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The epatian distribution of fast neutron spectra in two 

assemblies of iron and the combination of iron and natural unranium 

of about equal ratio by volume have been measured with five threshold 

reactions:- 63¢yu(n, 2n), 27agn,a), 56Fe (n, p), 27ag (a, p) 

and 31p(n,p). 14 Mev source neutrons were produced with a 150 KV 

SAMES accelerator. 

The assemblies were of cylindrical annular geometry - the 

inner radius about 10 cm, and the outer radius slightly larger than 

30 cm. The source was centrally located. The absolute source strength 

of the neutrons was determined by the associated alpha-particle counting 

technique. The induced activities in the foils were measured by counting 

gamma-rays with a Nal(T2) scintillator coupled to a multichannel 

analyser and the beta particles with a plastic scintillator. The counting 

systems were calibrated for each type of foil and the absolute activity 

was determined from that. 

Measurements were also made with the !!5In(n, y) reaction 

for both bare and cadmium covered foils to assess the intensities of the 

lower energy neutrons. 

Multigroup diffusion and removal diffusion calculations were 

made by solving the equations numerically. The diffusion coefficients 

in the calculations were obtained with higher order transport corrections 

than commonly used. The group parameters were obtained from the more 

recent 20 group Yiftah-Sieger cross-section set which considers the 

presence of a 14 Mev source and divides the Mev energy region into seven 

groups. Calculations were also made with a "hybrid" set mainly based on 

the Russian ABBN set, but the top two groups contained data supplimented 

from the Yiftah-Sieger set. 5 

Results are compared for experimentally obtained normalised 

absolute activities with those predicted by the calculations. Satisfactory 

agreement is obtained between them and results show some interesting features.
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The present work was undertaken with a view to improving 

understanding of fast neutron behaviour in materials of interest 

to nuclear technology - both present and future, It was not aimed 

at a particular problem with a direct application, rather it was felt 

that the study should be useful in branches of the technology, where 

the transport and slowing down of the fast neutrons, mainly by in- 

elastic scattering with or without some fission, are important. 

In spite of the prominant role that inelastic scattering plays in 

several important fields, many uncertainties about its characteristics 

and behaviour still remain. The gap in the knowledge can only be filled 

by studying systems where inelastic scattering is important and to 

correlate experimental results with theoretical predictions based on 

the present computing techniques and whatever knowledge has been 

acquired about the fundamental cross-section data. 

Relevant fields are the core and blanket study of the fast 

breeder reactors, the radiation damage study of the structural 

materials of the reactors, the optimization of the shields of the 

power reactors, and the use of the fusion reactors when they become 

renee In view of the energy of the source neutrons and the 

geometry, dimensions end cones eet ens of the assemblies studied, 

the present work is more directly relevant to the fusion reactors, 

The materials that will be present around them will have iron in 

the container vessels and the magnets for the plasma, and uranium— 

either natural or depleted—-in bulk for production of power and 

breeding of plutonium, Though no attempt has been made to simulate 

the exact configurations, in view of the large mean free paths of 

the 1/4, Mev neutrons a practical configuration to a large extent will 

behave as homogeneous mixture of these two elements. For design, 

the behaviour of the source neutrons and the degraded neutrons will 

have to be known. The extent to which this can be predicted is



of prime interest, 

For shields and blankets of the fission reactors, 

14. Mev neutrons are at the extreme top end of the neutron 

spectra and are not so significant. Nevertheless 1, Mev neutrons 

have played a significant role in the development of neutron 

physics, Several attractive features of these accelerator 

produced neutrons cause them to be widely used. Monoenergetic 

source neutrons free the analysis from the complexities that 

dealing with spectra introduce and enable the studies to be 

concentrated on other factors of interest. 

The deep penetration problems for reactor shields have 

some similarities to the monodirectional fast neutrons produced 

from accelerators. After crossing sufficient distances into the 

shield only the foward peaking high energy end of the spectrum 

" survives and in most shields they behave as monodirectional 

neutrons of about 8 Mev. The scattering properties of the 1). Mev 

neutrons are not much different from those of the 8 Mev neutrons. 

Attenuation and transport of the latter can be understood from 

those of the 14. Mev neutrons which can be studied on a small 

laboratory scale, while the practical shields cannot be simulated 

easily. 

The radiation damage done to the pressure vessels and 

constructional materials by the high energy component of the 

neutron spectrum in reactors is still an underdeveloped science. 

The life-period of a power reactor is mainly decided by the 

radiation damage in the pressure vessel and structural framework. 

The economics of nuclear power is in turn strongly dependent upon 

the life-time. In a typical thermal power reactor it is 

estimated, about 60% of the damage to its pressure vessel is due 

to neutrons above 0.5 Mev fa80}. Very little however is known



about the deterioration of the structural materials in the long 

run, in steel,due to accumulation of hydrogen and helium which 

will result from the (n,p) and (n,a) reactions with iron. 

Both cross-sections and spectral profile of the fast neutrons 

will dictate this. 

The detailed shape of the high energy end of the 

spectra in shields is also of interest to know the origin of 

the secondary activities, particularly the gamma-rays induced 

by the (n,p) and (n,a) reactions. For further improvement and 

reliability of the shielding calculations, these predictions will 

have to be known with better accuracy. 

Because of the behaviour of the general cross-sections, 

particularly the rapid fall of the cross-section of hydrogen 

with energy, when biological shields are followed by considerable 

‘amount of medium and heavy elements, what happens to the fast 

neutrons in the latter strongly defines the final shielding 

performance. Thus Shure [181] has shown that a 10% change in 

the inelastic scattering in an iron shield has a marked effect 

on the relaxation length of the neutrons emerging into a subsequent 

water shield, amounting to a 50% change after 40 cms. of water. 

Both ?°®y and iron are by far the most abundant materials 

in fast breeder reactors, In large breeder reactors, typically 

60% of the fertile material in the blanket and 10% or more in the 

core can be Beer. 25% of tne core may contain steel. In the 

studies of the fast systems, it is often found that calculations 

- both multigroup diffusion and Sn - tend to predict harder spectra 

than is experimentally encountered. This is most possibly due to 

the underestimati on of the leakage of the fast neutrons by the 

calculations, The predictability of the parameters of the fast 

reactors is yet to be as accurate as that of the the thermal



reactors. As ‘the fast reactor technology gathers momentum and 

larger breeder reactors are about to be constructed the need for 

improved predictions becomes more important. Test of the existing 

knowledge of the cross-sections and any multigroup parameters 

obtained by averaging them is necessary for as many different 

systems as possible. In spite of the more sophisticated 

computational techniques the multigroup diffusion method of 

calculations still remains the most widely used and relied upon 

technique for practical calculations of the reactors. The 

cross-section sets in vogue so far, combines the whole spectrum 

above about 2.2 to 3 Mev into one group. The Yiftah-Sieger 

cross-section set is the only one that tries to resolve the 

higher energy flux into several groups. Comparison with experiments 

has not yet been reported, for this multigroup cross-section set. 

In the present work this set has been put to use for 

multilgroup calculations. Also used was the up-to-date data for 

5 threshold reaction cross-sections - another region of major 

uncertainty in the nuclear technology.



CHAPTER 2. 

INTERACTION OF FAST NEUTRONS WITH MATTER 

I. REACTIONS EXCEP? FISSION



2.1) The Neutron, 

2.2) 

The neutron has a mass of 1.00866 atomic mass 

units (49¢ = 12), and is a fundamental nuclear particle, 

The unique properties of the neutron which make it of such 

decisive importance in nuclear physics and engineering are 

due to the fact that it is electrically neutral so that 

its electrostatic interaction with electrons and nuclei 

is negligible. Consequently, it can diffuse through 

matter unhindered until it encounters a nucleus, with which 

it can react by virtue of the existence of short range forces 

that are specifically nuclear in character. Owing to the 

relatively small size of the nucleus (~ 10° 4? em.) in comparison 

with interatomic dimensions (~ 10°° cm.), the mean free path 

of such encounters may be several centimeters. Like other 

elementary particles, the neutrons show dual nature of both 

wave and particle properties. The wave length is given by 

A = 2.86 x 10 °/IB oms, where E is in ev. 

The Nucleus. 

2.2.1) Constituents. 

Nuclei are made up of neutrons and protrons. 

The general term nucleon is used for these constituents. 

The number of nucleons in a nucleus is A, the mass 

number and the number of protons is Z, the atomic number; 

the number of neutrons is AHZ. 

2.2.2) Size. 

Nuclei are very nearly spherical with a radius 

R given by the approximate formula 
fs 

Res 1.5 AP x Ors? om, 2.1 

This implies that the volume of the nucleus is proportional



2.2) contd, 

222.2) 

2.2.3) 

contd. 

to the number of nucleons A which it contains. Some 

of the heavy nuclei depart from spherical form and 

are ellipsoidal; however the ratio of the semi-major 

axis to the semi~minor axis is never greater than 1.2. 

Experiments with high energy electrons show 

that there is a diffusivity in charge distribution at 

the outer fringe of the sphere, over which the charge 

drops to zero. Inside this diffuse boundary the 

density of nuclear matter is constant up to the centre. 

Binding Energies. 

Inside the nucleus the constituent nucleons 

may be thought of as being in constant agitation, but 

prevented from leaving the nucleus by strong, short 

range attractive forces, which are operative only inside 

the distance R, Outside this, only repulsive Coulomb 

forces on the protons are effective. 

The exact mass Mo of a nucleus differs from 

an integral number of proton and neutron masses, ‘The 

difference, a small fraction of the total mass, gives 

the binding energy B of the nucleons inside the nucleus. 

This is given by the Einstein eugation 

B= A.C? 2.2 

with MM = 2M, + (A-Z)M, - My 255) 

whe re My is mass of a free proton and M, that of 

aneutron. AM is known as the mass defect. The 

average binding energy per nucleon of a nuclide is
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By knowing the mass defect from experimental measure- 

ments the binding energy can be known, When the mass 

defect is known in amu (atomic mass units), B can be 

calculated in Mev by noting that 1 amu = 931.1 Mev. 

The binding energy per nucleon is in the region of 8 Mev 

for all nuclides except those with A< 8. For the 

heavier nuclei f increases up to about A = 60, when it 

is slightly below 9 Mev and thereafter slowly decreasing 

with increasing A; for 238y it is ato ut 7-6 Meve 

The general features of this have been calculated 

from the theoretical considerations supported by ex- 

perimental evidence; by considering the various forces 

on a nucleon inside a nucleus, an expression known as 

the semi empirical binding energy formula can be obtained, 

from which f as a function of A and Z can be computed. 

However it cannot explain the peculiar stability of 

nuclides with "magic numbers" of neutrons and protons. &: P 

Stability of the Nuclei. 

Among the lighter elements (Z < 20), the stable 

nuclei have mostly equal numbers of protons and neutrons. 

The number of neutrons is, however, always in excess of 

the number of protons for Z > 20, ane this tendency to an 

excess of neutrons increases steadily with Z. It is a 

significant fact that over half of the stable nuclides 

occurring in nature have an even number Z of protons and
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an even number N = A-2 of neutrons and tt practically 

none has both Z and N odd, The remainder are about 

equally distributed between odd Z - even N and even Z 

- odd N. This indicates that even Z-even N nuclides, 

in which nucleons of the same kind can occur in pairs, 

are particularly stable and that odd Z-odd N nuclides 

in which there can be an unpaired proton and an unpaired 

neutron, are unstable. There is evidence of particular 

stability of nuclides with certain numbers of neutrons 

or protons; these numbers called magic numbers are 

2,8,11, 20,28,50,82,126. Experimental evidence suggests 

that nuclei form closed shells with these numbers. 

2.3) Interactions between Neutron and Nuclei. See eee Neutron and Nuclex. 

2.5.1) Types of Reactions. 

The interaction between neutron and matter is 

very different from that of protron or gamma rays. Over 

the wide range of energies that neutrons can have they are 

capable of reacting in a variety of ways. The nature of 

Yaction depends both upon the matter through which they 

pass and the energy of the neutrons, Like gamma-rays 

they can penetrate deep into matter; but unlike ganma- 

rays they react primarily with the nuclei of the atoms of 

the medium. 

If. the nucleus is unchdged in either isot opic 

composition or internal energy after interacting with a 

neutron, the process is called elastic scattering. If 

the nucleus is still unchanged in composition but is left
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in an excited state, the process is called inelastic 

scattering, The symbols (n,n) and (n,n') are used 

to denote these processes, In these interactions one 

to one correspondence of the neutron before and after 

the interaction is maintained, For most cases elastic 

scattering is generally considered an external event 

though in some of the elastic scatterings the neutron 

might have penetrated into the nucleus; inelastic 

scattering however takes place if the neutron enters the 

nucleus, The emerging neutron may not be the same neutron 

that struck the nucleus. The inelastically scattered 

neutron will have energy less than the original one; the 

balance at first absarbed by the nucleus comes out as 

gamna rays. 

The neutron may disappear as a result of being 

absorbed by the nucleus followed by an emission of gamma 

rays only. This process is called radiative capture, 

denoted by (n,y). Syeutrons also disappear in charged 

particle reactions such as the (n,p) or (n,a) reactions, 

When the energy of the neutron is high enough two or more 

neutrons can be emitted; these are (n,2n) or (n,3n) 

reactions. A closely related process is the (n,pn) 

reaction which also occur with high energy neutrons, In 

all these reactions the proiuct nucleus is usually radio- 

active. Fin ally, when a neutron collides with certain 

heavy nuclei, the nucleus splits into two fragments with 

release of considerable energy; this is the fission 

process.
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Characteristics of these reactions vary with 

neutron energy and also the target isotope. More than 

one reaction can occur with neutrons of the same energy 

incident on a given isotope, but with different 

probabilities, 

Cross-section and Flux, 

The probability of any neutron-induced event 

which is imiependent of the other events can be des- 

eribed in terms of a cross-section, Cross-secti ons 

can be assigned for scattering, capture, fission etc. 

The usual unit of cross-section is the barh (10 ?* cm?), 

Cross-section which is an average property of many nuclei 

is numerically equal.to a geometrical cross-sectional 

area which individual nuclei would need to possess in 

order to give the observed reaction rate when bombarded 

by neutrons of the given energy. Because of the wave 

nature of the neutron this is in general different from 

the geometric area of the nucleus. 

The study of interaction of neutrons is in fact 

the study of the cross-sections. The probability that a 

neutron in a medium will interact with a nucleus, regardless 

of what type af interaction, is called the total cross 

section, Ope It can be suodivided into partial cross- 

sections each proportional to the probability of the 

particular events. Thus 

Op = o{el.scattering)+ of{inel.)+ o(capture)+ oe. 

The product of nuclear (microscopic) cross—
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section and the number of atoms per unit volume is 

described as the macroscopic cross-section; it is 

usually denoted by 3, with the appropriate subscript, 

and is measured in units such as cm? per cm® or more 

concisely in em *, It is the macroscopic cross-section 

which is in general observed, and from it the nuclear 

cross-section can be deduced. 

The macroscopic interaction rate is studied 

in terms of the neutron concentration in the medium, 

However, it is more convenient to deal with flux, which 

is given by concentration times velocity of the neutrons. 

Let a beam of neutrons of density n per c.c. having 

velocity v cm/sec be normally incident on a thin slab 

of material containing N nuclei, If ois the cross- 

section per nucleus for a particular reaction then 

interactions per second = omy N 

The scalar quantity nv is known as the flux of neutrons 

of velocity v. In general, n incident neutrons can 

have any angular distribution and the reaction rate does 

not depend upon it. The general definition of flux is 

the number of neutrons passing through a sphere of 

1 cm? cross sectional area around the position of con- 

sideration, with any angular direction. Its unit is 

em sec”*, For some cases, such as when the flux is 

not isotropic, it becomes convenient to express an 

angular flux and from there the scalar flux; the flux 

that is commonly referred to is scalar flux ~ flux 

density. The neutron flux is a measure of the combined
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effect of the motions of neutrons, as evidenced by 

the interaction rate to which they give rise. This 

is analogous to chemical concentration or voltage. As 

voltage difference gives rise to flow of electric 

current between two points in an electrical circuit, 

so also flux difference gives rise to neutron current. 

Physically this is due to difference in reaction rates 

between the points. 

Q-value of Reactions. 

In all nuclear reactions except elastic 

scattering the internal energy of the nucleus is 

changed and the kinetic energy of the outgoing particle 

is different from that of the incident particle, The 

principle which pores the energy relationship is the 

law of conservation of energy - in the relativistic 

sense, with the equivalence of mass and energy. The 

Q-value of a reaction is the energy-equivalent of the 

difference in binding energies of the reaction system 

before and after the reaction, Thus for a reaction 

at+t+X->Y+b+4Q 

denoted by X(a,b)Y, the Q-value is 

Q= (M+ M, - L, - M,)e? 2.5 

The reaction is called exoergic or endoergic according 

as Q is positive or negative respectively. For an 

endoergic reaction energy must be supplied in order 

that it can take place, For neutron induced reactions 

this can be supplied through the kinetic energy of the
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neutron. If Q is positive, energy is released and 

for most cases, except some fission reactions, the 

reaction can take place with zero energy neutrons. 

The released energy is mostly shared by the nucleus 

Y and the outgoing particle b, as their kinetic 

energies. The sharing is governed by the law of 

conservation of momentum before and after the reactions, 

and accordingly most of the energy is carried by the 

lighter particle b. 

Classification of Noutron Interactions. 

The complexity and diversity of the behaviour of neutron 

interactions with matter can be somewhat simplified by classifi- 

cations depending upon similarities or dissimilarities, and 

schematics emerge out of these classifications. Several 

attempts have been made for such classifications (2,2,3); most 

useful ones are according to target mass, neutron energy and 

reaction products. Divisions are however somewhat arbitrary. 

According to Mass-number A; 

Light nuclei, A = 1 toes 

Intermediate nuclei, A = 26 to 80 

Heavy nuclei, A above 80. 

According to Neutron Energy Et 
  

Thermal neutrons. Those neutrons in thermal equilibrium 

with the matter of the medium in which these neutrons diffuse. 

They have a Maxwellian distribution in energy in a weakly 

absorbing medium the peak corresponding to 0.025 ev at 20°C. 

Epithermal neutrons. The neutrons in the energy region 

above 0.2 ev.
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Resonance neutrons From about 1 ev to 1 kev 

Intermediate neutrons From 1 kev to 0.5 Mev. 

Fast neutrons Neutrons of energy above 0.5 Mev. 

Fission neutrons. Neutrons produced by fission which 
have a continuous spectrum from a 
few kev to about 20 Mev. The most 
probable energy is 0.8 Mev and average 
energy is 2 Mev. 

According to Reaction Products. 

This is a more clearly defined classification and 

follovs according to reaction types mentioned in séction 

2.3.1 of this chapter - (n,y), (n,n') ete. 

Some of these reactions are sometimes grouped together 

e.g. the non-elastic cross-section, which is the total cross- 

section minus elastic scattering. 

Mechanisms of Nuclear Reaction. 

It is at present agreed that the various neutron 

interactions may occur by one or more of those fundamentally 

different mechanisms; these are 

i) compound nucleus formation, 

ii) direct interaction and 

iii) potential or shape scattering, 

Most of the elastic scatterings occur by shape scattering 

and some through compound nucleus formation while all other 

reactions take place is either or both of the first two 

processes, The importance of the different mechanisms varies 

over the energy range for different mass numbers of the nuclei. 

The potential scattering and compound nucleus formation is 

present at all energies but with variable cross-sections; the 

direct interaction becomes important only at higher energies,
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The Compound Nucleus Formation. 

The main feature of the mechanism of a re- 

action that proceeds by way of the compound nucleus is 

that the incident neutron is absorbed and a compound 

systen is formed as an intennediate state. The compound 

nucleus then decays in various ways corresponding to the 

observed reactions. 

The incident neutron brings in with it the 

binding energy B. In addition it will have some 

kinetic energy EK, The energy (B+EK) is available to 

the compound nucleus which raises it to an excited 

state, 

Energy Levels in the Nuclei. 

The nucleus like other quantum mechanical 

systems, possesses a set of characteristic energies or 

excited state, Of these the most stable or ground state 

is that in which nuclei are normally found. The general 

features of the excited states is that the first few 

levels above the ground state are widely spaced but the 

higher states get closer to each other; at very high 

energies they completely overlap. This pattern is found 

for both heavy and light nuclei but the scale changes very 

considerably in going from the lightest to the heaviest 

elements. For the lightest the first excited levels are a 

few Mev above the ground states; in the heaviest the 

corresponding figures are only several kev's, Over this 

general trend is superimposed the effect of odd-even 

combinations of protons and neutrons, due to which there 

are ups and downs in the energy state of the first levels
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and interlevel spacings in the neighbouring isotopes 

of the same element. The energy states are thus 

peculiar to an individual nucleus and their close 

spacing is characteristic of a many body system. 

This fact - that a number of nucleons are simultaneously 

excited at a given energy state - greatly affects the 

characteristics of the nuclear eesott ons | For this 

reason excited states in nuclei can exist above the 

binding energy of a single nucleon. 

The energy above which the contiuum excitation 

states can be assumed to exist (it does not have a 

definite boundary), is important for the nuclear theories 

of the reactions. For the medium weight nuclei, such 

as iron, they are assumed to exist for excitation energies 

above about 5 Mev and for the heaviest nuclei above 

2Mev. At an excitation energy of 7 or 8 Mev (corres— 

ponding to the neutron binding energy) the compound 

nucleus is in the contiuum but the residual nucleus is 

not; a generalized characterstic of the decay products 

emerge when both the compound and the residual nuclei 

can be at continuum region. The energy limits for 

continuum region therefore refer to the kinetic energy 

of the neutrons. At 14 Mev the excitation energy of 

the compound nucleus is considerable - for all but the 

lightest nuclei (4<8) it is above 21 Mev. 

Decay of the Compound Nucleus. 

The compound nucleus in the excited state, 

being unstable is able to decay. The decay can occur
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in several ways. Limitations are in general imposed 

by energy availability. 

The binding energy of the least bound nucleon 

in nucleus is called the virtual energy; excited states 

above the virtual energy are called virtual states or 

levels and below that bound levels. For nucleon emission 

to take place, it must be provided with at least the 

binding energy to make up for the mass defect. Thus 

nucleon emission can take place only from the virtual 

states. The virtual energy need not be the same as the 

binding energy of the absorbed neutron. Ina few cases 

the virtual energy may be smaller and nucleon emission can 

take place with neutrons of zero energies e.g. 44N(n,p) 

reaction. From the bound states, which are normally 

attained following particle emissions from the higher 

states, the nucleus can decay to the ground state only 

by gamma emission. The next important energy state is 

the first excited state of the residual nucleus. Below 

that a neutron may be emitted but it will cone out with 

the total excitation energy (less the nucleus recoil energy), 

and gives the compound elastic scattering of the neutrons. 

The only other mode of decay available is of course by 

gamma emissions. When the incident neutron energy is 

at least equal to the first excited state of the residual 

nucleus, the nucleus may be left in that state following 

neutron emission. The nucleus then decays by a gamma 

emission, This explains the threshold for the (n,n') 

process. With the onset of inelastic scattering the
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compound elastic scattering and gamma emission pro- 

babilities compete. with it and gradually decline . At 

higher energies more than one level in the residual 

nucleus can participate. The mechanism of compound 

elastic and inelastic scattering fron the individual 

levels is illustrated in Figure 2.1. 

The decay of the compound nucleus proceeds as 

a statistical process. Following the formation of com- 

pound nucleus the nucleons are involved in continuous 

interchange of energy among them, Sufficient time is 

elapsed between formation and decay, which (of the oder 

of ag ** sec.) is large on nuclear scale. Through 

statistical fluctuations sufficient energy is concentrated 

on one of the particles so that it can come out of the 

nucleus, Like the radioactive decay law, a decay constant 

A can be associated to the decay of a particular level. 

For practical purposes the decay is spontaneous as the 

decay is over in less than 10° 4* sec. A given state will 

have a mean life time r = */,, In accordance with the 

uncertainty principle a level width giving the uncertainty 

and hence spread of a quasi-stationary state, is defined 

by 

Ts 2.6 a 
a 

where h is the rationalised Planck's constant; T has 

units of energy. It can be seen the width is inversely 

proportional to the life time of the level. 

The probability per unit time of each mode 

of decay of an excited state is described in terms of a



Inelasti 

FIGURE 2.1-- Mechanism of Inelastic and Compound 

Elastic Scattering from an individual Level of 

the Compound N ucléus: (after Lamarsh, ref.31.) 
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partial width ,characteristic of each process. For 

ins tance a the radiation width is the probability 

(expressed in energy units) per unit time that the 

excited nucleus decays by wray emission. Since the 

total decay probability is the sum of the probabilities 

for all possible processes at energies where only 

radioactive capture, compound elastic and inelastic 

scattering is possible, the total width is 

Bee thy re qm 2.7 

and the relative probability for gamma emission is 

n/t. From the definition of cross-section it is evident 

that this should be equal to of Sy where is the on 
cross-section for the formation of a compound nucleus. 

Hence at a neutronenergy E the radiative capture cross- 

section is given by 

Tr 
© (i) = y=) a 2.8 

These considerations enable one to see the various 

partial cross-sectionsas competitive to each other. At 

higher energies, as the cross-section for compound nucleus 

formation is smoothly varying with energy, at the onset 

of the threshold of a reaction which becomes energetically 

possible the other cross-sections usually begin to fall. 

Cross-section for Compound Nucleus Formation. 

If there is an excited state in the compound 

nucleus in the vicinity of the energy (B+EK), the 

excitation energy, the probability of the formation of
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the compound nucleus is very lage; the cross-sections 

for the reactions that are energetically possible are 

also high, The distinct peaks in the cross-sections that 

corresponds to nuclear excited states are called resonances, 

In the neighbourhood of a resonance, and when only one 

level is close enough in energy to be important the cross- 

section for the formation of a compound nucleus by neutron 

absorption is given by Breit-Wigner one level formula 

er 
n (E) = gx? 

(B~Eo)? + P/, 

o, 2.9 CN 

Here Tis the total width for the excited level, q, is 

the partial width for neutron emission (compound elastic 

scattering), E is the excitation energy provided by the 

incident neutron and Eo is that for the peak of resonance, 

The factor 'g' is the statistical weight factor. If € 

is the angular momentum of the incident neutron, g = 2041. 

For low energy neutrons (below a few hundred kev), only 

neutrons of zero angular momentum are involved and g=1. 

“is the rationalised wavelength of the incident neutrons 

The Breit-Wigner single level formula is one 

of the few happy instances when the theoretical relation 

agrees well with experiments over a wide range. The 

parameters are however empirically obtained. At the low 

energies the resonances are mostly composed of radiative 

capture and compound elastic scattering, the relative 

proportion of which vary from resonance to resonance, 

eee, x me q ; Por—higl 6y—newtrons—thentheevels-begin
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For high energy neutrons when the levels begin to 

interfere with each other the single-level formula does not 

apply. In the continuum region in general the Soy vary smoothly 

in contrast to its behaviour in the resonance region. Weisskopf 

and co-workers have developed the theory for continuum region, 

which can be used for incident energies greater than about 3 Mev 

for elements with A > 50, averaged over many resonances to give 

Ce (R + X)2.72 2.10 

where R is the nuclear radius and T2 is called transmission 

coefficient, the fraction of the particles that will penetrate 

the nuclear surface. T& can be calculated in terms of wave 

number of the neutron inside and outside the nucleus. However, 

at the high enough energy when the wave length of the neutron is 

very small compared to the nuclear dimension T2 approaches unity 

and ¢,,, approaches 
cN 

o # (R+X)2 = mR? 2A 

Equation 11 is a well verified formula. For example, at 14 Mev 

the experimental non-elastic cross-section which.is equal to the 

compound nucleus formation cross-section at high energies, for 

all the elements of mass number from above 20 is found to agree 

with those given by equation 2.10 3} : 

The cross-section for potential scattering also tends 

to a value of 7R? at high energies, so that the total cross- 

section tends to a value of 27R?. This is only approximate and 

does not include broad resonances.
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Neutrons above a few Mev are known to interact 

with nuclei also by direct interaction. A direct process 

is essentially a one step process in which particles can 

be emitted, At higher energies thus (n,n'), (n,p),(n,a) 

etc. have got two components - one due to compound nucleus 

formation and the other by direct process. With increasing 

neutron energy the direct process contributes more, 

The direct process is a nuclear surface phenomena. 

