a” for about 200 nuclei were stored in
the code as the data initialization statement, The refative widths I, Tor 200 nuclei were

also stored, although some of than have tentative values

Model calculations using STNCROS-1I were done on target nuclides *“Mo, **Mo, **Mo,
“Ca. "'7r, MGe, "'Ge and PGe Neutran, proton and alpha-particle emission was taken
into account from every compound nucleus and the necessary data for all nuclel were
supplied. In the new version, the total neutron, proten, deuteron, alpha-particle, and
gamma-ray production cross sections are shown in the table. Instead of the excited
state productions, the 1someric state produclion cross sections are directly out-putted. 1t
is not necessary, then, to find out the isomerie cross section within the excited state
production cross sections. The isomer, of which the excitaton function is intended to

be given, can be designated in the last row of the input data

In the present ¢xperiment, the ncutron aclivation cross section valucs in the energy
range of 13 to I5 MeV were measured theoretically using code SINCROS-IL The
thearies, models, assumptions and parameters on which SINCROS-1I code 15 based are

briefly explained below.
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5.1 Cemposition of SINCROS-1

[he muwn codes of the SINGROS-It are the ELIESE® - GNASH™ joint program
(EGNASH2) and simplified input version of DWUCK4”' (DWUCKY) EGNASH2
calculates the nuclear cross sections over the wide mass region using the built-in
optical-model potential parameters, In DWUCKY, the same accepted neutron potentials
are programmed as in EGNASH2. The discrele level data--cxcitation energy, spit,
parity and branching ratios of gamma ray decay channels--are prepared from the
ENSDI' through the format conversion and the editonial work. It is not necessary that
tao many levels aic quoted from the ENSDF, rather it should be assured that the
number of levels approximately increases as an expenential function of the excitation

COCTEY.

EGNASH2 reads the discrete level data, the direct inelasiic scattering cross sections
caleulated with DWUCKY, and the input data for the nuclear reactions.  In addition to
the output lists, the results of calculation can be slored into several files which are
sclected according to the object of caleulation, The composition of SINCROS-TE and
the flow of data processing are shown in'Figure 5.1 The particlc and gamma-ray total
production cross scctions and the production cross sections for reaction products,

including 1somenic stales, are held in file 2.
5.2 Tnput and Qutput Format of EGNASH2

When we used the GNASH code, the transmission coelficients for neutrons, protons
and alpha particles calculated from ELIESE3 were provided as input data to GNASH.
Since many of the parameters were predetermined and storcd in the program, the
parameters which should be inpulled are a small number For the isomeric states, data

are given in the last row of the input file,

In addition to the output of the ariginal GNASH, the present code has a table of reaction
cross scctions Lo examine the results of calculation as soon as possible The table

includes the compound, dircct, rate of pre-equilibrium processes and particles and
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samma- ray tatal production cross sections The ground and 1someric states production

cross scotions of isatopes and level inelastic scattering crass sections are also shown

ENSDF [nput data LWUCKY
Discrete levels EGNASHZ ] . )
Direct inelastic
data .
scattering
data
file 8 file 33

Reactlinn cross scotlons

file 12

Fig 5.1 Composition of SINCROS-I1 and the flow of data processing Only relevant
blocks are shown

5.3 Optical Model Poteniial Parameters

A scquential evaporation is assumed for the particles and gamma-rays emitted 1n the
nuclear reactions. Considering the conservation of the angular momenium, parity, each
cvaporalion step is treated within the framewaork of the statistical model. The particle
transmission coefficients are generated using paramelers chosen from a global optical-
model parameter set. For neutron, the optical model paramcter set of Walter-Guss™ and
Wilmore-Hodgson™ arc built inio the BGNASH2, Waller-Guss recommend their

potential to be applicd above 33 in mass number and 10 1o 80 McV in energy range
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5.4 Parameters for Level Density and Gamma-ray Transilions

In the continuum tevel region, the Fermi-gas and the constant temperature model are
used to represent Lhe level density of nucleus  The Fermi-gas model formula as a

function of energy L and spin }is

Exp{2{a(l - &)}
p(F) = - R{LE) (5.1}
Co (E - &Y

where Cy =242 (0 14672 A and the spin term is given by
R{J.E} = (2J+ Dexp[-(J+1/2)*/{ 265 (L)} (5.2}
where g(E) is the spin cutoll factor defined by
epn 1.2 4 273 !
o (Ey=0 146[a(E- A)] A {5.3)