Some of the direct interactions are studied in other 

branches of physics; these are stripping and pickup re- 

actions. In the process involving particle emission the 

first event is a collision between the incident particle 

and a nucleon near the surface of the target nucleus and 

the momentum is transferred to it. If a mean free path 

of the latter is assumed of the order of nuclear dimensions 

the struck nucleon may energe from the nucleus without 

the formation of a compound nucleus and the direct process 

is complete. The conservation of angular momentum restricts 

the emissions to the surface of a certain cylinder and 

nuclear absorption confines it to large radii [5,6]. Thus 

the effective scattering elements are the two spherical 

caps at the ends of the cylinder, 

The energies of the emitted particles are higher 

for direct interactions than the average energy of 

evaporation spectrum of compound nuclear products. Another 

feature of the direct interaction is that the emitted 

particles are forward peaked compared to a symmetry around 

90° in the angular distribution of the latter.
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This property is often used to seek out the Ainest 

interaction components in the observed spectra. Above 

the bombarding neutron energy of 10 Mev, the direct 

mechanism can contribute 15 to 30 per cent of non-elastic 

scattering events. 

Potential Scattering. 

While the compound elastic scattering is 

only sijmificant at lower energies, particularly at 

the resonances, potential scattering can be prominent 

at all energies. At the higher energies most of the 

elastic scattering is through potential scattering 

mechanism, The process is analogous to diffractions 

in optics, in which the nucleus appears as a black 

circular disc(in the mathematical scheme of the optical 

model the nucleus represents a potential) in the path 

of a nuetron wave and diffraction patterns are produced 

as a result of interference between the incident wave 

and the scattered wave. The resultant pattern has a pro- 

nounced maximum in the forward direction into a cone of 

semi-angle WR, followed at moderate angles by successive 

minima and maxima, There can be small peaks at back angles, 

The intensity of the forward peak increases with increasing 

energy. Since the potential scattering is dependent upon 

the size and shape of the nucleus this process is also 

called shape elastic scattering.



2.6) Nuclear Models. 

That both the static and dynamic properties of the 

nuclei are dealt with by models rather than exact theories 

is due to the fact that we are unable to solve the nuclear many 

body problem exactly. The purpose of a model is to provide a 

means of explaining the nuclear properties and if possible 

predict the cross-sections. In the models our knowledge of 

the fundamental laws of nuclear force is incorporated in a 

general phenomenological ani simplified way. However, as 

nuclear reactions proceed via several mechanisms in a complex 

way it is hardly possible for one model to cope with all the 

nuclear properties. In the absence of any catholic concep+ 

several models survive side by side, each successful in its own 

way but failing in some other tests, 

The models have been developed almost in two extreme 

lines. The liquid drop model: type which explains the reactions 

through compound nucleus formation has little connection with 

structural models of the individual particle type which can 

describe the direct interaction mechanism. Inherently this 

diversity is due to the wave and particle duality shown by the 

neutron, like other fundamental particles, The optical model 

attempts to fuse together these two types of approach. In 

particular, the optical model combines together the compound 

nucleus model and the statistical model. Also the shape elastic 

scattering which cannot be described well by the other models 

finds an adequate description in the optical model. The essential 

features of the optical model and statistical model calculations 

has been worked out by several authors within a few years of the 

early fifties, when the experimental evidence of the properties 

of the reactions with the high energy neutrons accumulated and
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the general patterns emerged. Several versions of them exist 

but the formulation that is extensively used for the statistical 

theory calculations is that of Hauser ani Feshbach [7]. 

Modifications and extensions to this have been made later by 

others, 

2.6.1) The Compound Nucleus Hypothesis. 

The general features of nuclear reactions with the 

slow and intemediate energy neutrons are easily ex- 

plained by the Bohr-Breit-Wigner compound nucleus the ory. 

There are several evidences that compound nucleus is 

formed for these reactions. For example, the delay between 

the incidence of the neutron and the emission of the 

gamma rays following it is too large to be explained 

otherwise. The delay which can be inferred from the 

measured radiation widths, is about 10°*® second while 

the time needed for straight forward crossing of the 

nucleus by the neutron is only about 10°7* second. 

The other assumption in the original Bohr's model, 

that the particle or particles emitted from the compound. 

nucleus would bear no genetic relation to the way the 

compound nucleus was formed, is found to ba inadequate. 

However, where the simple compound nucleus picture of 

Bohr is found to fail and the optical model to suceed 

is at the high energies, when the cross-sections shov 

definite broad resonances (called giant resonances), that 

camnot be explained by the Bohr model. Apart from the 

direct interaction component, the rest of the reactions 

is still assumed to result ultimately through the
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formation of compound nucleus. But the formation 

mechanism in the new model is basically altered, 

according to which the compound state proceeds 

through several steps, which are elaborated in the 

optical model. 

Statistical Model. 

The statistical model practically, though not 

conceptually, can be considered as an extension or 

complement to the compound nucleus theory at higher 

energies. In this model, assumptions are made of 

the internal state of the nucleus at high excitation 

energies ani the behaviour of the reactions are worked 

out from it. 

The statistical model deals with the cross-sections 

in the continuum region of the excited states. In the 

theoretical development it is assumed that the phases 

of the resonances have random sign and similar magnitude 

so that they add up to zero. Toa great extent the 

treatment of average cross-section employs an evaporation 

model with only a partial basis in nuclear reaction. 

The nucleons in the nucleus behaves as the heat motion 

of the molecules of a liquid involving continuous 

interchange of energy between nucleons by means of 

collisions. Through statistical fluctuation enough 

energy is concentrated on one particle to eject it from 

the nucleus - a process analogous to evaporation from 

a liquid. The usual thermodynamic quantities, including
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entropy and temperature are introduced in this way and 

the velocity distribution of the emitted particle is 

Maxwellian with a characteristic "temperature". 

Developments of nuclear reaction theory along statistical 

lines are due to Wolfstein [8] and to Hauser and 

Feshbach [7]. Later modifications haye been made by 

Moldauer [9]. 

The statistical model gives qualitative agree- 

ment with many features of nuclear reactions including 

the yield energy curves of proton and o-particles induced 

reaction, the relative yields of single and double neutron 

emission and their energy distribution following nuetron 

bombardment. However the quantitative predictions of 

the statistical model are less satisfactory. 

The Shell Model. 

The shell model is a structural model ani explains 

many of the finer characteristics of the nuclei. In its 

simplest form the shell model assumes independent particle 

motion, i.e. the nucleons are virtually free to move about 

in an average uniform field and are subject only to the 

requirements of the exclusion principle. Most of the 

nucleons are paired and this way odd-even variation in the 

excitation energy level and the binding energies are 

explained. The nuclear configuration is such that the 

nucleons are arranged to close in succeeding shells. The 

periodicities in nuclear cross sections and the level 

densities can be adequately explained in terms of this.
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The Optical Model. 

The optical model treats the nuclear re- 

actions in analogy with the propagation of light 

through a partially absorbing medium, According to 

this model the target nucleus consists of nucleons 

in independent particle states given by an average 

potential. The incoming neutron wave encounters 

firstly this potential which leads one part of the 

wave to be reflected and the other part entering inside 

the potential. The latter at first encounters one 

nucleon in the target nucleus and then with others 

until a state of compound systen is formed. At energies 

above the threshold for particle emission the formation 

of the early two particle state will include the 

possibility of direct ejection of a nucleon from a 

shell model state and this process will compete with 

the more complicated reactions which proceed via chaotic 

conditions in the compound system. At low energies the 

compound state simply leads to an absorption. At higher 

energies, for which the model is more suited, the con- 

pound system decays as in the statistical theory. 

The incident particle sees the target nucleus 

as a region of complex potential given by 

v(r) = - [Vo(r) + i Wo(r)] 2512 

The real part Vo is the potential required by the shell 

model and accounts for refection. while the imaginary 

part for absorption. The Schrodinger equation when 

solved for the optical potential gives the shape 

elastic scattering and the reaction cross-section.
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The model predicts the total cross-section 

directly. The absorption cross-section calculated 

from the model is identified as the mean cross-section 

for formation of the compound nucleus which includes 

both the reaction cross-section and the compound 

elastic cross-section, However ep ener energies, 

when several decay modes are possible the compound 

elastic tends to zero. The model does not predict 

compound elastic scattering. If the parameters of 

the models are known the angular distribution of 

potential scattering can be predicted to a satisfactory 

degree. The giant resonances of width about 2 Mev, 

and regular variation of their positions with size of 

the target nucleus can also be accounted for by the 

optical model, These two successes mainly underlines 

the validity of the model within the approximations used 

as its basis. 

Provided the parameters of the model. are known 

other cross-sectionsat the high energies can also be 

obtained using the Hauser-Feshbach version of the 

statistical theory of compound nucleus. The parameters 

can be obtained from the experimentally obtained shape 

elastic angular distribution. Several forms have been 

suggested for the potential, The potential that has 

been most successful is the one proposed by Bjorklund 

and Feshbach [10]. 

Predictions for the (n,p) and (n,a) cross- 

sections by the optical model is not satisfactory; the
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calculated values may disagree with the experimental 

ones by a factor of 2 or more [29]. That is why 

these are the least known of all cross-sections. However, 

satisfactory agreement for inelastic neutron scattering 

canbe obtained on a semi empirical treatment [20]. The 

region of validity of the model begins at energies where 

the energy levels of the residual nucleus begins to 

merge into a continuum. For lower energies, reference 

must be made to the more complete resonance theory of 

nuclear reaction. 

Relevance of the optical model to the cross- 

section technology is that, experimental values are not 

available at all the energy points for an isotope nor for 

all nuclides at e given energy. The optical model as it 

stands at present can be reliably used to extrapolate 

and interpolate the data with respect to energy or mass 

number, from the known values. The use of the optical 

model to fill the ercsnert el data of the ?°*y up to 

15 Mev has been listed in detail by Parker [20] in his 

compilation work on uranium, 

General Features of the Cross Sections. 

The general features of cross sections, correspond to 

the energy levels of the nuclei. In the light nuclei the re- 

sonances persist up to 6 to 8 Mev; they are few in number 

and are broader. The resonances in the heavy nuclei on the 

other hand are narrow and high and more numerous. The first 

resonance of ?°8y is at 6.7 ev; tney can hardly be resolved



227) 

2.8) 

Sl. 

contd. 

after 4. kev. 

The thermal region is free from resonances, There 

are two general types of total cross-sections at this region, 

If the nucleus is weakly absorbing most of the interaction 

is elastic scattering, which gives a flat curve. But if 

the absorption is significant, the absorption cross-section 

increases monotomically with the decreasing energy from the 

valley of the first resonance well into the thermal region, 

and this is superimposed on the constant cross-section for 

scattering. 

At the high energies, in general, the total as well 

as the partial cross-sections are snooth function of energy, 

and their values are moderate. The total cross-section for 

all elements at 1 Mev is only a few barns. The cross-sections 

of iron and uranium - 238 in the region from about 1 Mev to 

15 Mev are shown in figures 2.2 and 2.3 respectively. 

Elastic Scattering. 

Elastic scattering is one of the more difficult 

neutron interactions to are it is often obtained by 

subtracting the cross-sections for all other processes from 

the total cross-section, which can be more easily measured 

in the transmission type experiments. However, elastic 

scattering is of great interest for reactor calculations 

and to nuclear theory. 

Elastic scattering consists of the shape 

elastic scattering and compound 

elastic scattering and experimentally 

one cannot be separated from the other. However, at lower 

energies and away from the resonances the elastic scattering
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is constant and is adequately given by 

c = AiR? 2013 
Sep 

where R is the geometrical radius of nucleus as given by 

eqn.2.1. This expression gives a value of about 10.5 barns 

for the fissionable nuclei, 

Near and at resonances the contribution from com- 

pound nucleus will be added; this is represented by the 

single level Breit-Wigner formula. However the component 

terms cannot be algebraically added due to the interference 

of the potential scattering with the resonance scattering, 

theix amplitude being added coherently, The interference 

effect results in pronounced asymmetry with a dip in the 

lower side of the resonance, where the resultant is smaller 

than the cross-section due to potential scattering alone. 

This feature can be used to distinguish the resonances 

where scattering is predominant from those where capture is 

the main phenomenon, Iron has a deep minima at 29 kev, which 

is of particular interest in shield designs, as it sets up 

a "window" for neutron reer oes Above the resonance region 

the potential scattering decreases from its low-energy value 

of 4? ana begins to approach the asymptotic high energy 

values 

Ons Sahih)? eee 2.14 

However a few broad resonances are still exhibited, which 

occur at the same energies as the giant resonances in the 

total cross-section, 

The compound elastic scattering becomes negligible 

with increasing energies away from the resonances. This is 

particularly so as soon as other modes of decay becomes
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available. Thus at high energies approximately half of the 

total cross-section is of elastic scattering which is mostly 

potential scattering. 

2.851) Angular Distribution of Elastic Scattering, 

The angular distribution from resonances is 

complex as it depends upon the angular momentum of the 

level, but in general is assumed isotropic. Potential 

scattering of s-wave neutrons ({=0) is isotropic in the 

centre-of-mass system; s-wave scattering is the only 

mode of potential scattering possible when KR << 1 where 

K(= 4/y) is the wave number of the neutrons. Isotropic 

s-wave scattering is observed in the light nuclei up to 

a much higher energy than in heavy nuclei. However when 

KR ¥ 1 (at few hundred: kev for the medium and heavy 

elements) the s-wave begins to interact with the nucleus 

and scattering ceases to be isotropic. The angular 

distribution in this case tends to become forward peaked. 

As the value of KR is increased with increasing energy, 

more partial waves interact and the scattering becomes 

increasingly forward peaked, when a large fraction of the 

scattering is confined in the forward peak - a cone af semi- 

angle ~ X/R. Secondary maxima and minima appear at 

larger angles; with increasing neutron energy they move 

to smaller angles. With increasing mass number the effect 

is similar (but not identical) to that due to increasing 

energy. However isotopes of different elements but same 

mass number have similar differential elastic scattering 

cross-sections.
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Angular distribution of elastic scattering of 

fast neutrons of several energies with iron and 

uranium are shown in'Fig.2.4. 

Average Cosine of Scattering-angle: i 

In general scattering is anisotropic in the 

laboratory system. For the light elements ps scatter— 

ing is assumed isotropic in the c.m (centre of mass) 

system up to several Mev; this means scattering is 

anisotropic in the laboratory systen even at low energies. 

On the other hand for heavy elements the laboratory 

systen is practically the same as the c.m. system. For 

them scattering can be assumed spherically symmetric up 

to about 100 kev or so. For reactor physics calculations 

the average effect of anisotropy is considered by the 

average cosine of the scattering angle per collision 

measured in the laboratory system. This is given by 

+4 
_ ar 
a le | o,(u)u dy 2.15 

= 4 

where yp = cos@ and @ is measured in laboratory sys tem. 

In the simple cases where scattering is isotropic in 

the centre of mass systen, for an element of atomic 

weight A, the average cosine is given by, (A >> 1): 

= 2 

Be Nay 
For anisotropic scattering in the centre of mss system 

2.16 

y is numerically calculated from experimentally know 

distribution, according as equation 2.15. 

The forward scattering lessens the effectiveness



FIGURE 2.4a-- Differential Elastic Scattering Cross sections 

of Iron at Several Incident Neutrons Energies as a Function 

of the Scattering Angle.(From BNIZ400 ,181 ). 
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of moderators in slowing down because the energy 

loss is smaller at smaller scattering angle md the 

average distances which neutrons migrate before being 

slowed down increases, For this reason also the leakage 

of the neutrons is increased. Variation of w with 

energy for three elements (uranium, iron and aluminium) 

are shown in Fig.2.5. At 14 Mev for the medium wei ght 

and heavy nuclei LE is greater than 0.8. The nuclei 

have the same value for average cosines down to about 

5 Mev. A few broad resonances are exhibited below 

1 to 2 Mev. 

Slowing Down of Neutrons by Elastic Collisions. 

The energy of the neutrons is reduced as they 

suffer elastic scattering with nuclei of the medium. 

The angular distribution is interpreted in terms of 

neutron waves; for reduction of energy hard billiard 

ball like collision is valid. Belov 15 Mev the neutrons 

are non-relativistic (change in mass is less than 2%) 

and Newtonian mechanics can be used, The energy loss as 

function of angle through which the neutron is scattered 

and the mass of the nucleus, can be obtained from the 

principle of conservation of kinetic energy and momentum. 

The calculations turn out to be simpler in the centre 

of mass system, in which the frame of reference has 

its origin fixed at the centre of mass of the neutron 

and the nucleus. The results can then be converted 

into the laboratory system (view point is that of an



Average Cosine of the Elastic Scattering Figure 2,5-- 

Angles for Uranium, Iron and Aluminium as Function of 

Energye:: 
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external observer), The calculations are given in 

the standard text books on reactor physics. Some of 

the important results are as follows. 

If ¢ is the scattering in the c.m. system, 

and A is the atomic weight of the target nucleus, the 

ratio of the neutron energy after collision to that 

before, Ep/E, is given by 

Ee _ AP 424 cosy n° Ge za7 
If @ is the angle of scattering in the laboratory 

systen 

coed ee 2.18 
(a? + 2A cosy+ 1)? 

Equation 2.17 shows that the maximum possible energy 

loss in a collision with a nucleus of given mass occurs 

when ¥ = 180°: 

2 
=.) = ) 2.19 

min 

When ¢ = 180°, @ = 180° $ they have the same values 

also at 0°. But at all other angles 6 is always less 

than y. When A is large E2/Ei is very close to 1 for 

all y. For carbon, the mximum loss is 28%, for iron 

it is 7% and for uranium only 1.7%. For cases when 

scattering is isotropic in the c.m, system the average 

loss is half of tne corresponding maximum loss. For 

forward bias in scattering the average loss is obviously 

less than that.
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2.9) Inelastic Scattering. 

2.9.1) n,n') Reaction Neutrons. 

When the energy Ep of the incident neutron 

exceeds the excitation energy of the first level above 

the ground state of target nucleus, inelastic scatter— 

ing becomes energetically possible, since the product 

nucleus may then be left in an excited state following 

the neutron emission. For (n,n') reaction the target 

and product nucleus differ only in that the product 

nucleus is in an excited state. If E, is the energy 

of the first excited level the kinetic energy of the 

emitted neutron is E = Ep - E,. Thus for incident 

monoenergetic neutrons above the first level but below 

the second, the emitted neutrons will also be monoenergetic. 

If energy is high enough to involve several of the excited 

states of the product nucleus, the compound nucleus can 

decay via any one of these levels and the emitted neutrons 

will have discrete energy spectrum, the spacing of the 

lines being equal to the energies of the excited levels. 

Such a spectrum from iron with 4. Mev neutrons is shown 

in Fig.2.6; this was obtained by Hopkins and $ilbert[11] 

by the time of flight technique at a laboratory angle 

of 50°. The corresponding levels of *°Fe are also shown 

in the figure. Energy of the first level of some of 

the reactor materials are shown in table below. The 

first level practically gives the inelastic threshold 

energy for the isotope.
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FIGURE 2.6-- Spectrum of the Inelastically Scattered 

Neutrons from Iron with 4 Mev Incident Neutrons. 

(From Hopkins and Silbert,11 ). 
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TABLE 2.1 

Inelastic Scattering Threshold 

Energies in Some of the Reactor 
Materials (After Ref. 12 

Threshold 
Nucleus Energy 

52Na 0.45 Mev 

PTA 0.84 " 

54ne Wetie 

Sone 0.84. " 

"Re 0.014. " 

58pe 0.80) -" 

Seenn 50 kev 

i 2954 13 " 

assy 15 Oy 

28°py 7.8 

a8 oP 43 kev 

It will be noticed that the threshold energy is con- 

siderably higher for the even-even (Z and A) ,nuclei 

than those of the even-odd or odd-odd nuclei. It is also 

known that the level spacings for the first few excited 

states are wider for the even-even nuclei, Hence on the 

whole even-even nuclei give less inelastic scattering than 

the odd nuclei. This speaks in favour of even elements 

for structural material and heat transfer agents in the 

fast reactors. In practice other considerations decide 

the selection. However it can be noticed that both 

238y and Behe, the major isotope of iron, are even-even, 

But ?°Na and Sta, that may be present in the core and
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the blanket are odd; despite this the threshold is 

still high due to the low mass number, In any case, 

the major fuels ***U and °°Pu are both odd and have 

the lowest of the thresholds for inelastic scattering. 

There is a distinct cross-section for the 

excitation (called excitation function) of every level 

below Eo, as a function of Eo. These are in fact 

branching ratios for the compound nucleus decay. The 

observed inelastic scattering cross-section is the sum 

of these individual levels. The cross-section for the 

first 3 levels of uranium-238 is shown in Fig.2.7, as 

a function of incident neutron energy. When the levels 

at-higher energies are available with increasing incident 

energy the cross-section for the lover levels begins to 

fall, though the total inelastic corss-section may be 

increasing. At higher energies when the continuum 

region of the product nucleus becomes energetically 

available the contribution fron the lowest levels gets 

negligible and the spectrum for the emitted neutrons tends 

to be continuous. In the intermediate states a few 

small peaks may be resolvable at the upper region of the 

spectrum while the lower end is continuous as predicted 

by the statistical theory. At the upper end, small 

peaks may still be observed with high energy neutrons ; 

these are mostly from direct interactions,and are super— 

imposed on the continuous spectra given off by the 

compound nucleus (Fig.2.8). At energies when the effect 

of the individual levels are predominant, the experimental
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FIGURE 2,7 -- The Cross Section for Exitation of the 

First Three Levels and the Total Inelastic Cross Section 

of 2385, (The cross section for the levels higher than 

300 kev are not shown. )From Yiftah et al, ref.183.) 
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results (13,14) can be interpreted in terms of the 

detailed level theory [15] » while the continuous spectra 

with the high energy neutrons are adequately inter- 

preted by the evaporation model of the statistical 

theory. For °°fethis begins at about 5 Mev and for 

288y about 2 Mev. The evaporation spectra is 

characterised by the nuclear temperature,T. If Eo 

is the incident neutron energy and o, (Eo) is the 

cross-section for (n,n') reaction then-the energy spectrum 

of the emitted neutrons is given by 

EY lt O,(BSE") = Gyr (ho) He oe’ 2.20 

According to the theory T should vary according to the 

square root of the ratio of incident energy to the product 

nucleus mass number, The constant of proportionality 

is obtained from experimentally obtained values. T is 

found to be given by the approximate relationship 

T= 3.2 Be 2.21 

where T ani Eo are expressed in Mev. This at 1, Mev 

for °°Fe gives T = 1.61 Mev and for 7°°U, T = 0.78 Mev. 

The peak of the continuous spectrum is located 

at T. The average energy of the spectrum can be 

obtained by integrating equation 2.20; this gives 

Bus: a eee 

According to this result the bulkof the neutrons fron 

the (n,n') reactions of the high energy neutrons around 2 6}
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1) Mev, with °°Fe have energies in the range 1 to 3 Mev. 

The average energy for them is about 3.2 Mev. This 

means that a 14 Mev neutron loses on the average about 

11 Mev on inelastic interaction. The slowing down 

capacity of inelastic scattering is demonstrated by this. 

The average energy loss by this process is not so strongly 

dependent upon the mass number of the target atoms, 

though it is more for the heavier nuclei, in contrast to 

the energy loss by clastic scattering. However the energy 

spread of the evaporation spectrum is so large that the 

neutrons cannot be described by the average energy, while 

elastic nutrons can often be, The fractional energy loss 

is more,higher the incident energy. The inelastic energy 

ose is obviously not applicable once the neutrons are 

below the threshold. “This puts 850 kev for iron and 45 kev 

for uranium as the limit below which no degradation is done 

by inelastic scattering. 

Most of the characteristics of inelastic neutrons 

with 14 Mev were known from measurements by Groves and 

Rosen and others [26,17,18] with nuclear emulsions in the 

early fifties. The evaporation type spectra is 

essentially observed. However for some elements including 

iron the data does not fit with a single Maxwellian. 

This is because of the contribution from the (n,2n) re~ 

actions with iron at_ 1), Mev. The (n,2n) threshold 

energies for these elements are below 1) Mev and far iron 

has got a substantial value at 1} Mev. For the heaviest 

elements the (n,3n) threshold energy is below 1) Mev
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and this introduces further complexity in the emitted 

spectrum. 

n, 2n) and (n,3n) Reactions. 

Usually the inelastic scattering refers solely 

to (n,n') reactions, in reactor studies. Neutrons from 

multiple emission reactions are generally neglected 

because very few neutrons are available above the 

(n,2n) threshold. This omission is also caused by the 

fact that the: (n,2n) reactions have not been studied in 

detail, They cannot be readily separated in the obser— 

vations from the (n,n') neutrons. When they are assumed 

to be present, they are also termed inelastically 

scattering neutrons. . 

The same emission mechanism as of the (n,n') 

neutrons can be used to describe the multiple emissions; 

the process is just repeated. Accordingly, the first 

neutron of the (n,2n) and the (n,n') neutrons are emitted 

from the same state of the compound nucleus and given by 

one temperature, T; for the first nucleus. The energy 

distribution of these neutrons will be 

o(Eo,E') = [ens (Bo) + o,an(Bo)| Bie Ets sete 

Following this the residual nucleus is left with an 

excitation energy Hi* = Eo - E', If E,*,is below the 

threshold B for the (n,2n) reaction the nucleus will decay 

to its ground state by gamma emission. But if E,* is 

above B, a second neutron can be emitted with a high
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probability. The second heueron will be characterised 

by another temperature Tz; corresponding to an excitation 

energy E2* = Ei* - B= Ey ~ E'- B. An average valw 

of Tz can be assigned to it. The threshold of the 

(n,2n) reaction for iron is 10.8 Mev. Thus for 1} Mev 

incident energy the second reutron can be emitted 

corresponding to the first neutron energy below 3.2 Mev. 

Since a good fraction of the first neutron has this energy 

the (n,2n) reaction attains a substantial value soon after 

the threshold energy. At 1) Mev the iron (n,2n) cross- 

section is 560 mb. Further, as is evident from these 

considerations the (n,2n) reaction takes place at the 

,expense of the (n,n') reaction, as a good fraction of 

the first neutrons are now included as part of the (n,2n) 

reaction. On the onset of the (n,2n) reaction the (n,n') 

cross-section begins to fall. From a value of 1.40 barns 

below the (n,2n) threshold the (n,n') cross-section falls 

to about half this value at l, Mev. The second neutron 

gets its binding energy from the excitation energy left 

and the remaiider may appear as kinetic energy. But 

for decay by inelastic scattering the residual nucleus 

(°°Fe) is left at least at its first excited state, so 

that the emitted neutron energy is less than the balance, 

These considerations show that the neutrons associated 

with the (n,2n) reaction are at lower energies while 

the high energy neutrons are from the (n,n') reaction. 

The cumulative distribution of the first and 

the second neutron is given by
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(8 ,E') = [ans (Bo)*09,(80)| Z enEs/Ta 

Bt -B,/t Bog ae 2 + Son Bo) Tr? ° 2.2h,. 

Troubetzkoy [19] found agreement of this equation 

with experimental data from iron with high energy 

nuetrons; the values for the temperatures for iron 

he assigned 

‘<. a 
Eo\? Ee Eo-10.8 \? 

where Eo is the incident neutron energy. This gives 

for 1. Mev Ty = 1.80 Mev and To = 1.07 Mev. 

The relationship between the first and the 

second neutzgascan be extended to that between the 

second and a third when the incident energy exceeds the 

threshold for (n,3n) reaction. For 7°°U the threshold 

for the (n,2n) reaction is 6 Mev and for the (n,3n) 

11.5 Mev. However in the fissionable nuclei the 

multiple neutron emission competes with fission i.e. 

instead of emitting the second and the third neutrons 

following the first, some of the nuclei undergo fission, 

increasing the fission cross-section. Nevertheless, 

832y has substantial (n,2n) cross-section of 1 barn at 

14 Mev. As can be seen in Figure 2.3 both the (n,n') 

and (n,2n) cross-sections are falling, while the (n, jn) 

eross-section rising at 14 Mev. Parker [20] gives the 

energy distribution of these neutrons from 7°*y,
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Since the eres particle emission cross- 

section is small for the medium weight nuclei and in- 

significant for the heavy nuclei the compouni nucleus 

formation cross-section is mostly composed of the 

neutron emission cross-sections for the medium weight 

nuclei and the neutron emission plus fission cross— 

sections for the heaviest isotopes. 

Angular Distribution of Inelastic Neutrons. 

The angular distribution of particles 

emitted from the decay of compound nucleus is expected 

to be symmetric about 90°, with more or less a flat 

profile. From the experimental evidence available 

for angular distribution from excitation of the in- 

dividual levels of iron and other nuclei [11,21,22], 

it can be concluded, this is valid. 

With higher incident neutron energy when 

the continuum region is reached part of the neutrons 

coming out with high energies are found to be forward 

peaked, The fraction with the forward bias increases 

with increasing incident energy as well as with the mass 

number of the target nucleus. With the 1). Mev nuetrons 

experimental work on iron and other materials [23-26] 

show that the pact of the evaporation spectra below 4 

to 5 Mev are emitted isotropically, while above that 

energy a considerable fraction is preferentially found 

in the forward hemisphere. At the backward direction 

from 90° to 180°, neutrons at all energies are found to
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have a flat distribution. Bonazzola et al. [26] 

have measured the angular distribution in groups of 

1 Mev energy spread above 5 Mev, from iron for an 

incident energy of 14 Mev; a rough calculation of 

u, the average of the cosines of the scattering 

angle, gives a value of 0.26 for the group 9 to 10 

Mev and 0.11 for the group 6 to 7 Mev. However the 

average cosine for the entire spectrum will be much 

less than these figures, because relatively fewer nevtrons 

are emitted with high energies, The forward bias is due 

to the direct interaction component in the (n,n') re- 

action. 

For uranium as well, below 5 Mev the secondary 

neutrons are found to. be isotropic, while those with 

higher energies are found to have stronger anisotropy 

than for iron, The angular distribution of the energy 

band 5-12 Mev from 7°SU, with incident energy 14 Mev 

are shown in Figure 2.9. 

Radiative Capture (ns y, Reaction. 

The (yy) reaction is one of the most important re- 

actions for reactor physics, The neutron balance and economy 

mostly depends upon it. The conversion and breeding of the 

fertile isotopes into fissile take place through this reaction . 

The reason why breeding is possible in fast reactors and not 

the thermals is based upon the fact that the proportion of the 

(n,y) reaction at fast reactor energy is smaller in the medium 

weight structural materials than that in the heavy fertile



FIGURE 2,9--- Angular Distribution of Inelastically 

Scattered Neutrons of Energies from 5 to 12 Mev, 

from Uranium-238 with Incident Neutron Energy of 

(After Parker [20] ). 14 Mev. 
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materials so that a good neutron economy is possible while 

at thermal energy the bulk of the excess neutrons are 

absorbed in the structural materials and the moderators, 

as the (n,y) cross-section is high at thermal energies. 

Most nuclei have some absorption for the thermal 

neutrons; however the cross-section for this varies from 

element to element and isotope to isotope, from a few 

millibarns to thousands and sometimes millions of barns. 

The cross-section for the light nuclei in general is small and 

capture is an important process (exceptions are 40R SLi etc.); 

for these nuclei the resonances are few and occur at high 

energies and even then they are mostly scattering resonances. 

For nuclei of relatively heavier masses, the resonances become 

more numerous, some of which are almost exclusively for capture 

with relatively small fractions for scattering. The capture 

cross-section variation of the wings of’ a resonance is given 

by Breit-Wigner formula: 

o{n,y) = mg. Ny a 2.25 

(B-Bo)?+ 17/4, 

where the terms have the same meaning as equations 2.8 and 

2.9; equation 2,25 can be written from these latter 

equations. The Breit-Wigner formula asserts that the caputre 

wings on either side of the peak are symmetrical. Away from 

the resonance the o(n,y) is still determined by the character 

of the nearest resonance or, if there are several near enough 

to be effective, by their resultant effects, which unlike the 

scattering are algebraically additive. Far from the resonance 

i.e. away from the foot of the resonance o{n,y) varies as 

A where -v is the velocity of the neutron. This relationship
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dominates the capture at and near thermal energies; the 

value of the 44 - relationship is determined by the first 

peak above the thermal energy. 

The absorption behaviour in the absence of any 

other competitive reaction is determined by the ratio 

T/T: The general pattern is that while the average 

neutron width increases with the neutron energy CG, varies 

as about JE, 5 radiation width for the medium and heavy 

nuclides is of the order of 0.1 ev and is more or less 

independent of energy. At some energy, of the order of a 

few kilovolts the gamma and neutron widths become equal. At 

higher energy the total width [is approximately equal to 

q and the o(n,y) averaged over many resonances varies as 

“Ens in contrast to the “NE, law which prevails at low 

energies. However the “fe, relationship of higher energies 

is only approximate compared to the more rigorous */v relation- 

ship of lower energies. When more reactions become available 

the captive cross-section falls faster than as */8,« 

The variation with the mass number also shows some 

regularity at high energies, At a given energy, o(n,y) at 

first increases rapidly with increasing atomic weight up to 

about 100, after which the cross-section levels out around a 

steady value, which at 1 Mev is 100 mb, There are some scattered 

exceptions to this. The nuclei with magic numbers in particular 

have very small capture cross-sections compared to the neigh- 

bouring isotopes. 

The capture cross-section of iron and uranium-238 

above 1 kev are shown in figures 2.10 and 2.11 respectively. 

The uranium-238 cross-sections at high energies are better



Figure 2.10-Capture Cross-section of - Iron from 30ev to 1 Mev. 
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Figure 2.11— Capture cross-section of Uranium-238 

from 2 kev to 15 Mev. (After Davey [24] ). 
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known. Davey [27] has recently made an extensive stuay 

of it from 1 kev to 15 Mev; figure 2.11 is due to him. The 

thermal (2200 m/s) cross section for ?*°U is 2.70 barns. 

The same value is also for *°Fe; for natural iron the 

cross-section is 2.53 bars. The capture cross-section 

for iron at high energies is poorly known. It is not shown 

in BNL-325. The figure is after the measurements of Moxon 

and Rae, as reported by Barre et al. [28]. The *A fall 

from thermal region persists up to about 1 kev. Between 

1 kev and 20 kev there is some resonance structure. Above 

20 kev there is a considerable spread in values of different 

authors [28]. However the cross-section is considerably 

small after the resonance region; it is only about 7 mb or 

so at 100 kev and about 2 mb only at 1 Mev, compared to 200 mb 

and 150 mb respectively for.uranium. However the latter also 

drops rapidly after 1 Mev, as the fission reaction begins ; 

it is only about 25 mb at 3 Mev. 

Charged Particle Emission Reactions. 

The principal reactions of this type are the 

(n,p) and (n,a) reactions. These reactions are usually 

endothermic (negative Q-value) and do not occur below a 

threshold energy, given by 

AdL 
eee E 

The maximum kinetic energy available to the charged particle, 

xis EL = E, - Q, where E, is the incident neutron energy. 

The cross-section for the reaction as a function of energy 

is governed mainly by the Gamow factor for tunnelling as long 

as E, is not greater than the Coulomb barrier height. Ata
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given energy available for emission, the proton emission 

will be more probable than alpha particle emission because 

of the lover height of the barrier for the proton. ‘The 

cross-section for charged particle emission is usually small, 

compared to the neutron emission reactions and decreases 

with increasing Z., With the 14 Mev neutrons it does not 

exceed 150 mb for mass number above about 70, and decreases 

very rapidly to, of the order of 1 mb for the heavy nuclei. 

With increasing energy the cross-section increases from the 

threshold and in general approaches a constant value. 

Both the compound nucleus formation and direct 

interaction mechanisms are effective for charged particle 

emission, The direct effect is more prevalent in the heavier 

nuclei ami for (n,p) rather than (nya). The emitted protons 

have an evaporation Maxwellian spectrum - with the lower part 

of the spectrum suppressed due to the coulomb barrier, As in 

neutron emission, the higher energy protons are anisotropic 

while lower energy ones are symmetric about 90°, 

Some endothermic charged particle reactions are 

important in reactors even though their thresholds are high. 

In water reactors, for example, the *°0(n,p) *°N is the 

principal source of the radioactivity of water, despite the 

fact that its threshold is about 9 Mev. Similarly (n, a) 

and (n,P) reactions in the materials such as aluminium and 

iron that are present around reactors can induce activities 

by high energy neutrons.
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INTERACTION OF FAST NEUTRONS WITH MATTER 

II. FISSION
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Introduction. 

Nuclear fission is a process in which a heavy 

nucleus splits into two fragments, with release of con- 

siderable amount of energy and emission of neutrons and 

gamma-rays. Since its discovery in 1939 it tae found 

immense applications both in war and peace. 

With sufficiently high energy of bombarding 

particles such as neutrons, proton, alpha particles or 

gamma rays, fission can be induced in most of the heavy 

elements. However it is only with elements from thorium 

upwards in the periodic table that fission occurs with low 

and moderately high energy neutrons (up to several Mevs); 

they also undergo spontaneous fission, These elements that 

are of interest from the practical uses of fission, are known 

as fissionable elements. Of these there are two types - 

those that fission at all energies from thermal and above and 

those that can fission only for neutron energies above a 

threshold value. They are usually termed fissile and fertile 

respectively. For self-sustained nuclear reactions fissile 

isotopes are essential, Fertile isotopes however can be 

converted to fissile by neutron capture. 

Mechanism of Fission. 

2.1321) Critical ani Threshold Energy for Fission. 

Study of the binding energy curve shows that 

the binding energy per nucleon is maximum for nuclei 

of mass number about 50 to 60 and it decreases from there 

on with increasing mass number, Thus it is possible that 

when a nucleus of A exceeding 120 is subdivided into 

two fragments the mass of the fragments will be less
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than that of the original nucleus, thé balance being 

converted into energy. As the fragments would be more 

stable, the nuclei of mass numbers greater than 120, in 

principle, would split on their own. This cannot happen, 

because a nucleus must acquire some energy before it 

can disturb the balance of various energies that are 

holding it together. The energies in balance are the 

coulomb repulsive force and the short range nuclear 

attractive force. The coulomb force is proportional to 

3 (2-1) /AS ( 22/n2), while the attractive force is pro- 

portional to the surface area i.e. we, the ratio is 

proportional to 2°/A. Since the quantity 2? increases 

faster than A with increasing Z, fission becomes easier 

with the heaviest nuclides. Some additional energy is 

still needed because absolute value of the attractive 

force is still less than that of the coulomb force. 

For some of the heavy nuclei, just the energy brought 

in as the binding energy of an absorbed neutron is enough 

to upset the balance while = others, still more energy 

is needed which can be supplied by the kinetic energy of 

the neutron, The minimum energy needed for fission to 

occur is called the critical energy. 

The critical energy can be explained in tems 

of the liquid drop model of fission, which is believed 

to describe the basic process by which a nw leus undergo 

fission. According to this pjeture the short range 

nuclear force contributes a surface tension to the nucleus 

similar to that of a liquid drop. With the added energy,
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due to the binding energy and kinetic energy of the 

incident neutron, oscillations are set up within the 

drop and these tend to distort its original spherical 

shape and make it ellipsoidal, More energy is needed 

for further elongation, since surface to volume ratio 

is increased in such a process, The stages leading to 

fission are shown in Figure 2.12, With sufficient 

availability of energy the deformed nucleus develops a 

saddle point somewhere near its middle and if it can reach 

the position C, then conlomb repulsive force takes over 

and the two blobs of uvclear mass are pushed away from 

each other until they are completely separated from each 

other; the fission fragments are now fully accelerated. 

The critical energy Ey is the minimum energy 

required to pass from original nucleus to a critical 

deformation, This is equal to the difference between 

the coulomb energy oF and Q-value of the reaction 

(Fig.2.12): 

E,=E -Q 2.26 

with Q = [(orit,) - (tate) Je 237 

where Mo is the mass of the original nucleus, nm that 

of the neutron absorbed and My and Mz are the (rest) 

masses of the fission fragments before the emission of 

the neutrons. The Q-value can also be written from 

detailed energy balance of the fission products, 

The term "fission threshold", on the other hand 

indicates the lowest kinetic energy at which fission is 

observed and is equal to the difference between B, and



FIGURE 2.12-- Potential Energy of a Fissioning 

Nucleus at the Successive Stages; (shown as exess of 

the rest-mass energy of the fragments) 
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the binding energy of the absorbed neutron, when E, 

is larger than the latter, if E, is smaller, 

neutrons of zero energy can induce fission, 

The Q-value for fission is the average of 

Q-values over all possible values, as the masses of 

the fission fragments are not fixed, as the nucleus 

can split in several ways. However the Q-value of 

fission reaction is positive. Unlike other exoergic 

nuclear reactions which do not have threshold energies 

some of the fission reactions have. 

The critical energy E, can be given to a 

fissioning nucleus in several ways e.g. it can be 

given by energetic gamma-rays. In photo fission 

studies the excitation energy E, can be directly measured. 

Its value is around5 Mev; for some of the common 

fissionable isotopes this is listed in Table 2.2. 

TABLE 2.2 

Critical and Threshold Energies for 

Fission of Several Nuclei (After 
Ref .31 

  

Target Compound Critical Energy | Binding Energy Threshold 
Nucleus . Nucleus Ey: Mev. of the last Energy 

neutron, E ~E-E 
n con 

  

    

Ase th aoeth 6.5 Mev 5.1 Mev 1.4. Mev 

2267, BS SU) 53 6.4, -1.1 

Boey 585 * - 
2aay see 5.15 Led 0.6 

- 288py 55 * - 

ern eee o 4.0 6.4 ~2.h 

au 5615 *         
*Binding energy for these nuclei is not relevant, since they cannot 

be formed by neutron capture. 
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Form Table 2.2 it is observed that isotopes 

with even-A (target nuclei) can undergo fission only 

if the neutron has sufficient kinetic energy, while 

isotopes with odd-A eve negative threshold values, 

for which fission is possible by excitation of the 

bound~states; experimentally fission at "negative" 

neutron energies can be studied Wi aectercn stripping 

reactions [32]. This odd-even characteristics is the 

general rule for the fissile-fertile materials - fissile 

isotopes have even atomic number and odd mass number 

while fertile isotopeshave even atomic number but even 

mass number, This is because, the binding energy of 

the incident neutron to an even-A nucleus is always less 

than that to an odd-A nucleus. 

Theories. 

The liquid drop model, since its introduction by 

Bohr and Wheeler [33] , has served as the basic concep tual 

framework for the fission problem. In spite of its 

sweeping simplicity the model, based on hydrodynamical 

analogy has accounted for many properties of fission. 

This model is still being actively exploited to study 

many ¢ the features of the fissioning nucleus [34] . 

From the assumptions of the liquid drop model 

a saddle configuration can be found from the potential 

energy considerations. However the theory loses track 

from saddle point to its descent to scission. From the 

study of fission resonances it is generally agreedthat
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the number of channels for the fission reaction i.e. 

the modes of arrangenents of the fissioning nucleus 

over the fission barrier are a few - two or three 

[35,36]. This defines the possible saddle points. 

However since there are 40 or so ways in which the 

nucleus finally breaks up, it is supposed that the 

transition from saddle point to scission point allows 

time for considerable rearrangement of the nuclear 

material. In spite of the large energy available for 

excitation that only few channels are observed, has 

been explained by Aage Bohr [37] as due to the fact that 

the amount of potential energy of deformation leading to 

saddle point is so large that very little is left for 

excitation of the compound nucleus at that stage. 

The liquid drop model predicts a monotonic 

behaviour of the critical energy as a function of Z 

and A, and does not take into account the odd-even 

characteristics of the heavy isotope that dictate fission 

cross-section. The fission fragment distribution in- 

dicates some role of the shell structure of the nuclei 

and attempts have been made to apply the shell model. 

However application of the other models into fission 

theory has been to complement the liquid drop picture 

rather than replacing it. 

Products of Fission. 

Immediately following fissicn there are two 

fission fragments as two deformed blobs of nuclear mass, 

moving in opposite directions. About 205 Mev is available
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between them, which is the Q-value of the reaction. 

Bulk of it, about 170 Mev on the average is in the 

form of kinetic energy and the rest initially appears 

as the excitation energy of the fragments. Most of the 

fragnents fall in two groups with peaks at mass—numbers 

140 and 95. 

The neutron to proton ratio of stable isotopes 

of intérmediate weight is much less than that of heavy 

ones, The compound nucleus 22897 has 147 neutrons and 

92 protons and the ratio is 1.60. The corresponding 

ratios for the stable isotopes of some of the fission 

products - krypton, iodine, xenon and caesium vary 

from 1.17 to 1.52. The immediate fission fragments 

therefore have excess neutrons and the emigsion of neutrons 

from these nuclei therefore becomes most probable. The 

proton deficiency of the fragnents decreases the binding 

energy of the neutrons; its value in the lighter frag- 

ments is about 5.5 Mev and in the heavier fragments about 

5 Mev. The corresponding valuéin the stable nuclei of 

same masses are about 7.7 and 7.2 Mev. Neutron emission 

will be the most likely process as long as the excitation 

energy of the fragnent exceeds the neutron binding energy 

by a few kev. There can be occasi onal emission of protons 

and alpha-particles, If the excitation energy drops below 

neutron binding energy, »emission will become most likely. 

Because of the higher excitation energy of the ligater 

fragments, more neutrons are emitted by them. Furthermore 

because of the large spread in the excitation energy, the
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total number of neutrons per fission also shays con- 

siderable fluctuation over the average number. As 

many as five or even more neutrons may be emitted for 

which the total excitation energy needed is well over 

30 Mev. 

The fragments lose energy in the surrounding 

matter by ionization and excitation of the atoms of 

the material around and are soon brought to rest. The 

maximum range of the fragments is about 6.7 x 10°* cm. 

in uranium and 1.4.x 10°° cm, in aluminium. ‘The 

nascent fission products are still proton deficient; 

they begin to adjust the charge through a series of 

6-disintegrati ons. The first few B-rays are emitted 

in the course of seconds; the lifetimes of some of 

the later products range up to years. The beta 

emission is naturally accompanied by anti-neutrinos, 

which carry away on the average 11.9 Mev per fission 

of #°®y and somewhat less for ?°5y or ?9%py [38]. 

Not all beta decays lead to the stable 

ground state of the daughter, Some of them are in 

excited states which decay promptly after their formstio 

by yradiation. Some of these excited states are also 

responsible for the delayed neutrons which is though a 

small fraction (ebout 1%), plays a prominant part in the 

kinetices of reactors. 

Thus average fission has produced: 

Z) 2 nuclei with mass numbers near around 95 and 140; 

2) about 2 or 3 neutrons with about 2 Mev kinetic energy 
each;
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3) about 5 prompt gamma rays, with a total energy 
of about 6 Mev in all; 

4) about 5 x 10° ion pairs and a similar number of 
excited states in the medium traversed by fission 
products and 

5) about 7 beta-rays and antineutronos and an equal 
number of gamma-rays during the decay of fission 
products and 

6) an occasional neutron (delayed) of average energy 
0.3 Mev. 

2.14) Fission by Fast Neutrons. 

Pas e}) Cross Section. 

For the even-even isotopes the fission 

threshold lies between 0.4 and 1.2 Mev and the cross- 

section systematics with energy is simple, The fissile 

isotopes, on the other hand have high cross-section at 

thermal energies and richly populated resonances near 

that. Infact the high cross-section of the three major 

fissile isotopes, 28%py, 285y and 793y at thermal 

energies can only be explained by assuming one or two 

resonances at 'negative' energies i.e. bound states, 

The resonances can be resolved experimentally up to 1 kev 

and unresolved resonances are believed to be effective 

up to 10 kev. The asymmetry of the fission resonances 

and other interesting features of them have been extensively 

studied from both theoretical and practical considerations 

[39-42]. Above the resonance region the fission cross- 

section becomes srpothty falling off with energy to approach 

the value of m® ~ 2 barns. At 10 kev the fission cross- 

section of *°5U is 3.8 barns; by 100 kev that of both
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23py and 795y is already below 2 barns. 

In the neighbourhood of 1 Mev neutron energy, 

fluctuations are observed in the fission excitation 

curves of almost all of the fissionable isotopes. For 

example in Op of #°Pu there is a rise at 1.2 Mev. 

The cross-section of *°®U rises through 3 short plateaus 

at 610, 950 and 1180 kev. Except for the low and long 

tail beginning at 0.6 Mev, the 7°°U threshold from 

practical purposes is taken to be 1.2 Mev, from where 

it rises to a plateau of about 0.6 barn at 2 Mev. In the 

Mev region the fission cross-section is determined as a 

result of competition between inelastic scattering and 

fission process, since de-excitation of the compound 

nucleus by gamma-emission can be neglected. For all the 

isotopes, including those thermally fissile, the first 

plateau continues up to about 6 Mev (Fig.2.13); the 

heights of the plateaus are below 2 barns, 

In the 5 to 6 Mev range one encounters the 

gamma-fission, (y,f) threshold for each of the isotopes; 

at this energy an increase occurs which brings the fission 

cross-section to a second plateau. This increase is ex- 

plained in terms of the inelastic scattering of the neutrons 

by the fissionable nucleus. Following the inelastic 

scattering, the nucleus may now be left ina sufficiently 

excited state; and the state of the nucleus can be the 

same as that following the absorption of an energetic gamna- 

vay - when the excitation can cause a fission. For the 

de-excitation, however, there is a competition between. 

emission of a second neutron and the fissioning of the



FIGURE 2.13 -- Fission Cross Section of Some of the 

Fissionable Nuclei for Fast Neutrons, Showing the First 

Plateau. (After Henkel, ref. 43.) 
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nucleus, The former is the (n,2n) reaction and the latter 

is term (n,n'f) reaction which is added to fission by 

directly following the absorption of a neutron. A second 

rise and a subsequent third plateau will occur at the 

sum of the (n,2n) and (wf) threshold energies. The 

nucleus which is fissioning at the third plateau is the 

(A-1)* nucleus. At higher energies, thus fission is 

made up of component parts and the observed fission 

cross-section is equal to 

o = o(n,f) + o(njn'f) + o(n,2nf) +... 2.28 

Early work on fission by fast neutrons has 

been discussed by Henkel, Hemmendinger and Kalanin 

[43-16]. Later measurements have been made by Pankratov, 

White and Warner [47-49]. The measured cross-section of 

2°8y fron 3 to 37 Mev by Pankratov is shown in Figure 2.1), 

The first four plateaus and beginning of perhaps a fifth 

can be seen, 

Fast Fission and Chain Reaction. 

A self-sustained chain reaction is not possi ble 

with the isotopes having a positive threshold alone. This 

is because nuclei like ?°*y have larger cross-section for 

inelastic scattering than fission with the fission-energy 

neutrons and the inelastic threshold is much lower than 

fission threshold. Consequently most of the neutrons 

produced in fission are rapidly slowed down below fission 

threshold,
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Figure 2.14-- Fission Cross-section of Uranium-238 

from 3Mev to 37 Mev. (From Pankratov [49] dis 
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However, energetically 60% of the prompt 

neutrons are above *°®U fission threshold and if thd 

systen contains large amount of 7°8U it can make sub- 

stantial contribution to total fission. With increased 

concentration of ?°°Pu or ?°5y in agi chain reactions 

can be self-sustained; thus with about 6% enrichment 

of ?*5y in ?98y an infinite system will be self- 

sustaining. In practical fast reactors the enrichment 

is anything above 10 to 15%; the remainder is aru, 

which can easily be assembled in such a way that between 

19% and 30% of all fissions occur in it [50]. Many of 

them, though, occur in the reflector region and 

proportionately makes less contribution towards criticality. 

The main aim with the 28° isotope is to let (n,y) re- 

action happen so that **°Ppy is produced. 

2.15) Neutrons from Fission. 

2.15.1) Energy Spectrum. 

The prompt neutrons, it is now certain are emitted 

from the fission-fragments within a short time after 

fission, as the deformed nuclei of the fragments rearrange 

their nuclear configuration, and find themselves in 

excited states with excess neutrons, The mechanism 

therefore is similar to emission of inelastic neutrons 

through evaporation, the spectrim of which is a Maxwellian, 

However the numerical values for such an expression can 

only be empirically obtained and consequently these 

values are not unique. In fact several sets of values
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from the data-fit has been put forward. For the 

neutrons from ?°°U by thermal neutron induced fission 

the following formulae describe the spectrum:- 

n
+
 

¥(B) = 0.453 exp(-1.036E)Sinh(2.29E) 

[cranberg] eee 20294) 
a 

0.484. exp(-EB)Sinh (28)? 
[watt] wise 2e29(D) 

(8) 

a 
¢(E) = 0.7696 B® exp(-0.7758) 

[Maxwellian] eos 2.29(c) 

where E is in Mev and (E) is so defined that 

y(E)dB is the number of neutrons emitted with 

laboratory energy between EB and E+dE per fission 

neutron, that is ¢(E) is normalised 

| y(B)aB = 1 2.30 
° 

The first two are named after the authors who obtained 

the constants. Of these Watt-spectrum is the one 

generally used. Watt [51] also considered finer ex- 

pressions considering neutrons from different groups 

of fission fragments, each group giving their own sets 

of values but he concluded that, a finer expression did 

not substantially vary from the averaging expression in 

2.2). Bonner et al. [53] reports that the Watt equation 

fits experimental data down to 75 kev. 

Cranberg et al. [52] also gave a simpler ex- 

pression which they found describes data below 9 Mev 

adequately



2.15) contd, 

Ql Ded) 

63. 

contd. 

y(B) = 0.77 AE exp(-0.7768) eos, 2029(d) 

This is also known as Cranberg-spectrum, 

The above expressions all fitted to thermal 

neutron induced fission of ?°5U, also fairly well 

describes neutrons from other nuclei with low energy 

induced neutrons, The spectrum changes slowly with 

higher energies of neutrons; this is considered 

later, Tie energy of the neutrons described by equations 

2.29 yields a value for average energy Es 1.98 Mev. 

The most probable energy, corresponding to the peaks 

is only about 0.85 Mev. 

The distribution y(E) md the number of 

neutrons above energy E is given in Table 2.3 below. 

This is according to the Watt-spectrum.
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TABLE 2.3 

6h. 

Fission neutrons spectrum and fraction 
of neutrons above a given energy, for 
the Watt-Spectrum; (after ref .5).). 

  

Energy (EB) Fraction emitted 
E,Mev per Mev above E, per cent 

0.1 Mev 0.2023 98.60 % 

0.2 0.2676 96.23 

0.5 0.3450 86.79 
0.8 0.3542 76.15 
1.0 0.3446 69.18 

14 0.3073 56.17 

2.0 0.2371 39.72 

3.0 0.1384. 21.24 

4.0 0.07472 10.86 

5.0 0.03827 5.37 

6.0 0.01916 2.61 

8.0 - 0.57 
10.0 - 0.12 

12.0 - 0.027 

14. = 0.0049 

15 - 0.0022 

2.15.2) Variation of y with Ei: ee es a 

i, the average number of prompt neutrons emitted 

per fission, is important both for reactor and breeding 

calculations. It is a function of the energy of the 

neutrons inducing fission, as well as of the nucleus under— 

going fission, 

Assuming that the fragment kinetic energy does 

not vary with the incident neutron energy, Leachman [55]
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and Usachev and Trubitsyn [56] have demonstrated 

that D is expected to increase linearly with the 

neutron energy E in the form 

v(B,)= vo +a Ey 2.31 

where vo and 'a' are constants for a given nucleus; 

however 'a' is found to vary slightly with Ene 

By a neutron emission the excited fission 

fragment loses its internal energy equal to the 

binding energy and kinetic energy of the neutron, The 

average energy of emitted neutrons according to 

Weisskopf model [1] is 2 where T is the nuclear 

temperature, The increased energy of the incident 

neutron, increases the excitation energy of the fragments 

and as a result both the number of emitted neutrons as 

well as their average energy increases, From these 

considerations Bondarenko et al. [57] derives the rate 

of variation of v as 

ww _ _0.9_ 2.32 
dE BE, +et 

The variation in the slope can be explained from the 

above relation by considering that Ey» the average binding 

energy increases with increasing number of neutrons 

emitted by the fragments. Also due to variation of 

Ey» the slope should vary with different nuclei, 

Equation 2.32 gives values in agreement with the 

experimental ones for several nuclei [57]. 