The pairing correction A was quoted from the Gitbert and Cameron’s paper’’. In the

lower excitation, the constant temperature formula expressed by

p(EJ) = p(E)expl(E - EVTIR(LE),  E<E, (5.4)

is used, where E, is the energy at which both densities are smoothly connected and
p(E.) is the cnergy term of level density at the energy E,  If the spin dependent lovel
density p(E, I} is summed over the spin I, we get the density p(E} of levels of all J,
which has a different {orm from the constant temperature formula of Gilbert and

Camicron as the spin cutoff factor 13 energy dependent

The GNASH code is able to automatically determing the nuclear temperature, T, 1f the
discrete fevely in tho Jow energy region and the Fermi-gas level density parameter “a”
were suitably inputted. Then the lovel densily of nucleus in the continuum can be
described by the parameter “a” only 1n some cases, however, the code is unable to
match discrete levels, and thus the temperature, which connects smoothly between the
Fermi-pas and discrcte levels. is not determined  For those cases, the temperature i

calculated with a systematic relation between level density parameter and temperature,
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1=750a"% (5.9)
i the code EGNASH2

At the beginning of the calculation, when Lhe expernimental value of the average spacing
Dy of s-wave neutron resonance at the neutron binding enerwy Ep is known®. the

parameter “a” was assumed 1o have a value which is calculated from the spacing Dy by

inverscly salving the equation™,

Do=Cy (E - AV exp[E3 - (211191 £ |86 (Ep)}- 2VaBEn - B (5.6)

where I 1s the spin of target nucleus.  And a set of parameters “a” of 1sotopes in the
nuclear decaying processes has practically becn selected through the cross section
calculation to agree with the various experimental data which could be considered to be

reliablc.

With the cross section calculations for about 50 nucles, the level density parameters “a”
of about 200 isotopes were determined and siored into the EGNASIZ as the data
tnitialization statement. The relation between these “a” and the total shell corrections §

is given by Gilberet and Cameron, The tentative tormula,

alA=00088 +0.17 (5.7

15 programmied to give the intial value of “a” for the onder formed nuclei for which the

ctoss section 1s not yet calculaled  Here 5 is the shell cotrection energy.

To provide gamma-ray transmission cocfficients, the Brink- Axel giant dipole
resonance form was used. The delaulted energy and width of the giani resonance are Ey
=40 A" MeV and [, =6 MeV , respectively The normalization constant is obtained
from the ratio of the average radivactive width Iy to the observed resonance spacing L.
for s-wave neutrons at the neutron binding encrgy Eg , which is derived in the code
from the level density parameter “a” used in the cross section caleutation by the formula

(5 6).
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5.5 Determination of the ¥alue of Pargamcters

In SINCROS, the global optical-model potential parameters are employed to calculate
the transimission coeflicients as mentioned in section 3.3 The nonclastic cross sections
fisr neutron and the reaction cross sections for proton calculated with the built-in
potentials aerecd with cxperimental data.  The key paints of the cross section
calculation, therefore, are the determination of level density parameters of daughter
nuclel and the rate of contribution of pre-equilibrium and direct processes to the
statistical process. In the following, the method of parameter determination for the pre-
equilibrium process and for the level density 1s described in deiail at subsections 5.5.1

and 5 5.2 respeclively,

5.5.1 Parameter Determination of the Pre-equilibrium Process

In the code EGNASH2, the pre-cquitibrivm and direct processes of particle emission
are treated with the code PRECO developed by Kalbach™, which is coupled with
GNASH, and with the code DWUCKY for the inelastic scattering, i the GNASH, the
sinule particle state density and the normalization factor for excitation-model were free
parameters  In contrast with this, the single-particle state density constant is not free,

but relaled to the lovel density parameter “a” by the formula,

g=(6/x)a (5 B)

in the EGNASH2  In adddion the normalization factor F2, which 1s equal to the
Kalbach consiant divided by 100, the adjusting factors [3 and F4 are introduced for
pick-up and knock-out processes, respeclively, The factor [2 and the contribution of
direct inelastic scattering are so determined that the calculated neutron emission
spectrim is 1 agreentent with the high eneryy part of the cxpenimental peutron

spectrum, when the experimental data at 4 MeV are available.
5.5.2 Parameter Determination of the Level Density