The *°*y data are found to be given by one
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value of the slope for the energy range up to 

1, Mev. From their recent measurements Soleilhac 

et al. [58] finds that ®°°U ana ?°°Pu data for 

least square fit can be represented by the following 

equations for incident energy from 1.3 to 15 Mev: 

2.28 + 0.1548 2.33 " aeeG. Wh) 

28%u; D(H) = 2.87 + 0.1508 2.34. u 

The ?°5y data are hovever more complex and there are 

disagreements between the quoted values. While 

Soleilhac et al. finds the necessity of three sevarate 

lines in the above range, Fraser and Mitton [$9] finds 

a fit to a polynomial of second order between thermal 

energy and 8 Mev. 

Variation of HB with Et 

The variation of the average energy E of the 

emitted neutrons with the incident neutron energy has 

been investigated by Terrell [60], Leachman [61] 

and recently by Doyas and Howerton [62]. 

Assuming that the Weisskopf model is correct 

for emission mechanism of the neutron from the fission 

fragments, Terrell shows that their average energy 

E is given by 

E = Er + oF 2.35 

where Ep is the average kinetic energy per nucleon 

of the fragments and T is the average nuclear temperature 

of the fragnents- From the known kinetic energy
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distribution of fission fragments, which does not vary 

significantly with incident neutron energy, Terrell 

estimated E, = 0.75 Mev. The temperature T could be 
£ 

related to V from the fact that ) increases linearly 

with the excitation energy EL, while T is given by 

v= a 
where a is a constant. This gives 

T = Dye 2.36 

where b. is another constant. The unity in (v+1) 

accounts for the gamma ray energy. b is obtained 

empirically and is found to be 0.65 [62] « Thus from 

equations 2.35 and 2.36 above 

~ i 2s 

E = 0.75 + 0.65 (v + 1)? Mev. 2.37 

. Thermal neutron fission data for several isotopes have 

been found to agree with equation 2.37 [52]. At higher 

energies up to 1) Mev there are (n,2n) and (n,3n) in 

addition to fission. If v, is the number of neutrons 
in 

observed per fission event for all processes then the 

neutrons due to fission alone is given by 

= ™ &- o(n,n'f)—2o(n, 2nf) 2.38 

a 
where oe is the total fission cross-section as has been 

ve 

defined by equation 2.28. Doyas and Howerton [62] , 

studying the available data conclude that Terrell's 

equation (eqn.2.37) &ives a good description of E for 

incident energies between thermal and 14 Mev and also 

for spontaneous fission and is applicable to all isotopes. 

According to equation 2.37, substituting the



2.15) contd. 

2.15.3) contd. 

published values of the average number of neutrons per 

fission, we get thataverage energy for fission neutrons 

for ?°8y increases from 1.96 Mev with incident neutron 

energy of 1.4 Mev to 2.25 Mev with 1} Mev neutrons - 

an increase of 300 kev. 

2.16) Breeding Properties and Parameters. 

2.16.1) Breeding Possibility. 

The only fissile. material that is naturally 

occurring is 7*°U which is present as only 0.7% of the 

natural element. For the future of nuclear power, 

therefore there is a strong incentive to change the 

fertile isotopes into fissile through neutron capture 

in nenetanse The reaction and decay scheme with 7°°U 

are 

238y , n » 239y 

aso — 239N) = 28%) 

The process is callea Conversion. Similarly ?°?Th 

another fertile material can be converted to 7°°u, 

For the present, the production of ?°°Pu from ?°°U is 

of more importance, since 7°°U is almost always present 

in reactors of both thermal and fast type; 7°°Pu is 

produced in them as by-product. With special care in 

design it is possible to produce more plutonium than the 

number of ?°5U consumed by fission and absorption, and 

the reactor is said to breed. 

Breeding is possible because per fission 

more than 2,5 neutrons are emitted in a reactor. Of these
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only 1 goes back to sustain the chain reaction while 

the remaining 1.5 or more neutrons are to be got rid 

of through leakage and capture. It is now almost 

certain that in practical thermal reactors, breeding is 

not possible in the ?°*y-?°°py cycle. This is deter— 

mined by the relative cross-sections of, the materials, 

However breeding with a narrow margin is only possible 

in thermal thorium reactors with heavy water, carbon or 

berylliam as the moderator [63]. 

The breeding possibility becomes more promising 

in the fast reactors, In the thermal energy region though 

the fission cross-section is hundreds of barns compared 

to a few barns in the kev regions, the capture in the fuel 

and the structural and moderator materials is also high. 

While in the energy range above 100 kev absorption in 

reactor materials other than fuel becomes almost negligible, 

From the performance of the present generation of the fast 

reactors, it been found that breeding ratio - the ratio 

of the number of ?*°Pu produced to that of *°5U destroyed — 

can be about 1.77 with the uranium—plutonium cycling, 

Attractive breeding possibilities are also there 

with the fusion reactors when they will come into existence. 

a and ne 

" The breeding possibility with a nuclide can be 

judged from a study of these two parameters. The ratio 

of capture to fission cross-section is called alpha, 

a= fy 2.39 
oe
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Eta is defined as the average number of neutrons 

emitted per neutron absorbed by a fissionable isotope. 

Below the (n,2n) threshold 

n= vt 2.402 
oe 

where o, = op + 7 so that 

Ta 2.40b 

Since v and g are functions of neutron energy 7 is 

also energy dependent; however v is only slowly varying 

with energy, compared to a which shows ups and downs in 

the resonance region but falls steadily at higher energies. 

A high 7 is desirable for breeding gain and so low a 

239 
On the average a for #8877 or Pu is smaller than that 

for **°y, In the energy range of 3 ev to 100 ev, a 

for 7°5y is greater than 1 (i.e. o %) while for 

233. 9829p, 44 5 Be 4 4 
U and Pu it is considerably below 1. The situation 

is better for all three above 10 kev. The 7 for these 

three major fissible isotopes at several energies is shown 

in Table 2.4 below. 

TABLE 2.4. 

‘Etat for the Three Major Fissile 
Isotopes at different energies. 

  

Energy B83 235 232py 

0.025 ev 2.29 2.08 2.12 

100 kev esol 2.16 2 dd 

1 Mev 2045 2.30 2.70 

The quantity n can also be defined for a 

mixture of isotopes. Thus for natural uranium,
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below ?°*U fission threshold 7 is given by 

»(235) 2p (235) 2h 

3, (235) +3, (238) 

At thermal energy (0.025 ev) this gives n = 1.31 for 

natural uranium. 

Breeding with 1 Mev Neutrons. 

In a fusion reactor, using the D-T reaction, 

most of the energy released will be carried away by the 

14. Mev nuetrons. For the gainful extraction of energy 

the neutrons will have to be slowed doin ina material 

surrounding the reactor. If it is surrounded by a shell 

of natural uranium, in addition to giving up their energies 

the neutrons will liberate further energy by causing fission 

in ?8°y, which will give about 200 Mev per fission - much 

higher than the energy of the neutrons. With the 1) Mev 

neutrons incident, the number of neutrons will be multiplied 

as the (n,2n) and (n,3n) reactions can take place in addition 

to fission. The 7 will be given by 

ia v +o, + 20{n,2n)+ 30({n, 3n) 2.42 
  

Son 

where o is the observed. fission cross-section as has been 

defined by equation 2,28 and includes (n,n'f) and (n, 2nf) 

contributions; a for 7°®y at 14 Mev is 1.13 barns. D 

is the average number of neutrons emitted from fission 

alone (eqn. 2.38). Rearranging equation 2.42 we get
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nel+ : rs Wopte, ont, 3 2.435 

Pron 

(m1) is the number of neutrons gained by interaction 

of the l, Mev neutrons in uranium. If the partial 

cross-sections are known, 7 can be readily calculated 

from equation 2.43. 

Several authors have directly measured 7 

in natural uranium with 1) Mev neutrons (64, 65]. The 

value is about 3.30 40.15. This is a considerably 

high value which gives possibility of high breeding from 

a blanket around a fusion reactor, as these neutrons 

after being slowed down by inelastic scattering can be 

absorbed in ?°°U to give ?°°Pu. The amount of ?°°Py 

produced could be controlled by the thickness of the 

uranium shell; the power produced in it will also depend 

upon the thickness and of course the strength of the fusion 

reactor. The design and cost of such a fission-fusion 

systen will be simplified by thé fact that the fission part 

will be subcritical and power extraction from the fusion 

core need not be of high efficiency. More power will-be 

extracted from the fission part than from the fusion reactor 

itself, Weale et al. [66] infers that a thin shell of 

uranium can be sufficient. Thus they estimate with a 

30 cm. thick shell of natural uranium the system would 

generate about 220 Mev of energy and product more than 

2.5 atoms of ?*°Pu for each 14. Mev neutrons produced 

(i.e. fusion event taking place). In addition it can 

produce at least the same amount of tritium, from an outer 

blanket of lithium,that is burnt in the fusion reactor,
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Introd on, 

A great variety of techniques for measuxement of 

neutron spectra are available. They range from such ingenious 

ideas as measuring flux by weighing [67] to detection of protons 

given off as the neutron decays [68]. However, neutron detection 

techniques are in general more crude than the sophisticated com-— 

putational techniques available for spectral studics. Because 

of their complicated nature neutron spectrometers cannot be 

expected to be as versatile as charged particle spectrometers; 

also there exists nothing like the standardization of their de- 

tection systen as the "Heath-table" [81] for gamma ray spectrum 

analysis. The wide range of neutron energies of interest makes 

it virtually impossible to use any one detector. The selection 

of the detection method or methods depends eventually on the ex 

perimental environment and the aim of the experiment. Conversely 

the experimental arrangements may often be adjusted to suit the 

detection systems, 

Selection Criteria of Detection Systems for Fast Neutrons. 

Generally, a detection system is required to give in- 

formation about the energy and intensity of the neutron spectra 

in amedium. The following factors need be studied to select 

a detector: 

(i). Energy range, 

(ii) Magnitude of the flux, 

(iii) Sensitivity, 

(iv) Physical size and flux perturbation and 

(v) Sensitivity to gamma radiation 

In addition, the experimental facilities available and the cost 

of a detector are also practical limiting factors. In the above
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list the first two parameters are defined by the experiment 

itself. Detectors have their energy range of applicability, 

beyond which the information becomes unreliable because of 

poor response or interference from other competing effects. 

The sensitivity defines the efficiency of a detector, in the 

useful range of energy. Also it should be known as a function 

of energy. The known sensitivity gives the absolute intensity 

of the spectrum. In practice the detector is often calibrated 

with monoenergetic neutrons of known intensity and from the know- 

ledge of relative cross-section it may be possible to compute 

efficiency throughout the energy range; otherwise the detector 

has to be calibrated with neutrons of several energies of known 

source strength. 

Physical size can be a limiting factor in many cases, 

as a detector of large size will perturb the flux it is measuring. 

For these cases a re-entrant hole is made in the medium and flux 

is measured outside. Again this hole can distort the flux 

but under certain circumstances the emergent flux spectral profile 

can be representative of the true flux, but this has to be ex 

perimentally confirmed, Flux perturbation ca also take place 

for small detectors e.g, resonance foils; but well developed 

theory and experimental parameters are available to take account 

of this. 

Neutrons are usually accompanied by gamma rays, and 

interference from the gammas must be negligible. In case the 

detector is sensitive to gamma-rays means and techniqe s must 

be available to eliminate their effects e.g. by applying bias or 

by pulse shape discrimination, 

Two parameters that are basic to detectors are energy
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resolution and efficiency and these are usually inter- 

related, Thus a detector with low efficiency will give few 

counts and resolution is limited by statistics. In many 

spectrometers the resolution and efficiency compete. For 

example, in time-of-flight spectromers increasing the flight 

path to improve resolution results in reduced efficiency. 

Basic Detection Reactions: 

In principle any mode of interaction of neutrons 

with matter can be the basis for neutron detection but up to 

the present time the main fast neutron detection systems depend 

upon one of three reactions: 

(4) n-p scattering - nuclear emulsion, cloud chambers, 

proportional counters, hydrogeneous phosphors, 

radiator surface barrier spectromers etc., 

(a4) Exo-ergic Reactions - ®Li I phosphors 

SLi I loaded emulsion, SLi - surface barrier, 

*He proportional counter etc., 

(444) Threshold Reactions - fission counters, fission foils, 

threshold foils etc., 

Proportional counters with elastic scattering of helium have 

also been used, In the above list (n,y) reactions have not 

been included, as these reactions are mostly used for thermal 

and resonance energy regions. 

3.3.1) nop Scattering, 

In the fast neutron region, the centre-of-mass 

angular distribution of the protons recoiling from 

neutron collisions in a hydrogeneous medium, is spherically
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symmetric, resulting in an energy distribution of 

the recoil protons in the laboratory reference 

systen with equal probability of any energy between 

zero and Eo, the energy of the incident neutron - giving 

a rectangular profile for energy distribution of the 

protons. The energy of the recoiling proton is given 

by 

B, (0) = Eo cos*@ Dal 

where @ is the angle, the proton makes with the incident 

neutron direction in laboratory system. In a continuous 

energy spectrum each group of neutrons will give rise 

to its own distribution and the total recoil spectrum 

will be the super-position of various rectangular dis- 

tributions. The relation between proton recoil distri- 

bution and the neutron spectrum is given by 

-.  aN(E) E N, (8)aE = a ps Tring, (8) ae See 

where N,(B) is the neutron spectrum 

N,@) is the proton spectrun 

n is the number of hydrogen nuclei in the 
specimen 

Shp () is the scattering cross-section of hydrogen 

This equation shows that the neutron spectrum 

can be obtained by differentiating the proton spectrum, 

In practice the rectangular distribution is 

somewhat distorted by the range energy relation for the 

protons and other instrumental conditions. The neutron
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spectrum from this non-rectangular proton shape can be 

obtained by matrix inversion process. 

The hydrogen cross-section is known to great 

accuracy. Its value however falls rapidly with in- 

creasing energy after 200 kev. The isotropic scattering 

assumption in the c.m.systen is well valid up to 10 Mev, 

and can be assumed to be so up to 15 Mev with little 

error. 

Exo-ergic Reactions. 

Reactions with fast neutrons of energy BE, 

give kinetic energy to the reaction products equal. to 

(QE). By measuring this energy, the neutron energy 

E, can be obtained, Two exo-ergic reactions that are 

the basis of several of the fast neutron spectrometers 

are °Li(n,a)T ani *He(n,p)T with respective Q-values 

of Pe Mev and +765 kev. 

The cross-section of both these reactions 

falls as */v in the lover energy range with the ®He(n,p) 

cross-section about 6 times larger than the °Li(n,a) 

cross-section. The latter has a broad resonance 

peak of 2.75 barns at 265 kev but drops thereafter; it 

is only 50 mb at 8 Mev. The *He cross-section drops as 

*/~ up to about 50 kev and thereafter slightly faster, 

with 0.75 barns at 1 Mev and about 0.5 barns at 1) Mev. 

*He spectrometers can show good resolution 

below 1 Mev. On the other hand, the SLi reaction, due 

to its high Q-value cannot resolve low-energy pulses;
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if these pulses can be eliminated, it is ideal for neutrons 

above 1 Mev. However above 10 Mev recoil pulses begin to 

interfere. Lithium has no useable gaseous compound but 

can be used as SLi I(B,) scintillator or loaded in glass 

or emulsion plates and with solid state detectors. 

Threshold Reactions: 

These may be caused only by neutrons whose energy 

is above a certain value, The reaction may be exoergic 

or endoergic. Possible uses include the following: 

(i) Fission, Fission is an exo-ergic reaction and 

there is a variety of fissile materials in which 

the cross-section for fission rises reasonably 

sharply to a fairly constant value. A major 

difficulty, particularly with uranium isotopes 

is that of admixture of thermally fissile isotopes. 

Pulsed type fission counters in which fission 

materials are usually coated on chamber electrodes 

are commercially available. Alternately, sample 

of fissile materials may be examired for radio- 

activity after irradiation by fast neutrons. 

(a4) (n,x) reactions. The emitted particles are 

protons, alpha-particles or two neutrons. In 

general, cross-sections vary more with energy 

than those of fission reactions. 

(444) Inelastic neutron scattering. The detection of 

low lying isomeric states of heavy nuclei with 

long half-lives is the basis of these detectors. 

(iv) Shielded detectors. Basically they are not
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threshold detectors; but they can give ‘effective! 

thresholds by covering them with moderators or 

absorbers, In the first type hydrogeneous layers 

are added to thermal neutron detectors e.g. 

Shi I(T) scintillators and BPs -counters, to extend 

their useful response beyond 14 Mev. A particular 

case is BFs counters covered with 6 to 7 cms 

paraffin in thickness when the efficiency of detection 

becoms practically constant over a large energy 

range of incident neutrons; this is the so called 

flong-counter', a crude but much used detector. 

In the second. type by varying the thickness of 

absorbers such as boron around ?°®py - fission 

chambers, effective threshold can be varied from 

10 kev to 1 Mev. The major disadvantage of such 

a detector system is the large amount of material. 

around the detector. 

The threshold detectors, in contrast to those using 

exoergic reactions of °Li and °He give only integral spectral 

index. Nevertheless they are widely used in several types 

of measurements for which they prove to be superior to the 

other spectrometers, 

come to use, 

Various Detection Systems. 

Based on the above principles several detectors have 

For many of them, a broad division can be made, in 

the types of information obtained and also in desiga, whether the
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detector is located inside the medium with 47-reception or 

whether it is outside the medium and a beam is extracted 

which is measured. General characteristics of various 

detection systems for fast neutron flux measurements are dis- 

cussed below, 

Bohol) 

Bele2) 

4a Recoil Proportional Counters: 

Hydrogen gas filled under pressure can constitute 

a gaseous recoil counter. The stopping power is improved 

by introducing some heavy noble gas such as argon or 

krypton. Heavy hydrogeneous compounds such as ethane or 

methane are also used. 

The energy range of proportional counters is limited. 

Below 1 kev the energy expended per ion pair formed 

increases rapidly and reasonable energy resolution becomes 

impossible. The useful upper limit is set by wall and 

end-effects; practical limit of small size counters of 

2 to 5 cm diameter is 1 Mev. Interference can be praluced 

in the sub-Mev region by pulses due to higher energy neutrons, 

particularly if the Mev region is rich in pulses,Within 

certain limits corrections canbe made to observed pulses 

by Monte Carlo calculations. For the unfolding of spectra, 

computer codes such as Fortran SPEC. [69] can be used. 

Upon the same principle as proton recoil, “He gas 

spectromers have been used. 

®He-Counters: 

Proportional counters filled with °He gas can give 

infoymaticn with good resolution in the energy range 

100 kev to 1 Mev. By applying proper corrections to the
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observed pulses, the upper limit can be extended to 2 to 

3 Mev. ‘°He elastic recoil would mask the lower energy 

neutron pulses; the situation can be improved by 

electroically eliminating recoil distortion [70]. 

The efficiency is several orders of magnitude below 

that for organic scintillators and nuclear emulsions. Its 

main virtue is the reliability of data and direct production 

of the differential spectra between 100 kev to 1 Mev, a 

range difficult for many spectrometers. 

Organic Scintillators: 

Proton recoil process is again the basis for fast 

neutron detection with organic scintillators. Scintillators 

such as NE-215 and stilbene are commercially available and 

can be liquid or solid. Analysis of the recoil energy 

spectra will be essentially identical with that of the 

proton recoil gas counters, The effects of finite size of 

the scintillator are analogous to wall effects in the 

counter, But because of their much higher densities 

organic scintillators have got higher efficiencies than 

gaseous counters by a factor of about 10° on a volume basis. 

Thickness of an organic scintillator is limited by con- 

siderations to reduce multiple scattering of an incident 

neutron, The energy range, most favourable for organic 

scintillators is 1 to 10 Mev, with perhaps several sizes 

for different energy regions. Below 1 Mev gamma-rays begin 

to interfere; this is a particular problem with them as 

the output pulse is higher from electrons than from protons 

of the same energy. However, Furuta et al. [72] has recently
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reported of using NE-213 scintillators down to 52 kev with 

specially designed electronics for discrimination of gamma— 

rays 

The output is non-linear for organic scintillators 

with heavy particles. This effect of non-linearity in 

constructing the neutron differential spectra can be re- 

duced by the use of an unscrambling code which uses 

accurately measured pulse height distribution for mono- 

energetic neutrons. Much work in this direction has been 

done by Verbinski and co-workers to standardize 2" x 2" 

and 5" x 5" NB-213 and 2" x 2" stilbene scintillators — 

[73,74]. 

Inorganic Scintillators: 

Lithium iodide crystals activated with thallium 

or europium using (n,a) reaction can be used for the 

neutron energy range of 0.8 Mev to 5 Mev. However the 

low energy neutrons which will not be resolved due to high 

Q-value may be piled up if abundant. On the other hand 

due to the high Q-value the gamma pulses may be dis- 

criminated better, 

28 activated with silver has been used in a variety 

of forms. It has high efficiency for light conversion; 

but its chief limitation is its opacity. A small amount 

in the powdered form suspended in transparent organic 

material like lucrite or perspex has been used; this 

gives better gamma-discrimination capacity than pure 

organic scintillators. Thin scintillators of Z,S-Ba03 

glass mixture in which alpha particles form #OR (ny abi
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reaction cause scintillation, are used for low energy and 

thermal neutrons only. 

Semi-conductor Detectors. 

Basically, semi-conductor detectors detect charged 

particles such as protons, alphas or fission products 

from a variety of characteristic reactions. Usually a 

small amount of the reaction material,either in the form 

of a thin film or gas is placed in front of one or in 

between two detectors facing each other. In spite of their 

very low efficiency (of the order of 10°°) they presen’ 

some attractive features. The extremely low efficiency 

is somewhat offset by the high resolutién. They have 

small size and can operate with low voltage and simple 

electronics, 

For recoil protons a thin layer of paraffin or 

mylar film is used. With the exo-ergic reactions both 

the particles are detected by two surface barrier detectors 

facing each other; the signals are summed up to give their 

total energy and the pulses are counted in coincidence 

to reduce background etc., “He gas at a pressure, put in 

a chamber can be used. Above 4.5 Mev peaks due to (n,p) 

and (n,a) reaction in silicon are observed even with co- 

incidence, The lower limit of energy range depends on the 

magnitude of thermal neutron flux and the gamma-field. 

A thin film of °Li or ®LiF can be used and reaction products 

counted in the same way as the *He counters. Solid state 

fissionable counters can give a variety of information when 

several isotopes are used one after the other; they also



3.4) contd. 

Belted) 

3.4.6) 

8h. 

contd. 

show better gamma-ray discrimination. An outstanding 

feature of the fission counters is their self-calibrating 

capability as they are alpha emitters. Storminger [751 

describes in detail successful counters using several 

isotopes. However the information obtainable from 

fission counters is integral in nature as the energy of 

the fission fragments hardly change with incident neutron 

energy. 

Nuclear Emulsion: 

Spectrum measurements are made by measuring the 

recoil proton spectrum in emulsion plates. For 4a 

detection the differential spectrum of neutrons can be 

obtained by differentiating the observed proton spectrum, 

according to eqn.3.2. The proton energies can be 

obtained by measuring their track lengths and from a 

knowledge of energy-range relationship. The lover range 

limit is imposed by proton range straggling which increases 

rapidly below 2 Mev and below 0.5 Mev becomes prohibitively 

large. The lower limit can be pushed further with special 

emulsions if fogging of the plates due to gamma-rays is 

not high. The upper limit is imposed by the emulsion 

thickness; for 15 Mev protons the range is about a 

thousand microns. 

In tne 1950's entlsions were the much used technique 

and much useful information for fast neutrons was obtained 

with then 176,77]. In the 1960's the relative importance 

of emulsions reduced because of development of cther methods. 

However, even now emulsion is perhaps the technicue



34) contd, 

344.6) 

3 .de7) 

contd. 

that can cover the widest range of energy in a single 

measurement, The short-comings of emulsions have been 

described by Barschall et al, [78] - The most serious 

difficulty concerns the accurate delineation of the 

solid angle, in which the proton tracks are counted. The 

best estimates have an error of + 19% for neutrons of 

1 Mev and + 10% for neutrons of energy greater than 3 Mev. 

The solid angle problem is improved if a separate hydro- 

geneous radiator is used: this has to be outside the 

medium, Another uncertainty arises in the determination 

of the number of hydrogen atoms in the emulsion; this is 

usually subject to an error of about + 12%. 

In addition a large number of tracks have to be 

measured to build up any significant statistics. Also 

for successful measurements previous experience is needed. 

The otherwise apparent simplicity of the method is thus very 

deceptive. 

Time-of-Flight Technique. 

Neutron spectrometry by time of flight technique 

involves the production of a short burst of neutrons to- 

gether with the measurement of their time of arrival at 

a detector some 5m to 60 m distant, For all time of 

flight measurements, the neutron energy E in electron 

volts, and flight time + in microseconds for a flight path 

D, measured in metres is given by
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For fast neutrons in the range 0.1 to 15 Mev and path 

length of several metres, the flight times are in the 

range of 10° to 10°? seconds. An uncertainty in timing 

is introduced due to several factors including the 

characteristics of the electronics, detector size and 

its rise time and the moderation time of the neutrons 

in the medium. Corresponding to this an uncertainty in 

energy is introduced which is given by 

AE go B°/?p Boh. 

The resolution consideration limits the usual energy 

range of detection in the ev and kev region. 

Threshold Detectors: 

In general, characteristic activities induced 

are measured for the threshold detectors, The infor 

mation is of integral nature and for the threshold foils 

the information is obtainable only after the irradiation 

is over i.e, it is not instantaneous. In spite of their 

limitations the threshold detectors still continue to 

find important uses. For example, in weapon environment 

where high temperature, physical shock and intense gamma 

radiation make many of the other detectars useless, 

threshold detectors can give reliable information. Their 

small physical size makes them readily applicable where 

space limitation is critical. They are characteristically
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suited for shielding and radiation damage type of 

investigations![79], where the high-energy component 

of the neutron spectrum is of particular interest, The 

advantages of foil detectors can be sunmarised as below:- 

(1) The foils can be very small in both size and mass; 

(2) The foils require no electronic devices and 
connections during irradiation; 

(3) Discrimination against gammas ani betas are 
excellent (this may not be true for fission foils 
used near the Linacs); 

(4) Foils can integrate the neutron flux overy very 
short or very long times; 

(5) Foils are insensitive to shock, electromagnetic 
disturbances and temperature effects; 

(6) Most foils are inexpensive and a wide variety 
is available for choice. 

Limitations of threshold foils are: 

(1) Fine structure of a spectrum is not revealed and 
energy resolution is not sharp; 

(2) It is difficult to find suitable threshold foils 
for the sub-Mev region; 

(3) There is uncertainty about many threshold cross- 
sections; some are unknown; 

(4) They cannot be used if flux is low e.g. they cannot 
be used with neutrons from D(d,n) *He reaction with 
the low-energy accelerators. 

It is difficult to define sensitivity of threshold 

foils. Cross [182] has tried to define it as counts per 

minute per gn of detector, with an assumed average cross- 

sectiin over the energy region of response. Foils are 

more limited than other types of detectors, if the flux 

level is lov. While with counters or emulsion plates 

sufficient statistics can be built up with longer irradiation 

time, with foil detectors the saturation-effect limits the °
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activity induced as proportional to flux level. However, 

within limits this can be compensated for by counting 

the foils for longer time, 

When the neutron flux varies during the period 

of irradiation the induced activity gives the ‘effective! 

flux averaged over the period. However this effective 

flux depends upon the half-life of the activity being 

induced, so that for different foils of different half- 

lives it will be different even ‘though they were irradiated 

together. For inter-comparison it is necessary to have a 

record of the time-variation of the flux level. If the 

absolute counting efficiencs of the foils are known, it 

is not necessary to know the absolute flux level; variation 

of a quantity, such as rate meter flow chart readings from 

a pulsed counter, which ae directly proportional to the 

absolute flux is adequate. This is again a special re- 

quirement for threshold foils due to simultaneous build up 

and decay of the activity during irradiation. 

Intercomparison of the Properties of Detection System 
  

It can be seen that there is no single detector 

that covers the entire fast neutron energy range below 14 Mev. At 

present the ideal choice of a single spectrometer which produces 

a direct readout and a few per cent resolution of the energy dis- 

tribution of neutrons approaching the detector from a kw direction 

is beyond the scope of the technology. Organic scintillators - 

probably in several different sizes - with pulse discrimination can 

cover the Mev range. Below 1 Mev °He-spectrometer is the best 

choice. Present day measurements, with fast critical assemblies
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tends to use three detection systems to cover the range of 

importance which is about 5 Mev to 100 ev. The Mev region 

is measured with emulsion plates, “Li detectors, threshold foils 

and organic scintillators, the high kev region is covered with 

proton recoil counters and ®He proportional counters and the 

lower energy region usually measured by the time-of-flight 

technique. The time-of-flight technique is frequently used 

because it is possible from these measurenents to correlate the 

decay rate of the pulsed neutrons to the reactivity of the 

assembly which is of special interest to the critical or near— 

critical systen, and measurements with a representative flux 

drawn usually from the centre is adequate for that. Fast neutron 

studies by pulsing the assemblies with 14-Mev neutrons have been 

reported [82,83]. For the SUAK fast assembly at Karlsruhe the 

spectrum is taken from the centre and as the target is also at the 

centre there is no flux gradient for the degraded neutrons there; 

at any other position gradient exists so that the extracted spectrum 

is not representative of the true spectrum at the point. Spectra 

can also be studied without distorti it if they are taken from the 

surface. It is not necessary to confine measurements to the 

time-of-flight technique. Using detectors such as an organic 

scintillator and shielding it, the energy and angular distribution 

of emergent spectra can be studied for the steady state case, 

However theoretical interpretation becomes very complicated and 

in addition there is no practical application for the angular 

energy distribution of leakage neutrons. 

To measure the flux inside an assembly almost 

all the detectors except the emulsion plates and the threshold 

foils must have an entrance channel for thier physical passage 

and for the connecting cables. Once the detector is fixed the



3.5) 

90. 

contd. 

rest of the space can be filled with the material of the medium 

and for spatial distribution of neutron flux the detector position 

could be changed along this channel and irradiations repeated. 

However such a channel would unavoidably leave some empty space 

even for the smallest detection systems. Distortion of the 

spectra would be caused by the empty space and due to mismatching 

of the materials of the detector and container and this, in a 

small assenbly could be considerable. Only in Monte Carlo type 

of calculations can such arbitrary discontinuity be adequately 

represented, Semi-conductor detectors have a very low efficiency. 

A possible detector namely, the organice scintillator would have 

hydrogeneous materials in the scintillator and the light guide which 

would produce serious perturbations for a fast system, 

In the present assemblies the neutron field almost any- 

where except near the outer boundaries is dominated by the 

abundance of the 1) Mev neutrons. Several of the detectors 

including proton recoil and *He counters have their spectra 

distorted by high energy neutrons. The reason they can measure 

reactor-type spectra is because of low proportion of the fast 

neutrons in them above 5 Mev. For the recovery of the portion 

of the spectrum due to low energy neutrons extensive Monte Carlo 

calculations become necessary. 

The perturbations produced both in the flux itself and 

in the induced responses in the detectors are least with the 

threshold foils and the emulsions. For the distribution of the 

spectra at different positions simultaneous irradiation is possible. 

However the difficulties in obtaining the data from the emulsion 

plates, as has been discussed, are considerable. On the contrary 

the data from the threshold foils can be obtained by direct 

measurements with electronic counters. So far as the high energy
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region is concerned, the high mass number of the foil materials 

makes them compatible with those of the media. No characteristic 

fine-structure of interest is expected in the Mev regions inside 

iron and uranium assemblies. Thus the integral nature of the 

response is not a serious drawback, The D(t,n) *He reaction can 

produce neutrons of sufficient intensity so that meaningful 

activities can be obtained throughout the thickness of the 

assemblies. In the absence of slowing down by elastic collisions, 

the sub-Mev region can be measured with beet (n,y) reaction, to 

supplement information obtained with the threshold foils. 

Another advantage with the threshold detectors is that 

absolute efficiency as a function of energy is known by measuring 

it at one energy - 14 Mev, if the cross-section curve is knoyn 

with sufficient accuracy. With most other detectors the 

efficiency is a complex function of several factors and for certainty 

should be calibrated with mono-energetic sources of several energies. 

The efficiencies of the common detection systems are shown in 

Figure 3.1; this is after Wallace [80]. As can be seen in the 

figure the efficiency in general decreases with increasing energy 

and has a small value at 1j-Mev. For the threshold foils the reaction 

cross-sections generally increase with increasing neutron energy and 

have high values around 14 Mev, so that reliable accuracy for the 

calibration with the 1). Mev neutrons can be expected. 

A 3" x 3" NaI(T) gamma scintillation detector coupled to 

a 400 channel RIDL analyser was available in the laboratory. With 

this versatile equipment counting could be done wita desirable 

precision and reliability.



FIGURE 3,1-- Typical Efficiencies of Various Fast 

Neutron Counters as a Function of Energy. 

(From Wallace, ref. 80). 
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Introduction. 

Two different experimental assemblies were studied 

for flux measurements.- one of iron only and the other of iron 

and uranium. Both were of cylindrical geometry with generally 

similar dimensions. The bulk of the iron used for the con- 

struction of the assemblies was obtained on loan from the 

Shielding Division of the UKAEA, Harwell Centre. The uranium 

used was shared with the subcritical assembly in this laboratory. 

A cell made of concrete bricks housed the assemblies 

and also shielded the fast neutrons. A water filled tank above 

the cell shielded the floor overhead. 

Neutrons were produced by a SAMES accelerator which 

provided a beam of deuterons on to a tritium target located in 

the centre of the assembly. 

Geometry of the Assemblies. 

The ideal geometry for comparing experiment and theory 

would have been spherical, since the neutron source was effectively 

a point source. However the iron obtained from Harwell was in 

the form of plates and were of the following dimensions 

122 cm x 40 cm x 1.27 cm (48" x 16" x 3"). 

To shape the plates into parts for a true sphere was formidable. 

Also the uranium rods were of comparable legth. It was decided 

that the plates would be used as they were and a geometry 

approximating the spherical would be constructed for both the 

iron and iron-uranium assemblies. This led to the cylindrical 

configuration to be built around the target, which gave circular 

symmetry. Iron plates of smaller widths were used to round the 

edges of the cylinders. 

The cylinders were made hollow and placed horizontally 

with the deuteron beam along the axis so that the beam tube could 

be positioned easily into the assemblies. The outer radius was
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decided by the level of induced activities there and to a 

lesser extent by the availability of the materials, The 

inner radius was made larger than the beam tube.; this extended 

the overall size and increased the proportion of the secomary 

neutrons to the primary 1) Mev neutrons, 

Construction of the Fast Spectrum Cell. 

4.031) 

4.3.2) 

Concrete Chamber. 

The line of the ion beam emerging from the 

accelerator and therefore the position of the neutron 

source was 17 cm above the floor level. The experimental 

assemblies had to be raised to have their centres at che 

target. All the support of the iron end uranium was on the 

concrete bricks, The rectangular cell was built of con- 

crete bricks 15 cm x 23 cm x 46 cm (6 in x 9 in x 18 in). 

The inner dimensions of the cell were such that the 

assemblies were securely supported at the edges and the 

walls sufficiently far away to reduce the back scattered 

neutrons. The inner sides of the cell were about 90 cm x 90 cm 

which gave a supporting edge of about 15 cm at either end 

of the iron plates. The thickness of the walls of the cell 

had to be sufficient to adequately shield the fast neutrons. 

Thickness of concrete on the accelerator side was 9 cm, 

on the left side 70 cm ani behind 84 cm (Figure 4.1). The 

right hand side was shielded by the sub-critical assembly 

and so no extra shielding was needed. 

Shielding Considerations. 

The shielding requirements are dictated by the 

maximum permissible level (mpé) of the radiation field
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in which personne” of laboratory work. The amount of 

energy deposited by radiation in body, mostly to ionize 

the atoms in the tissue is called dose. The unit of 

absorbed dose is called the Rad; 1 rad is equal to a 

deposited energy of 100 ergs per gm of the tissue. 

However different types of radiations produce different 

amounts of damage to the tissue (breaking the molecular 

bonds) for the same amount of dose, depending upon the 

mechanism by which they interact. Damage by fast neutrons 

is mostly caused through elastic collisions with the 

protons in the body. The knock on protons are intensely 

ionizing and produce about ten times the damage of similar 

energy electrons, There are about 1lo% by weight but 63% 

by atoms of hydrogen in the human body [84]. The relative 

biological potency for damage is called Quality Factor 

(QF). The QF for 14. Mev neutrons is 6; for the lower 

energy fast neutrons this factor varies between 6 and 10. 

The proiuct of absorbed dose in rads and the QF, is called 

the dose in Rem, which gives a measure of radiobiological 

effects of any type of radiation in man. The maximum 

yearly dose must be less than 5 rems in order to avoid 

harmful bioroeieel effects, This gives an average value 

Of (2.5 pariid-veit eae a 4.0 hour week and is referred to 

as one mpf. 

Several values for shielding of 1) Mev nuetrons 

by concrete are available. The following calculation is 

after the recent work of Hacke [85], who made a 

compilation and evaluation of the different theoretical
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and experimental studies reported on shielding of 

14. Mev source neutrons by concrete. 

If Q is the source strength per second, 

then flux of 1} Mev nuetrons at a distance R cm is 

fo = oe hel 

The corresponding dose is D(0) = ¢o x F 4.2 

where F is the factor to convert fluc density into 

equivalent dose rate, For 1} Mev neutrons [85]: 

F = 0.2 mrem, 1*/om™? sec™4 

If concrete of thickness d is now interposed between 

source and position R, then it is found that the reduced 

dose can be given by 

D(a) = D(o) zeHt hed 

where Hu = attenuation coefficient for the dose rate 

Z =abuild—up factor taking into account 
scattering phenomena 

D(o) is the dose rate at the same point without shielding - 

defined by eqn.4..2. The ratio of the doses with and without 

shielding is called the attenuation factor, 

Did 
D(o. 

=K = ge Ht bok 

If D(a) is given, say 1 mpé then the minimum shield thick- 

ness, d corresponding to p(a) can be found if K is known 

as a function of thickness. The dose attenuation factor 

is expected to be different from attenuation factor for the 

1), Mev neutrons alone, Some of the neutrons removed from 

the primary beam will reappear with lover energy and contribute
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to the dose. Also the build up factor Z depends in 

a complex way on the geometry of the shield and the 

energy of the neutrons and resort has to be made on experi- 

ments, Hacke has compiled various experimental values of 

K published by several authors with different geometries; 

results are shown by him graphically. Also a Monte Carlo 

calculated value is given for comparison. The calculated 

values over_predict attenuations by factors up to 2. 

However, a confidence limit can be obtained from the ex- 

perimental curves. The average value for K for 50 cm 

concrete is about 6 x 10% and for 1 metre is 5x 10°. 

The fall is faster with further increase in thickness; 

thus with 1.5 m of concrete K is less than 5 x 10°. 

It is evident from equations 4.1 to tees above 

that dose from a source can be reduced both by increasing 

the distance R and by increasing conerete thickness, The 

combined effect gives dose 

v(a) = 0.0169 & mron 34 1 

where Q is source strength per second and R is in cms. 

Wik K obtained from Hacke's curves for a source strength 

of 2 x 10° neutrons per second (obtainable from SAMES 

with fresh targets), computed dose at the interlocking door 

behind the accelerator is about 2 mrem/hr; at the corridor 

on the left this is about 12 mrem/hr and behind the concrete 

cell 10 mrem/hr for the normally incident neutrons. However 

during experiments the dose was drastically attenuated 

further by the iron and uranium surrounding the source;
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also the usual source strength was about 10° neutrons 

per sec. or less for most of the time and the observed 

dose rate was within limit. 

Further Shielding. 

There was an opening in the front wall of 

30 cm. width; this opening was left for positioning 

and removal of the foils before and after irradiations. 

This gap was plugged with paraffin wax contained in 

rectangular wooden boxes, There were two boxes, one 

containing the beam tube and a larger one to be placed. 

above it. The larger one had a hook attached to it and 

could be raised easily and quickly with the overhead 

crane. This allowed enough space to pull out the foil~ 

carriers at the end of the irradiation, The block 

containing the beam tube only needed to be taken out for 

purposes such as changing target or alpha-particle 

detector. 

To shield the radiations from people working 

in the floor above a large steel tank 

(150 cm. x 140 em. x 70 cm. high) was placed on top of 

the raised concrete walls. These raised walls on the 

sides were of the same thickness as that of the chamber, 

while at the front and backside they were raised just 

outside the assenblies. The base of the tank could be 

adjusted between 5 and 25 cms above the assemblies. The 

tank when filled with water sufficiently shielded the floor 

above, 

In all cases radiation levels were monitored
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with fast neutron, themnal neutron and gamma ray 

dosimeters; in the places where people would work 

or move the level was below 1 mpé. 

The Iron Assembly. 

Cylindrical Configuration. 

The cross-sectional view of the iron cylinder 

can be seen in Figure 4.2. It was all made up of plates 

of different widths piled up on one another, The thickness 

and length of all the pieces were the same - 12.7 mm and 

122 cm. respectively. The upper and lower parts of the 

cylinder were mostly made of the larger plates; while the 

sides were made of 5 cm, 10 cm, 13 cm and 15 cm pieces 

arranged to give a roughly circular profile of 20.4 cm 

diameter, 5 more plates of 40 cm width placed vertically 

on either sides, extended the dimensions. In the upper 

part gaps of 3.2 mm were left in between the plates for 

placing the foils vertically above the target, The first gap 

was above the first plate from the inner boundary and the 

remaining gaps after every two plates. Thus in all there 

were seven gaps inside the medium for insertion of the foils. 

A position at the outer boundary gave eight positions in 

all. The gaps were maintained wit iron strips of the same 

thickness; their width was about 2.5 cm and length the same 

as that of the plates. 

No gaps were left in the lower part or at the 

sides of the cylinder. For calculations the whole cylinier 

was taken to be represented by the upper part. The beam 

spot was about 8 mm below the centre of the cylinder, so



FIG. 4.2 -- A Cross-sectional View of the Iron Cylinder. 

  
( Only right hand side has been fully drawn; both sides 

were symmetrical . )
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that the distance from target to base of the first upper 

plate was 11 om. This was taken to be the inner radius 

of the cylinder, The outer radius was taken to be the 

physical boundary vertically above the target. 

Handling of the iron plates was facilitated 

with the help of an electromagnet made for the purpose. 

Front view of the cylinder is shown in Figure 4.3. 

Constants of the Iron Cylinder. 

Inner Radius = 11.0 cm. 

Outer Radius = 32.0 cm. 

Length = 122.0 cm. 

Thickness =: 21.0 cio 

Number density of iron r 
in this thickness (upper) = 7.54. x 10%2 per ¢.c. 

Hence the ratio of the outer to inner radius = 3 and that 

of thickness to inner radius ~ 2. Thickness in terms of 

the mean free paths of the 1; Mev neutrons in the medium 

(with dilution) was as below: 

Total cross section : Thickness = 4.17 Ap 

Scattering ae 9S a, 

Non-elastic =| 252) Me 

Transport = 2.56 A, 

Cadmium Covers. 

There was the possibility of thermal neutrons 

being scattered back into the assembly from the water 

tank and the concrete surround. A sheet of cadmium 1 mm 

thick was laid at the bottom of the tank. In addition
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the cylinder was wrapped with cadmium sheets (of same 

thickness). The wrapped cylinder viewed from top can 

be seen in Figure ..).. 

4.05) The Iron-Uranium Assembly. 

4.5.1) Uranium Rods. 

About 100 cylindrical rods of natural uranium 

with plain aluminium cans were available in the laboratory. 

Their dimensions were fixed for the lattice configuration 

of the subcritical assembly. The exact dimensions for 

uranium was 81 em. in length and 2.9 cm. in ciameter, 

The cans were made of B.A 99.5% aluminium of inner diameter 

2.946 om. and thickness 0.9 mm. Their length was somewhat 

larger than that of uranium bars inside - about 88 em; the 

extra length contained an internally sealed aluminium cap 

and some empty space. While placing in the assembly the 

middle point of the uranium rod was at the middle of the 

assembly. Weight of each bar was about 10 kgn. 

405.2) Cylindrical Configuration. 

The layout ané construction of the iron-uranium 

assembly was similar to those of the iron cylinder. The 

cross-sectional view of the assembly can be seen in Figure 

Webs The basic pattern was 2 iron plates followed by 

a row of uranium bars next to each other and lying on the 

iron plate below; this was repeated, In order to avoid 

weight on the uranium bar the iron plate above was resting 

on two rectangular iron bars of slightly thicker than the



FIG. 4.4 

 



FIG. 4,5 -- A cross-sectional View of the Iron-Uranium 
Cylinder. 

( Only right hand side has been fully shown, ) 
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clad uranium - about 3.2 cm. Gaps were maintained in 

the upper section of the cylinder in between the iron 

plates in the same way as those in the iron assembly; 

(gap thickness 3.2 mm). 

The lower part was very similar to the upper 

part, except for the gaps. However the upper part 

had 3 full layers of iron-uranium and a truncated layer 

at the outer boundary, the lower part had 5 full layers. 

There was no uranium in the mid-section of the sides made 

of iron plates of smaller width as before. The six extra 

bars of uranium at the lower corners of the inner boundary 

should somewhat compensate for that. As before, the 

whole cylinder was assumed to be represented by the 

upper part of the assembly. 

This assembly was also covered with cadmium, 

as the iron assembly. 

Constants for the Fe-U Assembly. 

Inner Radius 10.0 cm u 

Outer Radius 34.0 cm 

The volume ratios can be obtained by considering 

a rectangular element of width equal to the diameter of 

the clad uranium bar, and of height, one layer of the 

basic pattern of iron and uranium, and finding the ratios 

of the cross-sectional areas of different constituents 

in it.
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In the diagram below this "unit cell" is shown, The 

volume ratios were 
‘ 
‘ t 

——+!3.126 J<— 
cms. 1 

ZO 
  

  Iron = 0.424 

Uraniun 0.360 

  Aluminium = 0.046 

  

  Air 0.170 u     
  

  

This gives the number densities as 

Tron 3.598 x 10?” atoms per c.ce 

Uranium 1.7599 x 10° ® "ow 

It has been assumed that uranium and iron components 

have the same length. In the calculations aluminium 

was neglected. 

It is of interest to find the equivalent 

thickness of uranium, The physical thickness can be 

obtained by considering the uranium smeared into a 

rectangle of width equs] to the diameter of the uranium 

bar and then equating the cross sectional areas of the 

rectangle to that of the circle. This gave, if r is the 

radius 

2 
5 ee ere thickness = ie 2.29 om. 

However the effective thickness of the uranium to the 

neutrons can be obtained from the experimentally observed 

removal cross section for the combination; this gave an 

effective thickness of about 2 cm for the uranium,
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5.1) 

5.2) 

Introduction. 

Neutrons were produced from the T(d,n)*He 

reaction by the bombardment of a tritium - titanium target 

with a deuteron beam produced by a low energy S.A.M.E.S, type-d 

accelerator. The neutron energy was about 1) Mev with a small 

spread. Absolute measurement of the neutron yield was performed 

by counting the associated alpha particles at 178° to the beam 

direction, wita a silicon surface barrier detector. The anisotropy 

factor has been taken into account to compute the neutron source 

strength from the alpha counts. 

Accelerator and Beam tube. 

5.2.1) The S.A.M.E.S - accelerator: 

The accelerator (Figure 5.1) in the nuclear 

physics laboratory of this university is a J-type SAMES 

accelerator, with an electrostatic high voltage generator 

of maximum output + 150 kV. The machine, in new condition, 

is capable of giving up to 0.6 mA of ion current of which 

more than 80% is mono-atomic {86]. The high vacuum is 

maintained with an oil diffusion pump, which is separated 

from the accelerator tube by a liquid nitrogen cold trap. 

An adjustable voltage from 0 to ~-45 kV is applied for 

focussing, to the intermediate electrode of the accelrator 

tube; this voltage comes from a Cockroft—Walton type 

power pack situated inside the aluminium top terminal 

which also contains the ion source, extraction voltage 

unit etc. 

The machine is remotely operated from the control 

panel which is adequately shielded behind a concrete wall.
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Beam _ tube. 

The target, which is situated in the centre 

of the experimental assembly, is at the end of a 1.75 m 

long beam tube connected on to the accelerator. This is 

normally pumped from the accelerator but can be isolated 

by means of a gate valve for target changing etc. It is 

shown in Figures 5.2 and 5.3. 

The beam tube also houses the SSB (silicon 

surface barrier) detector. The housing divides the main 

tube into two parts; apart from this section the tube 

is made of brass of inner diameter 6.5 cm. and wall thickness 

1.5 mm, <All the separate joints have rubber O-rings. 

The target is water cooled to avoid release of 

tritium due to temperature rise from deuteron bombardment. 

The holder for the target is made of thicker brass to 

include this cooling facility. It is insulated from the 

rest of the beam tube so that the deuteron ion current 

falling on the target can be measured, The secondary 

electrons emitted by the impinging ions from the target 

are suppressed by applying a voltage (- 150 volts) between 

the target ani an insulated ring in front of it; this is 

necessary to obtain the correct beam current from meter 

reading. The aperture in the suppression ring is of the 

same diameter as the sensitive area of the target (2.5 cm), 

so that it acts as a collimator to the deuteron beam. 

Insulators are made of Araldite casting resin. Four metal 

strips to act as beam sensing probes are supported on leads 

through ceramic insulators which are soldered into the beam 

tube. These are at right angles to each other and an



FIG. 5.2. The Beam-Tube Spence caine es 
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aligned beam would just graze them. Connected into 

separate meters they are helpful in aligning the target 

to the beam, A rigid metal frame fixed to the wooden 

cover of the paraffin shield holds the front half of the 

beam tube and with the adjustable screws in the frame the 

target could be moved with respect to the beam. 

The SSB is supported by a vacuum-tight lead 

through insulator in the flange facing the target. A 

narrow piece of tube connects the two flanges which mate 

with flanges in the main tube. The flanges also protect 

the SSB from direct deuteron current, 

5.3) Neutrons from T(d,n) “He Reaction. 

5.3.1) Q-value and Neutron Energy: 

The reaction 

oun + oH 4 atHe + n+ Q bel 

is exo-ergic. The mass difference between the particles 

in either side is 0.01888 anu, which gives a Q-value of 

+17.578 Mev. Because of the high Q-value the variation 

of neutron energy with deuteron energy is relatively small, 

The energy is shared by the neutron and the alpha particle 

as inverse ratio of their masses, which gives the neutron 

about 1). Mev and the alpha particle about 3.5 Mev. 

The deuteron needs some initial energy to 

penetrate the Coulomb barrier; the cross-section for the 

reaction below 20 kev is very small but it rises to a peak 

of 5.1 barns at 110 kev (Figure 5.4). As the cross-section 

falls slowly at higher energies, the neutron output can be



FIGURE 5.4 -- Cross Section Of the (an) He Reaction 

as a Function of Energy. 

( Upto 120 kev from Arnold etal and Conner etal; after 

120 kev from Marrien’& Fowler; refs.91,92 and 88 respectively.) 
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increased by raising the beam energy and using a thick 

target, although this increases the spread in neutron 

energy. Deuteron energies of several Mev have been used 

in order to obtain neutrons with a wide range of energies 

by kinematic collimation; neutrons of 10 to 30 Mev have 

been obtained from this reaction [87, 88]. 

Angular Variation of Neutron Energy. 

If a particle of mass mz is incident on another 

particle of mass mg which is at rest in the laboratory 

system, and mg and m4 are the masses of emergent particles 

after the reaction, then the energy of the particle ms 

m. 
3 

  

Ca) 

as a function of @3, the angle in the laboratory system 

that mg makes with the velocity direction of ma before 

the reaction is given by [89], the general expression
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5.3.2) contd. 

2 
ee ee 5 ee eae Eu(Eo,83)\< (ts) my, 30 008200 + th (TA By + Q 

2 cos m4 ma 
Pe [pes nota “°lRpamg 2O* ) M4 + ma ‘ 

in? 6 2 

ee ae je m,(—22— & 4 9 
mating ~° 

where Eo is the energy of the incident particle. For the 

case T(d,n) *He reaction, the particle of mass my be deuteron 

and let its velocity be now denoted by Ee The particle of 

mass ms is then the neutron, for which energy and angle be 

denoted by HE, and a, respectively. The following value 

of nuclear masses obtained from the Segre'chart [90] are 

substituted in equation 5.2a 

deuteron, m, = 2.014187) amu 

tritium, mg = 3.0164493 anu 

meutron, ms = 1,0089830 amu 

alpha, mg = 4.0027753 amu 

This gives for neutron energies in kev 

B, (By, 4) = 0.080307 E, cos 26, 

+ 0.798676 (0.599615 Ey + 1757825) 

+ 0.795126 2030, [0.405783 Ey (0.599615 es 

+ 1757825) (1-0.100925 zy sin? a)/ 

(0.599615 Ey + 17578.5)} 

no
l 

The computed 

energy up to 200 kev are shown in Figure 5.5. 

with similar values given by Fowler and Brolley [87]; the 

disagreement 

eee 522d 

neutron energies for several valucs of deuteron 

This agrees fairly well 

is due to atomic masses having been used by them



£ the ion o inergy Variat FIGURE 5.5 -- Angular 

from gies Neutrons at Different Deuteron Ener 

the D-T Reaction. 
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while nuclear masses have been substituted in equation 

5.2b above. 

A study of Figure 5.5 shows that the neutrons 

are almost mono-energetic at about 100-degree to the 

deuteron beam direction, and energy spread increases in 

either direction away from this angle, being maximum in 

the forward direction (0-degree). Also, the spread 

increases with increasing deuteron energy. 

Targets. 

The targets used were supplied by the Amersham 

Radio-Chemical Centre of the UKABA. The targets have a 

copper disc,of 2.85 cm. diameter and 0.025 cm. thickness, 

as the base on which a thin layer of titanium of 2.5 cm. 

diameter is deposited by vacuum evaporation ani tritium is 

absorbed on this. Titanium absorbs tritium by exothermic 

occlusion involving the formation of a solid solution 

and interstitial compounds, The composition of the ‘compound! 

varies from tritium: titanium as from 1:1 to 2:1 in these 

targets. They can withstand up to 200°C in vacuo [93], bey ond. 

which tritium begins to come out. The target types vary 

according to the thickness of the titanium layer, and can 

be called thick or thin according to the range of the incident 

ions in then. 

There is some uncertainty about the tritium dis— 

tribution in these targets and perhaps it depends upon the 

manufacturing process and conditions, and the exact distri- 

bution may vary with individual targets. However, it is 

generally accep%ed that the tritium content peaks near the
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middle of the titanium layer, with very little near the 

surface and the backing material [94,95]. This is ex- 

plained by the effects of atmospheric oxidation on the 

surface and the absorption of gases left in the chamber of 

the vacuum coating, giving oxides or nitrides near the 

backing, so that titanium in these sections is not available 

for tritium absorption. Gunnerson ani James [95] determined 

the distribution in a thin target (15,000 A°) by examining 

the variation of neutron yield with incident angle and 

energy of the bombarding deuteron beam and found that the 

concentration peak is within 3000 A° below the surface and 

that there is very little tritium contained in an upper surface 

layer of about 500 A° and the lower 6000 A° of the titanium 

tritide material. 