Afier the paramelers for the pre-cquitibrium and direct processes were selected, the free

parameter to be determined is onby the level density parameter “a” in the Fermi-gas

a8
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model, becausc the nuclear temperature used in the constant temperature model can be
determined automatically or by the equation (5.5}, Since the (otal emission of various
kinds of particles from the compound nucleus is controlled by a set of level density
parameters for daughier nuclei, it is better that the level density parameter of each
daughter nucleus is so practically determined that the calculated cross sections for
rcactions (n,2n), {n.p), and {na) agree with the experimental data of respective

reactions,

The first step to fix the level density parameters 1s the calculation of them wsing the
experimenial value of mean level spacing for s-wave ncutron resonance at the neutron
binding encrgy  The calculation was made by solving inversely equation (5 6), with
the spin cuta[T-factor defined by equation (5.3} and the pairing correction guoted from

Crilbert and Cameron.

The second step to determine the level density paramelers is the cross section
caleulation in the mass region where the reliable experimental data exist. Sevcral test
calculations of cross sections around 14 MeV were carried out, referming to the
experimental data for the {n2n). (n,p), and (ncx) rcactions In this stage, the
measurements ol cross sections of Mo 1solopes performed by Tkeda et al. and Katoh et

al, are very useful for the determination of level densily paramcters.

i)
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CHAPTER 6

Cross sections for a total number of eight {n,2n). {n.p) and {no) reactions on the

isotopes of molybdenum, cobalt, zirconium and germanium were measured 1n the

neutron energy range 13 90 - 14 80 McV The measured cross sections along with the

literature data and the calculated values produced by SINCROS-I are plotted using

software Surma Plot and presented in Figures 6.1-0 8 The results of the eight reactions

are discusscd in the subsequent sechions.

6.1 The **Mo(n,py"™™Nb, *Mo(n,2n)*™Mo and **Mo(n,p)"*Nb Reactions

The activation cross sections including error obtained from the present investigation

for “Mo(n,p)**Nb, *Mo(n,2n)” ™Mo and **Mofn,py’°Nb reactions at the neutron

energy 14 80 MeV are given in Table 4 4 Each cross section value is based on three

independent measurements
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The present experimental cross section of reaction *Mo(n,p) "™Nb and the literature data
are shown in Figure 6 1 Liskien et al.%®’ has measured the cross sections of this reaction but
their rcported values are 24 —35% higher than ENDE/I3-5% and 39-41% higher than
JENDL-2" values The cross section data for this reaction obtained from the present
investigation are in fairly pood agreement with the results obtained from the nuclear model
calculations using the latest computer code SINCROS-11™, ENDF/B-5, JENDL-2 and also

with the results obtained by Tkeda et al.*,

14 | T T T T | T T T T |
i & PresentWaork 1
in L A R.U.Miah (1996) _
w7 lkeda et al.{1888}
ot ¢ Gangrskijetal{1971] .
10 | n
g8 ? |

k7
o L _
-2 - ]
1 1 n L r | 1 L L 2 |
13 14 15
Neutron Energy({Mewv)
Fig.6.2. The activation cross section of the 94,,.10;"_2":.93“"”5
reaction.
19,2465

Exiremely few published experimental cross section data of *Mo(n,2n)" ™Mo
reaction are available. More experiments are needed o give precision cross section
data of this reaction Measured data with literature are shown in Figure 62, as a
function of neutron energy The present experiments introduce newer data point to
the existing literature. The literature values are very close to our measured cross

section and are in good agreement.
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e

The cross section of the reaction “"Mo(n,p) *Nb along with the other literature data are

shown as a function of neutron energy in Figure 6.3 Although, activation cross sections
. . WA e . .