In the present work two types of targets have 

been used. Most of the earlier results were. obtained with 

thick targets (type TRT 7, equivalent to present type TRT 51), 

but the later results have been obtained with a medium thick 

type (TRT 31). The titanium amounts in them were 2.0 mg/cm 

and 0.85 mg/cm, Titanium lattice undergoes 15% expansion 

during tritation [95], which gives a physical thickness of 

titanium in TRT 31 about 21,000 A° and in TRT 7 about 

45,000 A°. Range of the 150 kev dentenas an tritiunm-titaniun 

of typical ratio has been calculated to be 20,000 A° (discussed 

later); however the range to be slowed down to 20 key (after 

which the D-T reaction cross section is negligible) is only 

10,000 A°. With a Gunnerson-James type of distribution most 

of the tritium should be within 12,000 A° from the surface 

in the TRT 31 type, while for the thick type bulk of the
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tritium is below the deuterium range, if the variable 

profile is correct. This seems to be the case, as was 

indicated by the fact that the neutron yield for the same 

deuteron current was 2 to 3 times larger from the fresh 

TRI 31 type than from TR? 7 in its fresh condition; the 

output was also falling at a slower rate from the TRE 31 

than from the TRT 7. 

Possible distributions of tritium in the TRT 31 

target is shown in Figure 5.6. A distribution has been 

constructed from the distribution obtained by Gunnerson 

and James [95] and the area under the curve has been 

normalised to that under the rectangle representing uniform 

distribution. Idealised triangular distributions with peaks 

at different depths from the surface were also considered; 

the height of the triangle is equal to twice that of the 

rectangle so that the total amount of tritium is the same. 

For the thick target, the result assuming a 

uniform rectangular distribution has been compared to that 

with an idealised triangular distribution peaking at the 

centre, and the height of the peak twice the rectangle height. 

As the range of the 150 kev deuterons is small compared to 

the titanium layer thickness in it, results are not very 

sensitive to the position of the peak. No definite experimental 

distribution was available for a thick target. 

line-shape, Average Energy and Yield. 

The probability of reaction for a deuteron passing 

a distance dx through a target containing ny tritium atoms 

per c.c. is given by ny odx, where o is the cross-section for



ina Distribution of Tritium 

  

FIGURE 5.6 - 

Titanium Target ( TRT-31 ). 
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the reaction. Since o is a function of energy we have 

a (oz 3 Biexi= oaale 56d 

The number of neutrons at any given angle is 

given by 

ax N(E)aB = z& @) n,(u) & an Sah 
E,¢ 

The angular intensity of the neutrons can be computed from 

this equation if the differential cross-section do/dw is 

known as a function of energy and angle. However, a 

simplification and generalization occurs if the neutrons 

are isotropic in the centre of mass system. The reaction 

is found to be isotropic to a first approximation for 

deuteron energies below 1 Mev [88]; it is strictly isotropic 

below 200 kev [96]. For these cases the anisotropy in the 

laboratory systen is then given by 

ae neutron flux in the lab system 
n neutron flux in the c.m.sys tem 

_ Slement of solid angle in c.m. 
element of solid angle in lab 

do" 

da 

S sin e. dé bes 

sin $y dd 

  

where dw' and,dw are elements of solid angles in c.m. ad 

lab systems respectively and a, is the neutron emission 

angle in the c.m, system and $y that in the lab system. Further 

expansion of the right side of equation 5.5 is given by 

Benveniste and Zenger [89]; the following is after them,
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contde 

Cos ® + ie in? ¢ aut os , %, sin’ ¢, Ee 

do - Se 5 

iL 2 we: 
Exe = 3 = sin’¢d G9 

ER velocity of the neutron in the c.m.systen 
where =   

velocity of the centre of mass in lab system 

se) Mg i 2 | 5.78 

da 
ms M4, mat Mg E 

where mz and mg are the masses of the deuteron and tritiun 

respectively and ms and ma those of the neutron and the 

alpha particle, Substituting their values in equation 5,7a 

we get 

si = 9.9168 (0.5996 * 1Be | 5.7 
n a 

where Ey is in kev. Substituting 5.7b in equation 5.6, 

neutron anisotropy can be calculated. The relative intensity 

of the neutrons as a function of deuteron energy, from the 

incident to the lover energies can be computed from 

N(B,)aB = o(8,) (5) (An), @), ae 5.8 
n da 

The corresponding neutron energy in kev is given by 

E,(245¢,) = 0.08 EB, cos 26, + 0.8(0.6 ne 17578) 

+ 0.8 cos [ows E, (0.6 Ba + 17578) 
fee By sin’? a 

10(0.68,+1 7578) 209 

Equation 5.9 is the same as equation 5.2b, with the relaxation 

in accuracy when the numerical values are rounded. Equations 

5.8 and 5.9 are the basis for obtaining the properties of the
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emitted neutrons. They directly give the line shape 

of the neutrons. The total number of neutrons per 

incident deuteron is obtained by integrating equation 5.8: 

[oe 

The average energy of the neutrons is given by 

[Paton 

es 5.10 

[uw 

The program DIANGENYLD was written to compute 

the line-shape,average energy and relative yield at several 

neutron angles with an incident deuteron energy of 150 kev. 

Some of the results are shown in Figures 5.7, 5.8 and 5.9. 

The slowing down rate of the deuterons a ae in equation 

5.8 was obtained as follows, which is also the procedure 

followed by other authors [89, 95, 97]. 

There is no available experimental results on 

the rate of energy loss of deuterons in either titanium 

tritide or titanium alone. However Warshaw [98] has made 

some good measurements of the rate of energy loss of proton 

in A€, Cu, Ag and Au in the energy range 50 to 350 kev 

and Reynolds et al. [99] have made some energy loss 

measurements of deuterons in tritium in the range 60 to 

700 kev; these agree well with similar measurements by 

Phillips [182] from 20 to 160 kev, in the overlapping 

regions, To obtain the required slowing down rate, first 

the rate of energy loss of protons per mg of Ti is obtained



FIGURE 5.7 -- Line-shape of the Neutrons at 

Different Angles of Emission. 

TRI-7 Target; 

Deuteron Energy 150 kev. 
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nergy Spread of FIGURE 5.8 -- Average Energy and 

the Emitited Neutrons as a Function of Emission Angle. 
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FIGURE 5.9 -- Angular Distribution of the Neutrons 

the D-T Reaction. Produced from 
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by interpolating between A€ and Cu. Next, the slowing 

down rate for deuterons is “obtained by assuming that the 

rate of energy loss is proportional to the velocity of 

the particle,so that, the rate fo protons at energy E 

is equal to that for deuterons at energy 2B. The rate for 

titanium tritide is obtained by combining the individual 

rates assuming that Bragg's law holds - that the energy 

loss in a compound is the sum of the energy losses in its 

separate constituents. Thus if N is the atomic ratio of 

titanium (and as atomic number of titanium is 48 and that 

of tritium 3), we have 

aw _ _3N fae 18 /aB 
) = 78 oan (@) +  78.3N (@) oe 

target tri cL 

    

Gunnerson and James [95] have made a direct measurement of 

energy loss of deuterons in titanium-hydride foils in the 

energy range 40 to 120 kev and found good agreement with 

the values by the interpolation method. 

The computed values of slowing down rate of 

deuterons in titanium-tritide according to equation 5.11 

for a uniform tritium to titanium ratio of 1.27 is shown 

in Figure 5.10. It was noted that contribution to slowing 

down rate due to the tritium content is small, even though 

the slowing down per mg of tritium is more than that of 

titanium; this is because of small weight of the gas in 

targets. These considerations also shoved that not much 

difference results, for slowing down with a true profile 

of tritium concentration and with a uniform distribution 

of tritium. For these reasons the same calculations can



Slowing Down Rate in a Tritium- FIGURE 5.10-~- 

(tritium to titanium atomic Titanium Target; 

ratio= 1.27 ). 
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be used with little error as the tritium is depleted with 

irradiation. Benveniste et al. [96] also consider 

variations in slowing down rate due to different loadings 

of tritium and conclude that the error in the results in 

using one set of slowing dovm values is small. 

The effect of variation of tritium-profile 

inside the target is that, for an assumed uniform distri- 

bution more neutrons are emitted corresponding to higher 

deuteron energies, which makes the line~shapes of the emitted 

neutrons asymmetrical about the peak, while for triangular 

distributions more symmetrical shapes are obtained (Fig.5.7). 

However the energy spread of the neutrons (the maximum and 

minimum values at a given angle) is a function of the 

deuteron energy only. The average value of the neutron 

energy wowld be somewhat different; but this is small. At 

90° the average neutron energy is only 7 kev less with a 

triangular distribution than that with a unifom distribution 

(in TRE 7). The maximum difference is at 0° when it is 

70 kev less; but in the backward directions, 180°, it is 

50 kev more. However appreciable differences occur in the 

computed values of the average anisotropy factor; this is 

due to the variation in tritium concentration itself rather 

than the variation in slowing down rate. This is discussed 

more later. 

The range of the deuterons can also be calculated 

from the slowing down rate values shown in Figure 5.10. 

It can be seen that the rate falls sharply below a deuteron 

energy of 20 kev, so that the deuterons travel a considerable
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distance after reaching 20 kev before they are finally 

stopped. However as noted earlier the cross-section for 

the D? reaction becomes negligible at low energies; at 

20 kev it is only 50 mb. 

5.4) Absolute Yield Measurements by Associated Particle Detection. 

5.4.1) Detection Principle and System. 

There is one-to-one correspondence in the 

alpha particle and the neutrons produced from the DT 

reaction, The average energy of the alpha particles is 

about 3.6 Mev, which is high enough for accurate counting 

by a suitable detector placed facing the target. The 

knowledge of the angular distribution of the alpha 

particles is necessary in order to translate the alpha 

counts to the total yield. From the knowledge of the 

neutron angular distribution the number of neutrons emerging 

at a given direction can also be obtained. Below 200 kev 

deuteron energy the angular distributions of both are 

isotropic in the centre of mass system, so that the angular 

distribution in the laboratory system — the anisotropy - can 

be accurately computed. The alpha-anisotropy considerations 

can be by-passed if they are detected at an angle of 90° 

to the incident deuteron beam, since at 90° the angular 

distribution in the lab system is the same as in the c.m. 

system. However practical experimental set-ups do not 

always allow a long arm to be attached at 90°. 

In the present work, the alpha particles were 

detected in the backward direction ~ near the deuteron beam —
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at an angle of 178° to it. The detector was a silicon 

surface barrier detector placed inside the beam tube at 

a distance of 60 cm. from the target. The mounted detector 

can be seen in Figure 5.11. A metallic cap with a small 

aperture of accurately measured diameter defined the 

solid angle of reception of the alpha-particles by the 

detector. Detectors used were the 20th Century O5K 

and Neutronics ND7, both of similar physical and electronic 

characteristics. A pre-amplifier (design suggested by 

20th Century Electronics) was fabricated for initial pulse 

amplification from the detectors. These pulses were 

further amplified and counted by the RIDL 4.00-channel 

pulseheightanalyser, used on the Time Sequence Scaling mode 

of the analyser. The block diagram of the arrangement is 

shown in Figure 5.12. 

Early work on counting of the alphas from the 

DI reaction used to be done with low pressure proportional 

counters with thin mica windors [91]. Since their development , 

solid state detectors are now used for the purpose. Their 

small size (about 1 cm. dia x 1.5 cm.) and tolerable mechanical 

toughness together with the ability to operate in high vacuum 

make them more suitable for such work. The low voltage 

requirement and simple electronics that need not be in direct 

contact with the detector are also advantageous. This can be 

more appreciated if they are compared with plastic scintillators 

that can also be used for alpha detection but need bulky 

photomultiplier tubes and electronic components in contact 

with the scintillator. The main disadvantages of surface



 



FIG. 5.12 -- Block Diagram of the Electronics for Detecting 

and Counting the Alpha-particles. 
( RIDL Analyser set on TSS mode. ) 
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barrier detectors are their radiation damage in a high 

energy neutron field and surface degradation that might 

occur due to oil vapour or other organic vapours which 

can be present in a high vacuum system and get deposited 

unless excessive care is taken throughout the operation. 

SSB Detector Characteristics. 

Silicon Surface Barrier detector is a semiconductor 

junction diode. The p-type layer which is very thin is 

near the surface and is coated with a thin gold film. 

The detector is operated only with reverse bias i.e. the 

n region is given aipositive voltage with respect to the 

gold-layer electrode, which is earthed. The depth of the 

depletion layer which is the sensitive region is proportional 

to pv where p is the résistivity of the base material 

(silicon) and V is the applied voltage. The maximum 

voltage the detector can tolerate without damage is 

specified by the manufacturer; for the O5K detector it 

was 25 Volts. 

The Electronics. 

The circuit diagram of the pre-amplifier is 

shown in Figure 5.13. The input cable joining the SSB 

was kept short in order to obtain good signal to noise 

ratio. The polarizing voltage for the detector was 

connected through a variable resistor so that voltage to 

the SSB could be applied or disconnected gradually to avoid 

voltage shocks to it. 

Care had to be taken to avoid earth loops



Pre-amplifier FIG.5.13.-~ Circuit of the 
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which produced spurious signals in the detector. 

The spectrum of the alpha-particles received 

at 178° is shown in Figure 5.14. This gives a resolution 

of about 10%. From statistical consideration of monenergetic 

alpha particles of energy 3.6 Mev this is poor. But the 

alpha-particles received were not monenergetic. They had 

an energy spread of about 0.5 Mev at that angle. ‘The 

poor resolution however is not a problem for absolute 

counting, so long as the spectrum is well separated from 

the noise spectrum. This can be a problem when the detector 

has too much of radiation damage from the fast neutrens, 

when the peak height decreases ani the width broadens 

and towards the end spurious counts are recorded due to 

increased reverse current in the detector. 

A typical instantaneous variation cf alpha- 

particle output (and hence of neutrons) is shown in 

Figure 5.15 which is a recording of the rate meter flow. - 

chart. The depression in the middle was caused by a 

sudden shutdown of the hign tension generator due to 

flashover, EH? was restored manually as soon as possible. 

The width of the depression indicates the time for which 

the neutron production stopped. In stabilized condition 

such stoppage would occur a few times in an hour of 

irradiation and was the major cause of discontinuity in 

irradiation. 

Geometry Factor. 

If So is the source strength of an isotropic 

a-source (lab), the alpha-particle counts by the detector



Spectrum of the Alpha Particles. Fig. 5.14. -- 
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FIG. 5.15. -- Recording of Rate-meter Flow-chart 

Showing Variation of Alpha Particle Output. 

( Trace level corresponds to about 3 X 40° neutrons/ sec.) 
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at R cms. away from the source and having a circular 

apertue of diameter D, held normally to the line joining 

it with the source is given by 

C= Bo AM 

= m?/), 
ies 

uv 

1 2 
So ig @) 5.12 

where AQ is the solid angle having the value as in eqn.5.12. 

It is assumed that R is large and the target area is small 

enough so that it is effectively a point source as viewed 

by the detector. From here we have 

Rp? 
BS =C 16 ir 

=G.C) 5.13 

where G is termed the geometry-factor which is inverse of 

the solid angle adefined by eqn.5.13. It is evident 

that both D and R has to be accurately obtained as both 

are squared; but since D is very small and it is obtained 

for an aperture, special care was needed when measuring it. 

A clean well defined hole was drilled in the centre of the 

aluminium cap. It was then measured with a 'Genevoise! 

Universal Measuring Machine (in Production Engineering 

Department), which would magnify the aperture and measure- 

ments could be made accurate to one-thousandth of a om. 

Several measurements were taken and the mean gave a diameter 

of 0.1908 cm, giving an area 0.02859 cm? (+ 0.6%). The 

distance from the target was measured as 60.0 + 0.3 cm, This 

gave
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G = 1.5821 x 10° (4 1.2%)0 

Anisotropic Factor. 

The alpha anisotropy A, can be defined [89] 

in the same way as the neutron anisotropy, A, has been 

defined by equations 5.5 - 5.7, by replacing the corres- 

ponding quantities with values for alpha in these equations. 

The total anisotropy is 

As ASA, 5 oly. 

for any two fixed angles af alpha and neutron and for 

a given deuteron energy. The average for the whole 

range of deuteron energy from the bombarding to zero energy 

is given by 

Ao(B,)n,(E,) 2% . ap / vee) aa Ma a 
Re 

Joa) =, o dE 

With the effect of anisotropy, the neutron 

source strength (angular) is given by 

So = A.C.C, 5.16 

The source strength defined by equation 5.16 is that 

which would give the same intensity of the neutrons at 

a given angle for an isotropic distribution. However, if 

the neutron observation angle is 90°, it then also gives 

the total yield for the non-isotropic source, 

The program DINTAVANIS was written for the 

evaluation of A from equation 5.15. The numerical 

integration is performed by Simpson's rule, The program
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calculates A for any given tritium profile and also for 

a uniform distribution of tritium. For the thick target 

with a-counting at 178° and neutron emission at 90°, 

K is 1.2149 with an idealized traingular distribution 

peaking in the middle; Kis 1.1944 for a uniform distri- 

bution of tritium, which is 1.7% smaller. 

Error in Anisotropy Factor. 

Previous calculations of A by other authors 

[89, 95, 97] were all made by assuming a uniform distri- 

bution, Benveniste et al. [96] reports a discrepancy 

of 2% in the calculated and observed anisotropy for an 

alpha-particle counting angle of 135° with thick targets 

and 500 kev bombarding energy, the true source strength 

being obtained from simultaneous counts at 90°. 

From the computations described above it seems 

the magnitude of error in assuming a uniform distribution 

of tritium depends upon target thickness. For the medium 

thick target of type TRT 31, calculations were for the 5 

prfiles - uniform, true and 3 triangles- as shown in 

Figure 5.6, ani all normalised to the same tritium loading. 

For 90° reception of the neutrons and 178° alpha-counting, 

the error in all cases is less than + 1% with respect to 

the true profile, the maximum being - 0.98% for the triangle 

peaking at half-thickness of the sensitive target layer. 

The error for the traingular distribution peaking at 

#-thickness is minimum. The small amount of error for the 

medium-thick target is because the deuteron range is of 

the same order as the thickness of the sensitive layer.
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5 ol-.6) Accuracy of Absolute Counting. 

Apart from the errors noted above, the other 

possible errors in alpha-particle counting are considered 

below. 

There is a possible error due to alpha-particle 

counts from the °He(d,p) *He reaction, with the helium-3 

which is produced as the tritium decays with the half- 

life of about 12 years. The reaction has a high Q-value 

(about 18 Mev) and the alpha-particle energy would have 

almost the same energy as that from the DT reaction. If 

all the “He remained in the target then in six months this 

would be about 2.8% of the tritium conteat. However the 

cross-section for the D-P reaction is very small, being 

about 25 mb at 120 kev [91]. With the above concentration, 

alpha-particles from this reaction cannot be more than 

0.096 of those from the main reaction. Similar conclusions 

are reached by Fieldhouse et al. [101]. 

i Another possible reaction that might contribute 

to charged particle counting is the DD reaction, the 

deuteron being deposited in the target from the bombarding 

bean. This reaction, if significant can also introduce 

low energy neutrons into the system. Again, several con- 

siderations exclude the possibility of any appreciable 

contribution. The Q-value is +3.27 Mev; the average 

neutron energy is 2.45 Mev and He energy 0.8 Mev. Wita 

an SSB detector the °He peak should be easily separable 

from the *He peak of 3.5 Mev. It was not observed. 

Secondly, in the energy range involved the DD cross section 

is about 300 times smaller than the DT cross section {91].
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The deuterm targets (similar to the tritium targets in 

titanium thickness) used with the SAMES, give about 100 

times less yield of neutrons than the tritium targets. 

Thus in the extremely hypothetical case of deuterium being 

in the same ratio as tritium in the target, only 1% of 

neutrons can be expected from DD. Most of the deuterons 

are however carried up to the distance where they come to 

rest. If they accumulate around that region then further 

incoming deuterons will not react, as the reaction is zero 

at zero energy. 

It was not possible to collimate the detector 

against the alpha-particles that might reach it being 

scattered from the walls of the beam tube. However the 

aperture of the defining slit is so small that this could 

not be significant. Such seattered alpha-particles will 

have less energy and could be seen from the spectrum. 

Removal. of the alpha particles by the strip-probes is 

negligible for the following reasons. The strips are at 

right angles to each other and their position is such that 

none are in the same line joining the target centre to the 

detector. The probes make a narrow but well defined 

shadows on the target due to the beam; these shadows could 

be seen when the target was taken out. It can be inferred 

no reaction takes place in the shadows. The only alpha- 

particles that could be stopped by the probes from reaching 

the detector are those that could originate in the shadows, 

as the detector is near the line of the deuteron beam, 

Standard error of the source strength expressed



5.4) contd. 

54.6) 

5.4.7) 

1256 

contd, 

as percentage ,composed of 

area of aperture 0.65% 

distance of the target from detector 1.0% 

anisotropy factor 0.5% 

giving a combined error of 1.3%. A further systematic 

error of + 0.58% was associated with the counting of the 

alpha-~particles, giving a total of + 1.4%. 

Attenuation of Neutrons by the Target Holder: 
  

From the composition and geometry of the target 

holder and the observed counting efficiencies it was in- 

dicated that the target holder attenuated the source 

neutrons by about &% at and around 90° to the beam. This 

effect cancels out in the final flux measurements, as the 

foils were calibrated using the same target asserbly and 

at the same direction as the measurement positions in the 

experimental set up.



CHAPTER 6s 

FLUX MEASURING TECHNIQUE WITH THRESHOLD AND 

RESONANCE FOILS.
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6.1) Threshold Foils. 

Gabel) 

6.1.2) 

Thresholds. 

In endoergic reactions (Q-value negative), 

energy has to be supplied for the total balance of the 

reaction system. Threshold energy of a reaction with 

neutrons can be defined as the minimum energy of the 

neutrons for which the reaction can take place, However, 

due to the need of the conservation of momentum the 

threshold energy is slightly larger than the Q-value 

ani is given by 

Sheets Ole Seal 

where M is the mass of the target nucleus at rest ani 

mis that of the neutron, 

For fission the Q-value is positive and the 

above equation for neutron threshold energy is not valid. 

The threshold for fission can be simply taken to be the 

minimum energy of the incident neutron with which fission 

is observed, 

Measurements with Threshold Foils. 

In reactions such as (n,p), (n,a) and (n,2n) 

the proton-neutron equilibrium ratio is disturbed and the 

product nucleus is found to decay by beta or position 

emission, often followed by gamma-rays. Fron the absolute 

measurement of the activity and irradiation history the 

magnitude of the flux of the neutrons above the threshold 

energy can be found. 

In some of the (n,n') reactions the product 

nucleus is left in a metastable excited state, from which
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it decays to the ground state by gamma-emission. Such 

(n,n') reactions can also be used as threshold detectors. 

By analysis of the fission products the isotopes with 

even-mass number can be used as threshold detectors. 

The (n,y) reactions which take place with 

neutrons of all energies from zero upwards are mainly 

used to measure the thermal and epithermal flux. In some 

cases they however can be used in the high kev region. 

"Effective" Thresholé Energy and Cross-Section? 

The reaction cross section beginning from zero 

at the threshold energy increases in magnitude with in- 

creasing neutron energy, and reaches a maximum, The 

cross-section may then remain constant over a considerable 

energy range or it may begin to fall off with still 

further increase in energy, The reaction sensitivity 

thus varies with energy and in particular just above the 

threshold the sensitivity is low over a considerable 

range. It is often convenient to idealise the cross- 

section curves as a step function at an energy Lope? 

somewhat higher than the true threshold Ey» such that 

the reaction rate is given on the simple assumption that 

no neutrons below Eo pp contribute to the reaction but all 

above it contribute with equal probability. This can be 

seen from Figure 6.1. The reaction rate as a function 

of energy is given by ¢(E) o{E), the product of flux and 

cross-section, The total reaction is proportional to the 

area B and D. The vertical line through Eee is drawn



FIGURE 6.1 -- Definition of ‘Effective Threshold Energy 
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such that area B is equal to area C so that the total 

reaction is the same but now it can be assumed that 

reaction rate follows the same profile as of the flux 

above Epes The constant reaction rate in the latter 

case is the average value also called effective cross- 

section o. Thus the threshold reaction is such that 
f° 

it has a step function at By. - rising to a value oe. 
fe ff 

and remaining at that value in the rest of the energy 

region of interest. 

Obviously, Ege and Copp ore functions of the 

flux profile and vary in different systems. However 

as a means of convenience and also due to the fact that 

the threshold detector techniques have been developed 

around reactors, the effective threshold is often defined 

for fission neutron spectrum. For the cross-section the 

average value Or through the entire region 0 to o (practically, 

about 18 Mev) of the fission spectrum is used, rather than 

Ogpps Analytically, 

i o(8) ¢p(B)aB = Gp ico aE 
° 

= ope | Hp(B) UB = One Pp(Bopp) 642 

Lore 

where bp is the fission spectrum and bp Bop) is the 

fission spectrum above E,. only. With the integral of 
ff 

fission spectrum normalised to unity 

= Sore Pe 

  

(z 6.3 
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The average cross-section Op for various materials has 

been directly measured by several authors with Bor 

converter plates in the thermal column of reactors. Its 

use and determination has been prompted by the fact tmt 

the cross-section for threshold reactions is not accurate 

enough throughout the energy range and in some cases is not 

known. Because a large proportion of the fission neutrons 

is below the threshold of most of the reactions, the average 

value is much smaller than the maximum values. 

For an unknown flux having a comparable profile 

to fission neutrons, a quantity, equivalent fission flux 

density is used. This is given by, if 4,(B) is the unknown 

spectrum measured, 

[ @ otras 
  eq 

[% @ oes 
° 

[ 3.@ o@) 
° 6.4. u 

Sp 

Because of the dissimilarity from the fission spectrum the 

results in the present work have not been analysed in terms 

of equivalent fission spectrum. In fact, this would only 

introduce a normalisation constant for a given foil.
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6.2) Selection of the Foil 

6.2.1) Criteria Used in Selecting. 

It was decided to use as many threshold reactions 

as possible with thresholds below 1; Mev. The basic 

criterion was that activities of significant statistical 

magnitude could be obtained after irradiating for a 

reasonable time in the experimental assemblies with the 

source strength the accelerator could provide. The observed 

activity should be unambiguous so that it can be attributed 

to a definite reaction and the interfering activities, if 

any, could be eliminated and definite conclusions could be 

obtained. In practice this amounted to studying the 

following properties: 

(i) Cross-section availability; 

(ii) Cross-section magnitude and shape; 

(iii) Half-life of the product nucleus; 

iv) Decay scheme of the product nucleus - ener, ey 
and branching ratio of the decay products; 

(v) All other possible reactions in the target 
material with neutrons of possible energies 
in the system; 

(vi) Availability of the material in useable 
quantity and form; this included cost 
cons iderati ons ; and 

(vii) Physical and chemical compatibility of the 
material during use. 

Several foils which would otherwise have been 

ideal had to be eliminated either for one or other reamns 

listed above. In many cases half-life was the deciding 

factor. The minimum half-life of the reaction of interest 

had to be such that time was sufficient to take the foils 

out and count at least several of them before the activities 

died away; the minimum half-life is thus about 10 minutes.
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The maximum half-life had to be such that enough activity 

was induced during a continuous irradiation, which could 

be at the most a working day; other practical consider— 

ations reduced the time to about 5 hours. The maximum 

half-life that has been used was 15 hours. Several reactions 

which were otherwise very attractive and have been success— 

fully used with reactors could not be used because of their 

longer half-lives (a few days). In particular, 

*2S(n,p) °®P with a low threshold and cross sections well 

known had to be rejected because of its half-life of 

14.3 days. 

®47n(n,p) °4Cu with threshold below 1 Mev and 

a tolerable half-life of 12.8 hours was considered, but 

®4Cu cannot be easily counted because of interference 

from the 13.8 hours reaction °®Zn(n,y) °°Zn, which also 

has similar beta and gamma energy characteristics. Another 

reaction, **°In(n,n') **5™In with a threshold at 0.5 Mev 

had its feeble 0.335 Mev gamma-peak virtually swamped 

by the gamma ray spectrum from **®In produced by the 

(n,y) reaction with **°In, 

*°8Rh(n,n') Aesth another isomeric reaction 

with a low threshold at about 0.4 Mev has not been used 

because of the lack of information aboutg its cross-section. 

Also the material is expensive and its 20-kev X-ray 

emitted from internal conversion requires a special 

detection system to measure [102]. 

Fission foils were not used because of ambiguity 

inherent in the measurement of their activities due to their
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natural radio-activity and the change in the fission 

product distribution with incident neutrons [103,104.] . 

Also the easily available *°*U has got a threshold energy 

very similar to that for the *1P(n,p) reaction, 

Foils Selected: 

Five reactions were finally chosen among the 

threshold foils. These are: 

*¢a(n,2n) **Ca 

®7ne(n,a) 74Na 

5re(n,p) °°Mn 

®7ne(n,p) 7 Mg 
84tp (n,p) Baga 

Thus from an independent search a selectionwas made, 

which with one or two more reactions of longer half-lives 

has been used in other laboratories and by now seem to 

have become a standard set, for non-fission threshold 

detectors. This is not surprising since the same criteria 

for selection are used and the performance of the foils in 

and around reactor environment is similar. 

The ©°Cu(n,2n) was ideal for measuring the primary 

neutron distribution in the assembly. The cross-section 

beginning from 11 Mev rises rapidly and at 1. Mev has a 

high value, Since very few neutrons are produced due to 

inelastic scattering or fission at these energies they are 

practically avoided by this reaction, A€(n,a) and ®*Fe(n,p) 

have similar cross-section profile, but 58re(n,p) has somewhat 

lower threshold at about 5 Mev, while the A€(n,a) threshold 

is at 6 Mev.P(n,p) has the lovest threshold in the combination
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at about 1.5 Mev; A€(n,p) is inbetween P and Fe at 

3,5 Mev. 

They all have sufficient cross-section at 

14 Mev, so that they could be calibrated with the source 

neutrons. Cross-sections at other energies are sufficiently 

known. 

6.3) Nuclear ani Material Constants of the Thréshold Foils. 

Data shown in this section has been mostly taken 

from refs. 105-110. 

6.3.1) Material Constants of the Foils. 

Atomic Atomic Density LIsotrope 

  

Element, Number. Weight. gm/ce abundance (%) 

Copper 29 63.57 8.89 "cu 69.1% 

cf0u 3009 

Aluminium 13 26.97 2.70 #742 100 

Iron 26 55.85 7085 54h—e 58h 

56Fe 91.68 

Payee oehy, 

58Pe 0.31. 

Phosphorus 15 3.98 2.20 pp 400 
(red)
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6.3.2) Nuclear Constants for °°Cu(n,2n) °?Cu Reaction: 

Threshold at, E,, = 11.0 Mev 
th 

Cross~section at 14-Mev: 

microscopic = 55). mb. 

per gn of ©Cu, 3, = 3.629 x 10 * em tom> 

With fission neutrons: 

effective threshold energy Lore = 13.7 Mev 

average cross-section in Watt-spectrum, io = 0.0867 mb. 

Disintegration data of °Cu 

Half-life = 10.0 min 

B*, Ex = 2-91 Mev, 97% of the decay 

E y, = 0.88 Mev, 0.3% " 4 

ye = 1.13 Mev, 0.1% " " 

Ys = 1.17 Mev, 0.5% " " 

The activity can be measured from the 0.51 Mev 

annihilation peak of B*. The foil canbe put inside a thick 

aluminium dise to stop the positions; this increases the 

efficiency. It is called a foil converter, 

Competing Reactions: 

    

reaction energy, E gatE oat ii Mev. Half life 

®2Cu(n,y)®4Cu Thermal 3.5b x 12.9 hrs. 

& Res.Int. 4..0b x 1 

®8Cu(n, 2n) ®4Cu By, =9-8 Mev 1.0b uh 

®Scu(n,p) S®Ni Ey =1.52 Mev 25 mb 236 hrs. 

*§cu(n,y) ©%cu Thermal 1.8b x _5.1 mins, 

Disintegration data for above:
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S4cu B* , 0.66 Mev, 19% of the decay 

& , 0.57 Mev, 13 at " 

y's less than 1% ut 2 

SONG Ba 2,12 Mev, 5% 4 e 

Ba 1.0 Mev, 14% a i 

Bs 0.60 Mev, 29% 4 # 

ya 0.37 Mev, ye Hf 

yea 1.11 Mev, 1% i pi 

Ys 1.48 Mev, 25% u " 

other y's each less than 1% 

Stu Bs 2.63 Mev, 91% of the decay 

Ba 1.50 Mev, oi 3 " 

y 1.04 Mev, 9% 1" f 

In the absence of thermal and significant epithermal 

neutrons the (n,y) reactions should not seriously interfere, 

The °5Ni production cross-section is small at 1} Mev, its 

y-energies are different from the annihilation yenergy, 

the f'-particles can be absorbed in the foil converter. 

However some interference can be expected from the 

annihilation gammas produced by the ®°Cu(n,2n)°4Cu reaction. 

Its cross-section is high at 1, Mev but the half life is 

very long; its contribution can be kept small with short 

irradiation time. 

Nuclear Constants for ?A¢(n,a)?“Na and ?7ne(n,p)? Mg 
Reactions: 

(n,a): cross section at 1). Mev 

microscopic = 126 mb
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ss bal 
per goof A, 3 = 2.815 x 10° gm om? 

With fission neutrons 

effective threshold energy, Lope = 8.5 Mev 

measured average Gp = 0.60 mb. 

Disintegration date for 74Na 

Half-life = 15 hrs. 

Enax Of Ba » 1.39 Mev, 99% of the decay 

E Ya » 2075 Mev, 100% 8 ao 

ya » 1.37 Mev, 100% " " 

(n,p): Cross section at 1} Mev 

microscopic = 85 mb 

per gn of At, a, = 1.899 x 10° piven? 

With fission neutrons 

effective threshold energy, Eo pp = 5.8 Mev 

measured average Gp = 4.4.3 mb 

Disintegration data for ? "Mg 

Half-life = 9.5 mins. 

E of Ba ae 1.75 Mev, 70% of the decay 

1.57 Mev, 306 " " 

E of ys = 0.84.Mev, 30% " 

u 
ut Ba 

ya = 1.01 Mev, 306 " # 

Competing Reactions: 

energy o half-life 

?7ne(n, y)?°Ae: Thermal. 210 mb 2.3 mins, 

Res. Int. 160 mb : 

Disintegretion data for ?®se 

Enax Of B = 2686 Mev 100% 

E of y = 1.78 Mev 100%



6.3) contd. 

6.3.3) contd. 

The (n,y) créss-section for A€ is small. If the activity 

due to it is significant, it can be reduced by waiting 

after irradiation; by 20 mins the (n,y) activity is 

reduced to less than 3% at the stop of irradiation. 

The peaks of (n,a) and (n,p) are separated 

in pairs; both the gamma peaks of (n,a) are of higher 

energies than the (n,p) peaks. In gamma-counting there 

will be interference from the Compton continuum of the 

(n,a) gammas; this can be reduced by shorter irradiation, 

6.3.4) Nuclear Constants for *re(n,p)*Sin Reaction: 

Cross-section at 14 Mev: 

microscopic = 106 mb 

per gn of 5°Fe, a5 1.048 x 10° git om? 

With fission neutrons 

effective threshold energy = 7.4. Mev 

0.8) mb, measured average Op 

Disintegration d ata for °°n 

Half-life = 2.58 hrs. 

E of B1 = 2,86 Mev, 60% of the decay 

fa = 1.05 Mev, 24% " " 

fs = 0.75 Mev, 15% 1% " 

E of ys = 0.8) Mev, 99% " " 

ye =1.81 Mev, 23% " " 

ys = 2.11 Mev, W% " "
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Competing Reactions. 

2386. 

  

Energy ,E oatE oat 14 Mev Half-life 

54he(n,y)>*Fe Thermal 2.2b x 2.6 yrs. 

58re(n, y) *°Fe Thermal 0.9b > 45.1 days 

54%e(n,2n)>*Fre Ey, = 13.9 Mev. ~ 2 mb. 8.9 min 

5Pe(n,2n)°*Fe E,, = 10 Mev 0.5 -b 2.6 yrs. 
th 

Interference from the competing reactions can be expected 

to be small, because of long half-lives or small cross 

sections, Also the ganma peaks of 54m, particularly the 

predominant 0,8) Mev ones is well separated from the gammas 

of other competing reaction products, 

Nuclear Constants for **P(n,p)°*Si Reaction: 

Cross-section at 14. Mev 

microscopic = 85 mb 

per gn of *4p, an = 1.653 x 10° em em? 

With fission neutron spectrum 

effective threshold energy = 3.7 Mev 

average o; ip = 40. mb. 

Disintegration data of ®4si 

Half-life = 2.60 hrs 

ax of B = 1.48 Mev, 99.9% of decay 

E of y = 1.26 Mev, ~ 0.07% 

Competing Reactions: 

  

Energy,E oat E o at 14 Mev Half-life 

S4p(n, y)°?P Thermal © 190 mb x 1.3 days 

Res. Int. 92 mb x " 

®4P(n, 2n)*°P Ey, = 12.3 Mev 14. mb 2.6m
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Disintegration data of °°P 

See B* = 3.2) Mev, 99.5% of decay 

EB of y = 2.16 Mev, 0.5%" 6 

Thermal ani epithermal (n,y) cross-section is again small; 

in addition the half-life is very large. Interference 

from (n,2n) can be expected. Si and °° are both 

effectively pure beta emitters. However, the half-life of 

®°p is only one-tenth of that for **si decay; also the 

cross-section of (n,2n) reaction is smaller at 1) Mev and 

below. 

Cross-sections of the Reactionsin the Energy Range of 
Interest: 

The cross-section curves of the reactions are 

shown in Figure 6.2, They are given here on a linear 

scale. Most of the data has been taken from the Euratom 

compilation [111]. Though all the threshold reactions 

used here have been considered there, it does not give the 

best value; instead, several curves for the same reaction 

from various experimental results are drawn on a long-linear 

scale, The best value has to be decided by the reader, which 

is not a pleasant task, the cross-section being on long scale. 

There are gaps in energy range for some of the reactions. 

There is a gap in P(n,p) curves from 9.5 to 13.75 Mev and 

in Aé(n,p) curves from 8 to 12 Mev. Since the cross-sections 

at these energies is slowly varying reasonable interpolation 

can be made, The values selected from the Euratom compilation 

are compared with the less comprehensive French compilation fa15]
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and other values reported [112-114]. The quoted error for 

the best values of the cross-sections is + 6% and for the 

rest + 10% in ref. 111, which reflects uncertainty in the 

values used in the present work. 

Preparation and Uses of the Threshold Foils: 

Foil is a general term used for activation detectors, 

while in practice they are often in the form of discs or 

pellets. Because of their smaller cross-sections the threshold 

foils are usually much larger and thicker than the resonance 

foils. The activity of these foils is uniformly distributed 

in thickness but self absorption of the emitted radiation in 

the foil can be significant. For beta-counting the maximum 

useful thickness is of the order of the range of beta particles. 

Copper foils were made by punching from a metallic 

sheét 1.6 mm in thickness and of 99.9% purity. Foils of four 

different surface areas were used three of them discs and one 

rectangular, To identify, they are termed differently: 

Cu-Dise diameter avewt. 

type - 2 2.0 cm. 4.65 gms. 

type - 3 5.2 cis 11.45 gms. 

type - 5 5.0 cm. 28.35 gms. 

Cu-Rect area avewt. 

I-type 4.1 cm x 3.2 cm % 18.10 ems. 

The reason for taking several dimensions of copper was that 

while the smaller type-2 is adequate to measure the primary 

neutrons at any pint there can be some variation of it due to 

foil dimensiins - particularly in the iron-uranium assembly
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because of the cylindrical shape of the uranium rods. 

The bigger foils type-3 and type-5 were used to find 

the first group flux in phosphorus and iron and aluminium 

foils respectively. The L-type had a breadth nearly 

equal to the diameter of the uranium rods and was placed 

symmetrically just above the central uranium rod to give 

the average first group flux at the particular radial 

distance and this distribution was needed for the removal- 

diffusion calculation. 

The iron and aluminium foils were obtained 

through the Shielding Group of AERE, Harwell, who have 

used similar foils in their shielding measurements. 

Diameter of the aluminium foils was 5.08 om, (2 in) and 

that of the iron foils 4.92 cm. Original thickness of 

both types was 0.32 cm; they were machined to a thickness 

of 0.20 cm each. The diameters were not reduced further 

as that would decrease sensitivity. Average wieght of 

the iron foils was about 29.8 gms and that of the alumium 

foils 11.0 gms. 

Phosphorus was used in the form of red 

phosphorus, reagent grade (BDH Chemicals Ltd). ‘The 

powder was encased in a melinex tray, made from 

0.0127 cm (0.005 in) thick melinex sheet pressed in a 

heated disc. The trays had about 3 mm edge bent outward. 

The face of the traywas covered with very thin melinex 

foil of thickness 0.0013 em (0.0005 in). The melinex foil 

was fixed on the bent edge with araldite., Each tray 

contained 1.7 gm of red phosphorus. Depth of the tray
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was 0.26 cm and its facial diameter 3.2 cm. They were 

counted with a plastic scintillator with the thin melinex 

side on it. 

Foil Carriers. Foil carriers made of thin 

aluminium were used to place the foils in the irradiation 

position through the narrow gaps left between the iron 

plates of the assemblies. They were 70 cm long and 5 cn 

wide cut into shape from 0.07 cm aluminium sheet, At 

66 cm (24 in) from one end holes were punched to locate 

and. position the foils. Two types of holes 3.7 cm and 

2.1 cm in diameter were used. The Phosphorus ani copper 

type-3 foils fitted into the larger types of holes while 

the copper type-2 and indium foils (described later) fitted 

into the carriers with 2.1 em diameter holes. Foils were 

then rigidly attached to the carrier with sellotapes, The 

darger copper foils and aluminium and iron foils were fixed 

on the carriers with larger holes, sitting just avove the 

holes, The effect of the carrier, particularly for the 

primary source neutrons was therefore minimised, 

6.4) Resonance Foils. 

6.4.1) Detection properties: 

The (n,y) reaction of some of the nuclei has 

a high cross section for thermal neutrons, followed by 

high resonances in the epithermal energy regions, Foils 

using these reactions are called reanance foils and have 

been widely used to measure low energy neutrons, particularly 

in well-moderated systems. The thermal and non-thermal
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activities canbe separated by covering the foils with 

heavy thermal neutron absorbers such as cadmium. It 

usually happens that the first resonance is the most 

prominent one and in ' */&-spectrum' which is characteristic 

of the region between thermal ani fission energies in a 

moderating medium, the epithermal actives can give 

magnitude of the flux at precise energy corresponding to 

the first resonance. Foils used this way can give in- 

formation up to afew kev. 

The characteristics of the resonance foils 

are considerably different from the threshold foils. 

Because of their high cross sections they are much thinner 

and smaller than the usua] threshold foils. Even then the 

self-shielding of the inner layers of these foils by 

the outer layers is important, so that the activity along 

the thickness vary. Several corrections become necessary 

to the observed data to obtain information about the fluxy 

Important theoretical developments have taken place for 

these corrections. However tests of these theories and 

the reported use of the foils are limited to thermal 

reactors ani other moderated systems. 

In the present work the In**®(n, y)In##6™ 

reaction has been used to measure the thermal neutron 

intensities inside the assemblies. Thermal and other 

low energy neutrons can enter a systen due to reflection 

from the floor and shielding of the set-up, in addition 

to whatever is produced by slowing down inside the 

assemblies, which can be expected to be very small. This
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reaction of indium persists up to the Mev region, though 

with very small cross sections. 

Thermal and Resonance flux separation: 

By covering indium with cadmium, the thermal 

neutrons are prevented from reaching the indium, The 

cadmium relative cross section is such that neutrons below 

0.4. ev can be assumed to be cut-off while those above 

reach it. The reaction rate in a */E spectrum is then 

given by 

reaction rate = oy | of{E) ¢ 6.5 
Ss 

044 CVo 

where q is the slowing down density and é is the average 

logarithmic energy decrement of the nuetrons in the 

moderator. The integral in the above equation is known as 

the resonance integral, If this integral is known the 

total resonance flux can be obtained from the observed 

activities. The resonance cross section is composed 

of two parts - the t/q part on which the resonances are 

superimposed. In a */® spectrum the integral due to 4/v 

part is I(*/v) = 0.5 op where oo is the cross section at 

0.025 eve The total integral 

Le 1(*/v) +I! 6.6 

where It is called the reduced integral, which is mostly 

due to the predominant resonance, 

The activity observed in a cadmium covered 

foil due to the total resonance is
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A, =" ¢. I. 6.7 

where N = number of atoms of the isotope of interest in 

the foil, I, is the resonance integral and $y, is the 

corresponding flux, Ina hare foil activity is added 

due to thermal neutrons 

A 6.8 th X Gin Sn 

where OL, is the thermal neutron activation cross- 

section and is the thermal flux, so that the activity oth 
in the bare foil is 

A=A,+ 4 =N Oy Fn + ™ byl. 6.9 

AL and A are the experimentally determined quantities. 

The ratio Ah, is called cadmium ratioRed; with the 

above equations 

(Red-1) = teh Fal bole 6.10 

The left side of eqn. 6.10 is a measure of how well the 

neutrons are thermalised. Also we have 

A a tmerds @- ck) ee th N Sn Red, 

From 6.11 the thermal flux can be calculated and from 

6.7 the resonance flux. 

Correction Factors for Resonance Foils: 

The following perturbing effects can occur 

and corrections are necessary to obtain the unperturbed 

flux distribution from the measured activities:
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(i) Flux depression in the vicinity of the foil; 

(ii) Shadowing of the inner layers of the foil 
by the outer layers; 

(iii) Mutual shadowing of the neighbouring foils; 

(iv) Shadowing of the foil due to the cadmium cover. 

The third-effect, shadowing due to neighbouring foils can 

be eliminated during irradiation by Deeper separation of 

them from each other, The fourth one, the cadmium 

correction factor is solved on an empirical basis while 

for the first two factors, theovies have been developed 

by several authors. 

The self-shielding factor is termed G and the 

flux depression factor H, so that the combined correction 

factor called perturbation factor is 

F=Gx H. 6.12 

In general G and H have different values for 

both the thermal and resonance neutrons, However far a 

single resonance peak the depression effect is negligible 

(H = 1), because after one crossing of the detector, a 

neutron of the resonance energy will have to be scattered 

in the medium before returning to the detector, and ina 

moderating medium its energy will then be lower than the 

resonance energy. For measurement of thermal flux alone, 

the corrections due to resonance neutrons need not be applied, 

as the bare and cadmium covered activities due to resonance 

energy neutrons are the same,
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Calculation of the Correction Factors: 

There are two widely used theoretical calculations 

of the perturbation, one due to Bothe [116] ana the other 

to Skyrme [117], both arriving from different consider— 

ations. Bothe considered the case of a spherical shell 

detector and used one speed diffusion theory, From the 

formulae for the shell he arrived at the formula for a 

disc by intuitive means. His theory has later been 

modified by Tittle [118] and as it stands, it gives 

sufficient agreement with experimental results, particularly 

for foils of smaller radius [119]. Skyrme used transport- 

perturbation theory in his analysis, also considering only 

the one speed case. Skyrme's theory has also been modified, 

among others by Ritchie and Eldridge [120]; the modified 

theory has been compared with experimental results by 

Walker et al. [124], who find good agreement for indium 

foils of thickness up to 0.025 inch in water for thermal 

neutrons and also by others [122, 123]. 

However it is easier to compute numerical values 

from Bothe-Tittle relations than the Skyrme's one; for the 

latter uses a semi-empirical parameter 'g' which is more 

involved. 

The equation for G, first derived by Bothe 

is given below. A dimensionless quantity T, foil thickness 

in absorption lengths (T = t/d, = +2,) is first defined. 

For a monoenergetic isotropic flux 

-T G(r) = lee (1-T)-1? 8, (T) 6.13 
ar
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Pu ase 
where E,(T) «[ = dx 6.14.   

x 

se 

and x is the physical thickness variable. Defining 

a= dee? (1-2)- 7B, (7) 6.15 

G(T) = er : 6.16 

a as a function of ta, has been calculated by Tittle. 

The flux depression factor H, for the thermal 

neutron, as modified by Tittle is given by 

  

  

es eet 6.17a 
se aoe ae 

AnD € Age Bel ) 
c 

if R > aN, 

or 

a ae 
ee 7 wR<< AL 6.17 

140.340 aan 
t: x 

whe re R = foil radius, cm 

Ne = transport mean free path of the moderating 
medium, cm, 

= A, 

lu 

L = diffusion length in the medium, 

For a weakly absorbing media 

Ren 
LP etre 6.188 

3 

For a molerately strong absorbing medium 

Ve = Mr 4a 6.18b 
a (a are dy 

5d, 
a
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An interesting case of eqn. 6.17b is when 

the transport mean free path is very large; for this 

case Hx 1, This is the case for a medium like 

aluminium for which Nee = 12 cm but not for say water 

where don ~0.5 cm. For thermal neutrons in iron 

A, 
tr 

eqn. 6.17b should be valid and a small flux depression 

1.2 cm, which is a case in betwem,but still 

can be expected (H = .967). These equations for H are 

strictly for thermal neutrons, but can be expected to give 

approximate results for higher energy neutrons with 

equivalent parameters for the groups. 

The expression for G is rather more general 

and gives approximate values for tae indium resonance, 

A better approximation for resonance self shielding is 

given in ANL-5800, [12h]: 
°° 

c(n) = 3° a o [toty)sta(y) av 6.19 

*/aTo 

where To is the foil thickness in absorption mean free 

path at the peak of the resonance, and Io(y) and Ii(y) 

are modified Bessel functions of the first kind and of zero 

and first orders respectively, Eqn.6.19 has been computed, 

and G(T) as a function of indium thickness is given 

graphically in ref. 124 and is compared with experimental 

values which are found to agree. Zijp [125] also gives 

resonance neutron self-shielding factors for indium, which 

are also computed values. They agree reasonably well with 

the ANL-5800 data except for the thinnest foil (below 1 mil).
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Cadmium Shadow Effect Correction. 

The cadmium cover, though its cross-section 

is low compared to the indium resonances, removes some 

of the resonance neutrons. The factor by which the 

cadmium covered indium foil activities must be multiplied 

in order to obtain activities without the effect of cadmium 

is the correction factor needed, Poae Experimentally, 

it can be determined for a given thickness of indium foils 

by using cadmium covers of different thickness and extra- 

polating the activities to zero cadmium thickness. This 

factor also depends upon the thickness of the indium foils 

used. The true absorption by cadmium will not depend on 

the medium except insofar as the medium might affect the 

anisotropy of the neutron flux. 

The factor Foa ean also be approximately cal- 

culated from the relation [118]: 

ee cial 
cd sa 

where @ is the value for cadmium corresponding to the 

6.20 

indium resonance energy, as has been defiined by eqn.6.15. 

For a typical value of cadmium thickness of 1 mm. (0.040 in.), 

Foa for the indium resonance at 1.44 ev and with foil 

thickness 100 mg/cm? is about 1.15. 

In addition cadmium also removes neutrons at 

other energies. With 1 mm thick cadmium only 40% of the 

+/y component of the resonance integral contributes to 

the activation [12d]. Another minor correction that needs 

be considered is the contribution of thermal neutrons to 

the activation of the foil covered with cadmium. For a 

1 mm. cadmium cover this is less than 1% [124b].
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6.5) Use of **5In(n,y)**°™In-Reaction. 

6.5.1) Indium foils and Cadmium Covers: 

Indium in its pure form is very soft. To give 

rigidity an alloy of indium-bismuth was prepared with 25% 

indium by weight. Bismuth has very low thermal and fast 

neutron cross-sections. Both of these metals were supplied 

by Halewood Chemicals Ltd., with quoted purity of 99.999%. 

Foils of two thicknesses, 0.53 mm and 0.91 mm but of the 

same diameter 1.43 cm and the same material composition 

were used for flux distribution measurements; they are 

denoted X-type and O0-type respectively. Two other types 

of indium foils with 10% and 5% indium weight and the same 

thickness and radius as the X-type has also been used for the 

purpose of estimating self-shielding and other perturbation 

effects. Otherwise most of the flux distribution measurements 

were done with the X-type foils. 

Cadmium covers were 1 mm thick with slight depressions 

inside to accommodate the foils; amount of cadmium at the 

edges of the foils was 1.6 mm. The physical constants of 

the indium foils are summarised below:- 

  

% of In Thickness 
Type Radius Thickness by weight for In. 

0-type 0.71 cm 0.091 cm 25% U6 mg/cm? 

X-type 0.71 cm 0.053 cm 25% 116 mg/cm? 

T-type 0.71 em 0.053 cm 1% 4.6 mg/cm 

F-type 0.71 cm =: 0.053 cm 5% 23 mg/cm 

The optimum thickness for B-counting is about 

100 mg/cm? with indium alone in the foil. With more indium 

the beta-count rate falls off slowly. But in an alloy the 

relationship is different. There is a loss in beta counting 

sensitivity with bismuth as used here. However the foils were
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both beta and gamma counted. 

M526 

For the X-type foils the factors G = 0.85 and 

H = 0.967 for thermal neutrons in iron, i.e. the 

perturbation factor F =G x H = 0.817. 

Material _and Nuclear Constants of In: 

Material Constants: 

Atomic mass 

Mass density 

Melting point 

Number of Atoms 

Isotopic Composition; 

Fast Neutron Cross-sections. 

Reaction. 

in7="(n,2n) te *s™ I. 

ale. 

Int+5 (agp) 6a- 7 

In*45(n,a)Agt*? 

In*45 (njn')In*#9™ 

(n, y) Cross-Sections: 

In**9(n, y)In**4 

(n, y)Im**4™ 
Intts 146 

(a, y) In 

(n, y)Int#em 

u 

112,..82 

7-28 gm per c.c. 

156 .4.°C 

0.005247 x 107*/gn 

0.0382 x 10?*/c.c. 

In 115 = 95.77% 

In 113 = 4.2% 

Half Cross Section 

iife at UU, Mev. 

42 msec. 800 mb 

50d 1550 mb 

2.54 15 mb 

362 h 2.5 mb 

4.5 ~ Gp = 180 mb, 

00 (2200m/s) 

42 sec 2.0 b 

49 4 56 b 

13 s 52» 

54 m 161 b



6.5) contd. 

6.5.2) 

1536 

contd. 

Resonance parameters of In*+5; 

The first resonance at 1.44 ev is the most prominent 

one with a peak value of 27,500 b; the next ones at 3.9 ev 

and 9.1 ev have only 460 b ani 125b peak values. In 

BNL-325 [112] the resonances are shown resolved up to 

1350 ev only. Later works show resolved resonances up to 

1 kev. [126]. Throughout literature several values are 

given for the resonance integral. Recent measured values by 

Ryves [127] are: 

00{ 2200 m/s) = 161 + 3b 

Reduced integral = 2710 + 200 b. 

*/y contribution = -500 = 80b, so that the total resonance 

activation integral ~ 2800b. 

Disintegration Data of Tee 

B, (max) = 1 Mev, 51% of the decay 

0.87 Mev 28% 

0.60 Mev 21% 

Ya = 0.137 Mev 3% 

ya = 0.385 1% 

ys = 0.415 366 

ya = 00435 0.6% 
ys = 0.820 1% 

Ye = 1509 55% 

yz = 1.29 80% 

Ye = 1.49 11% 

Yel sea 7e < 0.4% 
yso = 1.77 1.9% 

yas = 2512 20% 

(Lotal of y's more than 100% as there are multiple cascades).
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Use of inte.) ta reaction for Fast Neutron 
Detection. 
  