data of this reaction are abundant”™**®193% iy Titerature, the discrepancies of some

reporied cross section data need further investigation. The measured data gives good

agreement with Tkeda et al ™ and Muah'®,

Eﬂ | T T T T [ T T T r |
L # FPresontWork _
A R.U.Miah {1996}
45 - <~ Lisklen etal.{1990) =
e <»  |keca et al.{1088) -
40 |- ) HN.LMolla et al. {1988} .
- 0 Ivascu etal{1983]
; - %w Hand Book on C.5.{1974) .
= 35 L & Cuzzocreaetal. (1967} —]
o SINCROS-I
o - i
o 30 |- 1 -
[ L — i
L]
5t 54 & :
20 |- %ﬁ%@ ¢ - %V % @
S %, | ]
10 —
5 = —
0 ] L 1 2 : ] 1 1 1 L |
13 14 15
Neutron Energy (Me¥)
Fig.6.3. The agtlvation cross sectien of the QSM n{n,p}gsﬂb
reaction.

6.2 The 59{?0“1,(1]“}\«1 n Reaction

Activation cross section data in the neutron energy 14.80 MeV for the reaction
*Co(n,a)’™Mn  are scarce. So it was neccssary to conduct experiment to measure
cross seclion for this reaction. The measured data along with literature values are
shown in Figure 6 4. Qur data is higher than those of Liskein at al " but close to

theoretical values obtained using statistical code SINCROS-II
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Fig.6.4. The activation cross section of the EECo{n, @ }5EMn reaction.

6.3 The ""Zr(n,2nY"Zr Reaction

The mecasured cross sections including errors obtained from the present investigated
9”21‘{11,’2n}”2r reaction in Lhe neutron energy range 14,10-14.71 MeV are given in
Table 4.4. The values ohtained fiom this work, literature data**“**1*™ and the
values abtained via model calculation wath statistical code SINCROS-1T are shown in

Figure 6.5 as a function of ncutron energy. The large discrepancy in the nuclear model
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calculation using SINCROS-II code is observed for the investigated reaction The
mudel consists ol a pure multistep approach with the fixed global parameter set. It
contams both siatistical multistep direct and statistical multistep compound processes.
The probable reason of large discrepancy in the cross section estimalions via this code
15 that the compound nucleus formation cross section is underestimated in SINCROS-TI
whercas direct reaction is overestimated. It is worh mentioning that the measured
excitation function for ™Zr(n,2ny"Zr reaction is in good agreement with the literature
values The present work introduces some newer data points to the existing literature

and theoretical calculation

1ﬂﬂ0 T T T T T T T T T T I
&® Fresentwark
& R.U.Miah (1996) T
' v Wenreng et al. meas, {1989] ]
> Wenrony et al. eval. {1989) J‘"l[;
800 |- i Ikeda et al.{1988) ; -
¥ G.Erdtman (1976}

— SIHCROE-I

i ——— ENDF/B-5 i@f 1

600 | ﬁf
B ;

400 = /@

Gross section (mb)

200 -

13 T4 15
Neutron energy (Melf)

Fig.%.5. The excitation function of 9erﬂn,2:'|:|'E'E\\Zr reactian.
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6.4 The Ge(n,2n)"’Ge Reaction

The cross section values as a funclion of neutron energy obtained from  the present
investigation along with lterature data for Y Ge(n, 20" Ge reaction have been shown
m Figure 6.6. The results of the nuclear model calculation arc also shown as a curve
along with the measured values. The quoted uncertainty in cach cross section valuc
includes both statistical and systematic crrors. The total uncertainties in the cross

section values are in the range 7 - 9%

800 — |
700 + “
600 -
E | - 1
£ 500 - -
=
2 - .
[ +]
g 400 - -
& - -
4
o 300 - —
| .f"f # FPresentwork
200 - " £ R Miah {1996}
3 f,.-’ - --- Bychkove et al.{1982)
100 e % Hand book on £.5.(1974)
L ——— EXIFON
- - —— SINCROS-N -
] 1 L - 1 L | 1 L z 1 L
13 14 15

Meutran Energy (MeV)

Fig.6.8. The excitalion function ofthe mGe[n,En}EgGe reaction.

From the figure 6.6 it is observed that the theorctical values obtained by using the code
SINCROQS-II are very close to our measured cross section and are In good agreement
The present values are above the values obtained via EXIFON, The large  discrepancy

in the nuclear model caleulation using SINCROS-IT and EX1FON codes is observed

65



BENULTS AND IHSCUSSION CHAPTER &

for the investigated reaction in the neutron energy range 13 =14 MeV. The model
consists of a pure mullistep approach with the fixed global parameter set. It contains both
statistical multisiep direct {SMD) and statistical multistep compound (SMC) processes.
The probable reason of laree discrepancy in the cross scction estimations via this code is
that the compound nucleus formation cross section is undcrestimated n SINCROS-II
whereas direct reaction is overestimated. The results obtained from the work of
R.U Miahw, B}fchknv“ ct al, and the values obtaincd from Hand Book™ at 14.5, 149
MeV energies arc clearly larger than the present result. 1t may be mentioned that the
measured data of present work is in excellent agreement with the results obtained from

the nuclear model calculations using the latest computer code SINCROS-1L,

? i T T T T I T T T T I
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6.5 The “Ge(n,a) "™7Zn Reaction

The activation cross sections measurcd in the present work for the "MGe(n,a) "™Zn
reaction in the neutron cnergy range 13.82- 14 70 MeV are symmarized in Table 4.4
together with the error limit, Owver the encrgy range investigated in this work? T g
very few cross section data exist in the literature and there are large discrepancies
among themn. The present data were compared with the previously reporied values as
well as with the theoretical values are shown in Figure 6.7, The present results are
larger than that of the theoretical values obtained from the statistical code SINCROS-
Y, 1t is worth mentioning that the measured excitation function for "Ge{n,a) "™Zn

reaction is in good agreement with the literature values "%,

6.6 The *Ge(n,2n) ""EGe Reaction

Extremely few published experimental cross scction data of “Gefn,2n) "™*Ge reaction
are available and there exist large discrepancies among them that demand more
experiment to give reliable dala. The measured data with literaturc are shown in Fig, 6.8
as a function of neutron encrzy. The results of the nuclear mode! calculation using
statistical code EXIFON performed earlier in our laboratory'” are also shown in Figure
68 All the measured values give the cumulative cross section for the formation of the
ground state Since the metastable state could not be measured due to its short half life
of 48.9 seconds, a correction lor its contribution to the cumulative cross section could
not be estimaled We therefore calculated cross sections for the independent formation
of the two 1someric siates and obtained the cumulative cross section for “Ge. The
prescnt data are lower than those of R, U. Miah Our measured data are well supported
by 8. Okumura” and G, Erdtman® Our measured data is close to that of the data
cvaluated by Bychkov et al™. and ~ § % hugher than those of theoretical calculation
Ihere appears to be a good agreement between the experimental results and the

theoretical results.
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Swmmary
In the present experiment, the cross sections of (n,2n), (n, p) and (n,ct} reactions on the
isolopes of malybdenum, cobalt, zirconium and germanium were determined through

identification of 1he activation producis via y—ray spectrometry.

Samples of molybdenum{as MozO4) and germanium metal powder in the form of peliet
with dimension of 12 o diameler and ~0 15 ¢m thickness, zirconium foil of lem =1
em were prepared. All of the samples were sandwiched between Al-foils of the same
size of sample separately. Aluminium {oils were used 10 measure the neutron flux at the

sgriple positions

Ome molybdenum and onc cobalt sampte with Al-foils were irradiated by neutrons at
the surface of tritium target over a period of 1.5 hrs Neutrons were produced at the J-25
Neutron Generator of the Institute of Nuclear Science and Technology, AGRE, Savar,

Dhaka vig "Hid.n)*He reaction with 110 keV deuterons of 120 LA beam current,

Four zircomum samples were irradiated by neutrons at 07, 20°, 60° and 90° wilh respect
to the deuleron beam divection. In these cases, the neuwtron generator operation
parameters were beam carrent 130 pA, deuteron encrgy 110 keV and irradiation time
3.5 hours. Four germanium samples were also irradiated by neutron for 3.5 hours in the
same experimental configuration, The angular positions for germanium samples were
10° 40° 70° 110° with respect to deuteron beam of 110 keV energy and 130 pA

curret

Afler irradiation, the radicactivities of the reaction products were measured by using a
high resolution HPGe-detector. The gamma-ray spectra were accumulated and analyzed
i Canberra S-100 Mukti Channel Analvzer (MCA) master board package based on
perscnal computer. The measured counts under photo peak were subjected to usual

carrection for dead time loss, piteup loss, coincidence effects etc. The background
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correction was performed for 9091 keV gamma-ray energy cmitted {rom the product

nuclide ¥7r.

The count rales weore converled to decay rates by well known equation shown in
previous section. From the decay 1ates, the cross sections were determincd using well
known activation formula that are shown in section 4.1, The uncertainty in cross
sections were deterniined by considering both the systematic and statistical errors. The
overall uncertainties for the present work were in the range of 3-8 %% The maximum

crrors in the cross seclions are due 1o the poor counting statistics.

The cross sections of the "Mo{np)™™Nb, *Ma(n,20)*"Mo, ""Mo(n,p)*Nb and
”Co{n,a}ﬁMn reactions were measured at 14,80 MeV neutron cnergies. The ¢ross
sections of the ™Ge(n, 2 Ge, ™Gefma) ™Zn and “Ge{n,2n) "8 Ge reactions were
measuted at 13 90,14 31, 14.57 and t4 70 MeV neutron eperzies, ‘The cross sections at
14.10, 14.41, 14.69 and 14 71 McV ncutron energies for U”Zr{n,in}er [EACHION Was

measurcd in the same experimental configuration.

'l he measured cross scctions along with the values obtained from available literature
were plotted as a function of neutron energy In the present investigation it is obscrved
that the cross sections of all the {n,2n) reactions on the isotopes increase with the
increasing of neutron energy, Whereas the cross section of (n,p) reaction decreases with

the increasing of neutron energy

In order to describe the measured cxcitation funchions of the selected reactions,
theoretical calculations of the cross section have been done using the statistical code

SINCROS-1E n the range of 13-15 MeV neutron cnergy for four{4) elements in the

mass region A= 59-96

Up to now , there have been very limited numbers of available data for the aclivation
cross sections of  “Mo{n.p)"2"Nb, Mo(n. 20" Mo, *Mo(n,p)*Nb, *Coln,oy*Mn,
M7 (0, 20)%Zr, " Ge(n,20)"Ge, "'Ge(n.a) ™Zn and “Ge(n,2n) """ 8Ge reactions even at

14 MeV The crass section data ol Lhese reactions measured in present work showed
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significant improvement in accuracy in comparisen with previously repored data
Hence, the cross section dala obtained from the present investigation based on unified
experimental condition have provided nuclear database and removed large previous
discrepancies for soine of the reactions in the cnergy range of 13.90 to 14.80 MeV. The

agreemcnt between experiment and theory 1s faurly satisfactory in most of the cases.

It is hoped that our measured and calculated cross section data provide real data base
for fusion reactor technology design, semiconductor lechuology devclopment, new
cvaluations of activalion cross sections and to a detailed future theoretical caiculation

and testing nuclear models
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Error Calculation

The errors in measured cross section values were delermincd considering both
systematic and statistical errors The systematic errors of the investigated reactions are

aiven in Table 4.4  As an example, the error calculation only for Mo(n,p) " Nb

reaction at 14 80 McV is shown below.

Total error 1n quadrature = [ {statistical crrory + (systematic error)*]™?

The statstical error 15 given by

E‘-f = (JI _Cr}
A -1

Where, o, = Cross section value
g = Average cross section

MW= Nunmber of cross section values

We have laken three cross section values from three tumes counting and obtained

stalistical error 7 58 %6 for the cross section 58.37 mb at 14.80 MeV neutron cnerygy

Systematic error
1

= [(0 5Y 4 (0.2)7 (0 S +(1 5% +(1)° +{0.5) (0 3 + (0.3 +{0 2 +(0.5) )

=2.161 %

|
otal error =[(7.58)° +(2 161¥']°

=788 5%

5837
Errorfor 3837 mh = ——— =7 85
[0

=4 6 b

For all of the mvestigated reactions, the similar procedure was followed to determine

errors in measured cross section values of the selected neutron cnergy.
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