Ina fast system, in the absence of materials 

of light atomic weight hardly any neutrons can be expected 

below the kev region. **®In(n,y) resonances are only 

below 1 kev; after that the (n,y) cross section is 

smoothly falling but it persists in the Mev region, Between 

0.2 Mev and 2 Mev, the cross section is nearly constant 

at amount 200 mb; after 2 Mev it drops rapidly. In the 

absence of significant reflection from the biological 

shield ‘and the floor there should not be any contribution 

from the resonances ani the high energy part is an excellent 

cross-section distribution to supplement the P(n,p) reaction. 

The decay products - both gamma and beta rays have satis- 

factory properties for detection. The other reaction that 

might interfere, **5I(n,n') with threshold at 0.5 Mev has 

a feeble activity with a 0.335 Mev gamma (no beta), and 

can be eliminated by biasing the gamma counter. 

The cross-section for (n, y) in the high energy 

region of interest is not covered by any single author. 

However values by different authors in the overlapping 

regions agree sufficiently. 

6.6) Gounting Systems. 

6.6.1) Scintillation Counting. 

The foils were counted by scintillation detectors 

for either beta or gamma activities. The ganma-counting was 

done with a 7.6 om x 7.6 om (3 in x 3 in) cylindrical NaI(T¢) 

crystal, the pulses being analysed and recorded in a 400 

channel analyser, Though sodium iodide has excellent
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response to beta particles, due to its hygroscopic 

nature, the crystal is encapsuled in an air tight 

metallic container and the majority of the beta particles 

cannot get through. Silicon-31 from P(n,p) reaction, 

which is a pure beta emitter was counted with a separate 

beta counter with an NE-102A plastic scintillator. 

While activities can be measured with other 

instruments such as Geiger-Muller tubes, semiconductor 

radiation detectors, pulse ionization chambers and 

proportional counters, their performance is limited by 

long resolving time and poor energy resolution property 

and low efficiency, particularly for the gamma rays. 

Scintillation counters have very short resolving times 

and Nal(T€) scintillators have high efficiency and good 

energy resolution for gamma rays. In measurements of 

activities in foil detectors where several conpeting re- 

actions may be present, the ability to discriminate 

against the gammas from other reactions is an advantage. 

For this good energy resolution is desirable. 

The Multichannel Analyser: 

  

The 400-Channel RIDL (Radiation Instrument 

Development Laboratory) analyser, model 34-27 (Fig.6.3) 

can be used for several purposes and its system components 

are arranged accordingly. In the present work it was 

mostly used at first to study the differential yspectrum 

from the scintillation detector and later to count inte-
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grated pulses of a selected portion of the spectrum. 

For pulse height analysis (PHA) operation and storage, 

the block diagram of the components was as shown in 

Fig.6.4; during this each input pulse into the system 

is evaluated in the analogue to digital converter (anc) 

and a channel number is assigned. A dead time is introduced 

in the ADC during this processing, which for this equipment 

was (20.5 + N/4) micro-secomis, where N is the channel 

number. The dead-time is automatically compensated if 

the device called 'live-timer' is used. 

However, for integrated counting of the output 

from the discriminator, when the arrangement is called 

Time Sequence Scaling, the ADC is bypassed (Fig.6.4), and 

no significant dead time is involved in the equipment, 

In this operation all the pulses during a pre-set time are 

recorded in one channel of the memory. This time could 

be preset between 0.01 and 99.99 minutes in 0.01 minute 

increments. After this time, the incoming pulses would be 

recorded in the next channel and the recycling is automatic. 

‘Time for moving to the new address is approximately 

11 microsecond. During this interval the scaler could record 

one pulse if any, and add it to the new channel. 

The Beta Counter; 

The beta counter is shown in Figure 6.5. It 

has facility for two counting channels which could be used 

coupled to or independent of one another. Only one of 

two channels was used; a block diagram of it is given in 

Figure 6.6.



FIG. 6.4 -- Block Diagram of Components of the Multi-channel 

Analyser for PHA Operation. 
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FIG. 6.8 -- Block Diagram of the Components of the 

Beta Counter. 
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The NE-102A plastic scintillator 38 mm in 

diameter and 5 mm thick was covered with 0.02 mm aluminiun 

foil to exclude light. A 32 mm aperture in the case 

containing the scintillator served to locate the foils to 

be counted. An EMI 6097B photomultiplier with an applied 

potential of about 1300V converted the scintillations into 

electrical pulses, 

6.7) Derivation of Flux from Activities: 

6.7<1) The Activity Equations: 

It is foumi that the rate of disintegration from 

a radioactive sample is proportional to the number of 

sample atoms present at the time. Thus 

“a « — N(t) 6.21 

the negative sign indicating a decrease in the number N 

of atoms with time. If the proportionality constant is 

denoted by A, then 

an 
ac7* N(t) 6.22 

A is called the decay constant, and is constant for the 

given substance. It is numerically equal to the fraction 

of atoms decaying per unit time and its dimension is time *. 

Integration of equation 6.22 gives 

fnN = - At +0 6.23 

where C is a constant. Applying the initial condition, 

at t = 0, N=No, C is obtained, Taking then antilog for 

the expression one gets 

N= Noe At 6.24.
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This is the exponential decay law of radioactivity, which 

tells that the number present at any time of the parent 

atoms decays exponentially with time. Other expressions 

can be derived fron eqn.6.24. Thus inultiplying both 

sides by A, and with the help of eqn. 6.22 one gets the 

equation for activity 

I(t) = Io ot 6.25 

where I(t) is the activity, the decay rate at the instant 

t, and Io is that at t = 0. 

A parameter, half life is defined as the time 

taken by a radioactive sample to decrease to half its 

original number and hence the activity. Using either 

eqn. 6.24 or 6.25 one gets for half life 

MH = 0.693/r 6.26 

Half-life like is a parameter peculiar to a radioactive 

nuclei. However half-life is a more practical quantity 

and many radio-active sample can be identified simply 

by determining its half-life. The original-time referred 

to in the previous equations can be any convenient time and 

time measured from thereon. 

Production of Radio-active Nuclides: 

When a specimen 3 placed in a uniform flux of 

neutrons ¢, radioactive nuclides are produced; ‘at the same 

time they also decay. The net production rate is then 

given by 

Net Production Rate = Formation Rate + Decay Rate 

an 
at = V 4,¢- ww 6.27
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where N refers to the number of radioactive atoms existing 

at time t in the sample of volume V, which has the activation 

cross-section 2 per c.c. It is assumed that at zero time 

the number of active atoms is zero. After a sufficiently 

darge time an equilibrium is reached when the decay rate 

is equal to the formation rate; this is the saturation 

condition when N numbers are present, Then from 6.27 
0 

Va, ¢ = NL 

or fone! 6.28a 
= x 

or I= Vi¢ 6.28b co a 

Substituting back in eqn, 6.27 and integrating 

~én(N_- N) = At + Constant. © 
te 1 

the constant ,being given by the initial condition“~ fnN, 
0 

Hence 

N=N ¢ = z) 6.29 

Here t is the irradiation time, Multiplying both sides of 

6.29, activity is obtained 

Tet é 3 oe) 6250 

with the saturation activity I defined by eqn.6.28b. Ean.6,.30 

tells that the deuurenon value is reached only exponentially, 

starting from zero, ani that in a constant flux after one 

half-life of irradiation 50% of the maximum value is attained; 

after two half-lives 7% and after three half-lives 873% and 

soon. In general, fraction of the maximum value, I after 
0 

n half-lives, is given by the geometric series:
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cee i Soe ong e Ceten gees Aan, 6.31 

These considerations show that practical limit for 

irradiation time is about 3 to 4 half-lives. 

Derivation of Saturated Normalised Activity: 

. Fron the observed activities the saturated 

activity I is calculated. If this is normalised to 
0 

one gram of the activated isotope in the sample 

wo = 7° Og 6.32 

where No = Avogadro's number, A is the atomic weight 

of the sample material, m its mass and e. is the microscopic 

activation cross-section. From eqn.6.32, knowing all other 

quantities, the flux ¢ canbe obtained. However, with a 

threshold reaction the foil is activated by all neutrons 

with energies above the threshold energy of reaction. Here 

both o and ¢ are in general functions of energy E. 

Eqn.6.32 is then extended to 

i of 
ion = x | 9, (2) (EB) dE 6.33 
m 

Ben 
The integral canbe called response integral per atom. 

The 9, (E) is known but the product over the integration 

limit is unknown - the only unknown in equation 6,33. 

Measurenent of activity from a threshold foil is capable
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of yielding this integral value at the point of irradiation, 

Denoting this as an average value over the limit the form 

expressed as in eqn.6.32 is again obtained. 

Now, if a foil is counted at a time t' after the 

end of the irradiation with a counter of fractional 

efficiency k and a count rate C is observed then 

Att 

I = —¢2— 6.34 

oo) 
The wait time tt is taken at the mid-point of the interval 

during which count is recorded. Strictly the exponential 

should be integrated over the interval and average value 

used but if the interval is small compared to half-life 

eqn.6.34 is accurate enough; for one minute counting 

interval of an activity of half-life 10 minutes and using 

the mid-point the error is less than 0.01 per cent, 

The saturated normalised activity per minute per 

gram of the isotope for a normalised source strength is then 

t 

No Q2 Cs os 
a [c,¢] Ble Oe FSesbaet Nk SRM eae 6.35 

“M4 ve FA BA - 6 ) 

= wt of the ith foil 

= atomic weight of the foil material 
   where 

= isotopic fraction of nuclides af choice 

disintegration constant per min 

= irradiation time in min 

t
t
 

> 
NS 
b
s
 

W 

= wait time for ith foil count 

B 

= counts observed per min 

w
o
 

" counts per disintegration in foil 

No = Avo number 

= source strength during irradiation 

Qy = normalisation source strength
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The square brackets in the left side indicates the integral 

value as defined by 6.33. To express activity per gn 

instead of the integral is to represent values as the 

same order of magnitude as ohserved counts rate. 

Right hand side quantity of eqn.6.35 is computed 

by the program 'FOILSNACT' for each foil together with count- 

ing standard error, from the activation data. This is termed 

SNACT in the program output. 

Irradiation History: Qa 

As indicated in the chapter on proiwtion of 

neutrons, the output of neutrons vary during the irradiation. 

This affects the foils differently due to their different 

half-lives. The effective source strength of neutrons 

can be found if the variation of source strength during 

the irradiation is known as a function of time. The total 

time of irradiation t is divided into N equal intervals 

each of duration 6t, so that Nx St = %. For the m th 

time interval call flux at a foil ye Activity induced 

during the interval is given by eqn. 6.30; for the rest 

of the time it decays which is given by eqn.6.2). Combining 

these two, the activity due to the m th interval at the 

end of irradiation, 6A is proportional to the following:- 

ie 4 ¢ PS oe) erAN-m) . 6t 

This relation is exact; the only approximation is that 

flux was constant during 6t. Accuracy of this assumption 

is improved by keeping 6 small compared to foil half-life,
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Typically 6t was 1 min. For all the intervals the above 

expression is summed up 

m=N 
ro ¥ ty Q Ke ott) eo Mien) . 5 6.36 

m=4 

The effective average flux ave is obtained from here as 

that flux which at a constant level for the same irradiation 

time would give the same activity A at the end of irradiation; 

this is obtained by equating the right hand side of 

Pave @ > o*), 

The corresponding constant source strength is Qove" Since 

eqn.6.36 to 

the relationship between flux and source and source and the 

alpha-particle counts are-linear,variation in flux or source 

strength can be obtained from variation in alpha~counts. 

The known geometry and the anisotropy factors relate alpha 

counts to neutron source strength. Program EFFNEUTSCE was 

written to compute Q. from the alpha counts history. ave 

Methods for Treatment of Threshold Foil Data: 

There are several ways in which threshold foil 

data is treated and compared with calculated values. These 

can be termed integral methods and differential methods. 

In the integral methods the activity distribution 

in the system is compared with the corresponding theoretically 

calculated activity distribution conducted from spectral 

analysis and foil cross-section data. This way, the experi- 

mental results are preserved as the reference points and the
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effect of calculation techniques and the cross-section 

data is tested to give agreement, The results can be 

presented and compared either graphically or in tabulated 

form. 

Integral methods are however indirect, The 

ideal method would be to construct the differential flux 

from foil activation data and compare the computed flux 

at energy points or at least for energy groups. Several 

techniques have been put forward and demonstrated for 

what is termed unfolding of activation data and obtain 

differential flux [128-134], None of these methods have 

proved very satisfactory though some seem promising. The 

main disadvantage is that the differential cross-section 

data for activation reaction is known only to about 10% 

accuracy. The nature of mathematics in several of the 

unfolding techniques is such that this uncertainty is 

magnified several times while constructing the flux. The 

other drawback is that very often results obtained oscillate 

and sometimes even Bic negative flux. This can happen 

from ‘mis -match' of foils among themselves or from nature 

of mathematics itself so that the values obtained are not 

unique. 

Some of the unfolding techniques are described 

briefly. The effective threshold technique of Hurst [128] 

is based on an idealised step-function of cross-section de- 

fined with fission neutrons; the unknown spectrum is 

assumed to be similar to the fission spectrum in profile. 

The polygonal and polynomial methods were developed by 

Uthe [129]. In polygonal method the spectrum is a polygon
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whose parameters are determined from activation data, For 

the polynomial method the spectrum is represented as a 

polynomial in ascending powers of energy. The number of 

activation reactions determine the order of truncation of 

the power series and the coefficients are obtained from 

activation data. The orthonormal expansion method 

developed by Hartmann [130] and modified by Lanning and 

Brown [131] assumes that the spectrum can be represented 

by an expansion of orthonormal function, each func ti on being 

a linear combination of the activation cross-section. The 

method is equivalent to a least squares approximation but 

it usually requires many detectors with threshold energy 

evenly distributed through the energy region of interest. 

There is also the "perturbation" method of 

Grundl ami Usner [132], the series expansion method of 

Di Cola and Rota [133] and iterative method of McElroy [134]. 

Computer codes, SPECTRA [135] and SAND-II [136] have been 

developed, but their use has not yet been sufficiently well 

reported to estimate their reliability and versatility. 

In the present work the traditional method of 

comparing the experimental values of the response integral 

with computed values obtained from multi-group analysis of 

the flux spectrum has been adopted. 

6.8) Performance of the foils in the Assemblies and Recovery 
of Proper Activities. 

The gamma spectrum from foil was studied to 

identify the reactions and relative contribution from competing
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reactions. From this the necessity to eliminate the secondary 

activities, either by bias setting or controlling irradiation 

time and waiting time - or both was investigated. Within this 

limit settings were determined to obtain a satisfactory work- 

able background to count ratio ani acceptable counting statistics. 

The half-lives of ite decays were studied to estimate any remain- 

ing contribution from other competing reactions. 

6.8.1) Background Spectrum of the Gamma Analyser: 

The background pulses observed in scintillation 

counting can be internal and external, The internal back- 

ground may result from thermionic emission from the cathode 

or from the dynodes, spurious light flashes aue to 

fluorescence of the glass envelope of the photomultiplier 

and from contamination and impurities in the phosphor itsdf. 

The background due to external effects may result from cosmic 

rays, radioactivity in the walls and floors. of the room in 

which the equipment is situated, and from both neutron and 

gamma ray fields in the laboratory. The background due to 

external effects can obviously be reduced by shielding the 

crystal and placing it as far away as possible from the 

walls and floors. 

The NaI crystal of the gamma-analyser was 

shielded by about 5 cm. thick lead around the sides of the 

crystal. However following the operation of the accelerators 

considerable activity due to the 25 min **®I resulting from 

the (n,y) reaction with the **’I in the NaI scintillator 

was observed. This would make the subsequent use of the 

gamma analyser for foil counting for about an hour after 

the end of irradiation unsatisfactory. Not much improvement
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was observed by covering it with cadmium. However by 

using a cap-like shield around and over the crystal, made 

of paraffin wax of about 4 cm. thickness and inner surface 

lined with cadmium, the 25 min activity could be reduced 

to an undetectable level. An activity was observed only 

due to the (n,n') reactions of iodine and sodium with the 

penetrating neutrons of higher energies but this would vanish 

as soon as the irradiation stopped. The paraffin cap could 

be easily removed following an irradiation. 

However there was a permanent background spectrum 

with the gamma counter which could not be removed by shielding, 

A background spectrum counted for 20 mins is shown in Figure 

6.7, which can be identified as the Ce spectrum, with its 

1.46 Mev peak. Owing to its “°K content, one gram of 

natural potassium emits 28 beta particles and 3.6 gamma 

rays per second with energies of respectively 1.32 Mev and 

1.46 Mev. From the counts under the peak it is estimated 

that about 1.7 gn of natural potassium in the crystal 

could have given the spectrum, which gives about 0.9% by 

weight or about 0.6% by atom of contaminant potassium in 

the sodium content of the crystal. This is quite possible. 

Glass envelopes of photomultipliers are also known to have 

potassium contamination, Some contribution to the spectrum 

might have come from there as well. 

i 
Energy Calbiration of the Gamma Analyser: 
  

Positions in channel of the peaks from gamma 

sources of known energies are shown in Figure 6.8. Excellent



FIG. 6.7 -- Back-ground Spectrum 
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linearity with the four reference peaks due to se 7Ce, 

54yn and ©°Co indicates the reliability of the system. 

This calibration also served later to locate the chosen 

parts of the spectrum for different foils. Over the 

period of use the gain of the amplifier changed slightly 

after servicing or maintenance; it might have also altered 

due to seasonal temperature change in the ‘laboratory. The 

calibration was therefore checked every time irradiations 

were made, When the positions of the peaks had altered they 

were brought to original positions by manupulating the fine 

gain of the amplifier; a slight change was sufficient. 

Later, peaks from foils were noted and their 

plot on the energy calibration curve showed that the 

linearity was not maintained at higher energies. It was 

still linear for the 1,81 Mev ad 2.21 Mev peaks from °°Mn 

of the Fe(n,p) reaction. But the 2.75 Mev peak from 74Na 

of A€(n,a) reaction was found unier-amplified and falls short 

by about 15 channels (Fig.6.8). 

Positioning the Foils for Counting. 

The foils were positioned on the top of the 

aluminium container covering the crystal for counting; the 

position was fixed with the help of cardboard frames cut 

in the form of rings, the inner diameter being the same as 

that of the foil or the foil converter in the case of the 

copper foils - there being one ring for each type of foil. 

The outer diameter of the rings was the same as that of the 

aluminium container and the ring was attached to the latter 

with pieces of sellotape. This way, foils could be centrally
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positioned for counting to within + 1 mm. 

Elimination of Competing Reactions: 

an n,2n). The annihilation 0.51 Mev peak 

from the positrons was counted for this reaction, As 

most of the annihilation takes place after the positron 

has slowed down the copper foils were placed inside a 

foil converter made from aluminium for counting. The 

range of 2.9 Mev positrons in aluminium is 5.5 mm. The 

thickness of aluminium around foil was 6 mm. Each type 

of copper foil had one converter with the same thickness 

of aluminium but of different diameters, The L-type 

foil was counted inside tn converter for foil type—-5. 

The converters served to confine the activity within a 

given volume, so that the amihilation quanta did not 

originate from the lead shield and the structural frane 

for the photomultiplier tube container, 

Possible interference to the main reaction 

of Cu could be the Cu®*(n,y) and the Cu®(n,2n) reactions. 

Both have Cu®* as the reaction product which decays by 

0.66 Mev positron in 19% of the decays. Since Cu®* has 

a half-life of 12.9 hours its build-up evidently can be 

minimised by short irradiation period and its contribution 

reduced by counting as soon as possible after tne end of 

the irradiation, ‘The Cu®°(n,y) cross-section is low 

compared with many other (n,y) cross-sections. Also thermal 

and epi-cadmium nevtron fluxes were assumed to be smll. 

Contribution from Cu®*(n,2n) on the other hand could not be
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neglected as its cross-section at 1). Mev is 1.0 barn, 

about twice as much for the main reaction Cu®*(n,2n). 

Preliminary calculations indicated contribution from 

CuS5(n,2n) for a typical irradiation time of 30 mins 

and counting period up to waiting time of 20 mins, covld 

be 2h. In some cases waiting period was still longer. 

Also a plot of the uncorrected data for half-life 

indicated the contribution from longer lived °4¢u. The 

program SUBSECACT was written to subtract the contribution 

from Cu®*(n,2n). All copper foil counts were treated this 

way. The output from SUBSECACT is produced in a way to 

be input of ths cole FOILSNACT., Observed count for a copper 

foil and the corrected values are shown in Figure 6.9 

for up to about 1g hrs of waiting. The subtracted counts 

fall ina straight Te on the log-linear plot which gives 

a half-life of about 10 mins, This indirectly confirms 

that contribution from the possible (n,y) reaction with 

88cu is negligible. This particular foil was irradiated 

for 20 mins and was located in the second gap of the 

iron cylinder, Similar graphs were obtained from copper 

foils in the other assembly and also from calibration 

irradiations. 

A€(n,a) and A€(n,p). The same foils were 

used to measure the (n,a) and (n,p) reactions induced in 

the aluminium foils. Two full spectra from an aluminium 

foil 20 minsani 2 hours after the end of irradiation are 

shown in Figure 6.10. The foil was irradiated for about 

25 hours, The interesting feature is that after a waiting



FIGURE 6,9- Feu (a, 2H) Activities Corrected by Program 
t 
SUBSECACT'; Activities due to Scu(n,2n) of Half-life 

12.9 Hours and Threshold at 9.8 Mev. have been Subtrac- 

ted. 
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FIG. 6.10 -- Spectra from an Irradiated Aluminium Foil 

after two different waiting times. 
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period of 2 hours 1.01 and 0.83 Mev peaks have vanished 

while the rest of the spectrum has hardly changed. From 

this, contributions due to (n,p) and (n,a) can be 

identified. A€(n,p) reaction could be eliminated by 

setting a lower bias to cut-off everything below channel 

number 160; and it was not necessary then to wait a long 

period to let the (n,p) peaks decay. However the (n,p) 

peaks were sitting on the Compton continuum of the (n,q) 

peaks, True counts dus to the (n,p) reaction could only 

be recovered by analysing the composite curve graphically. 

The foil. was counted beginning from soon after irradiation 

until the (n,p) activity virtually vanished and the remaining 

activity was then extrapolated up to zero waiting time. 

Hence the (n,a) contribution in the earlier comts was 

deduced ani subtracted from the total to get the (n,p) 

activity. The (n,p) activity almost vanished at waiting 

of about 90 mins. The foil had to be counted for another 

30 or 40 mins to obtain reliable points for the (n, a) 

alone so that it could be easily extrapolated. A check for 

reliability of the (n,p) data alone could be obtained by 

noting whether they give a line for a half-life of 9.5 min, 

The composite activity curve and the recovered (n,p) 

activity curve are given in Figure 6.11 for one foil. As 

can be seen, the 2.3 min half-life of aluminium thermal 

neutron activation did not show up in the (n,p) curve. 

The (n,a) contribution could be kept to 

a minimum by choosing a short irradiation time (typically 

30 mins for At-n,p activation) and by setting bias to 

observe the narrow region for the 1.01 and 0.83 Mev peaks.



FIG. 6.11 -- Recovery of the Al(n,p) Activity from the 
Observed Activities. 

Composite curve 

C
o
u
n
t
s
 

Pe
r 

M
i
n
u
t
e
 

  10 
; 20 40 60 80 4100 120 

Wait time, minutes 

 



6.8) contd. 

6.8.4.) 

A 172. 

contd. 

24p(n,p)**Si. Counting irradiated 

phosphorus in the beta counter from 5 mins to 3 hours 

showed two components in the half-life curve - one of 

2,5 min and the other of about 2.6 hours. Up to 15 mins 

waiting time the 2.5 min component made significant 

contribution to the activity but by 25 min it became 

negligible. After that the 2.6 hour activity predominated. 

For phosphorus foil counting at least half an hour of decay 

time was allowed. 

The beta counter was otherwise trouble 

free, Its backers urd was around 70 per min, which is 

much smaller than the background count from the gamma 

counter, mainly due to small volume of scintillator and 

non-contamination of its materials, 

5re(nyp Sn, This gave a clean spectrum 

from manganese-56 and there was no interference from other 

activities. The 0.8; Mev peak gamma-ray was the prominent 

one and this peak was selected for counting. Plot of 

activity against time gave a half-life of about 2,5 hours. 

#*Ptn(a.y. . The spectrum obtained with 

the gamma analyser shoved that 446MTn was the reaction 

product and no competing reaction could be detected from 

the observation of spectra with foils irradiated for one 

to two hours, The half-life obtained from selected peak 

counts in the gamma counter and from beta counts both gave 

a value of 54 mins. As the physical thickness of the foils 

was large - larger than the range of some of the beta 

particles, information from inner layers was not indicated 

in beta counting, while in gamma counting the total activity
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in the whole volume of the foils could be directly 

obtained ani the flux perturbation by the neighbouring 

foils, if any, could be easily ascertained. Some per- 

turbation was observed when the foils were close to each 

other; the proper separation distance of the foils was 

obtained from the gamma counts. However, the background 

count rate for the gamma-peak counting was about five 

times larger than in the beta counter and better statistics 

could be obtained easily with the latter. 

Bias Setting in the Gamma Counter: 

The parts of the spectra chosen for different 

foils for gamma counting is given below:- 

Reaction Part of the Spectrum Selected 

®8cu (n,2n) 0.51 Mev annihilation peak 

ate (n, a) 1.37 Mev peak and above 

**re(n,p) ‘ 0.84 Mev peak 

? 7ne(n,p) 0.83 and 1.0 Mev peaks 

445Tn(n, y) ,1.0 and 1.3 Mev peaks 

Discriminator settings were chosen to correspond to the 

valleys in either sides, so that any error in re-setting 

the bias later was minimised. The discriminator dial 

setting error was better than + 4 kev and the error in 

counting due to it is negligible. 

Absolute Calibration of Counting: 

Calibration of counting is needed in order to 

obtain the counter efficiency for the reaction ani to obtain the
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absolute activity. 

6.9.1) Methods for Counting Efficiency Determination: 
  

In principle, it is possible to compute the 

efficiency of both beta and gamma scintillation counters 

for a particular foil, if the solid angle the foil makes 

at the counter, the energy of the radiations and the 

thickness of the foils and other materials covering the 

scintillators are known. But several corrections have to 

be made, which can introduce large uncertainties. 

When the absolute counting efficiency is needed 

usually the activation foils are counted by the following 

methods: 4@-y coincidence, 428 counts in the flow chambers 

and the gamma-photo peak counting. Because of the large 

thickness of the threshold foils, a large factor for self- 

absorption is involved if the beta-particles are counted. 

To avoid this the reaction products are extracted by various 

means and thin samples for 418 counting are prepared from 

the irradiated foils. The beta-gamma coincidence counting 

technique is strictly applicable only to nuclides with a 

simple B-y decay scheme - a single decay branch, to which 

all beta rays and all gamma rays belong. Bell and 

Mill [137] reports of a systematic discrepancy between the 

coincidence mthods and 47 methods. The discrepancy though 

small for hard betas, is about 7% for soft betas. 

For counting the gamma peaks with scintillators 

the counter may be calibrated with standard sources of 

known strength [139,140]. In some cases the standard 

source can be the same nuclide as the decay product, and 

the calibration is direct except that corrections may be
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necessary for the geometry factor due to different size 

of the foil. But in general the standard sources have 

different energies and the efficiency for the foil is 

to be interpolated. In such cases one is limited to 

counting the photo-peak only and corrections become 

necessary for contribution from the Compton continuum of' 

the higher energy peaks, which themselves are not suitable 

for counting because of smaller heights. 

Calibration with D-T Neutrons: 

Since the absolute source strength of the nuetrons 

from the D-T reaction can be measured, calibration with them 

is direct. However hardly any work on calibration of threshold 

foils with mono-energetic neutrons has been reported, though 

fission source neutrons have been used [149]. Neutrons from 

D-T reaction with low energy accelerators are strictly mono- 

energetic particularly in the direction of 90° to the beam 

and have sufficient strength so that good statistics can be 

obtained with most of the threshold foils. The advantages 

are several. Thus any part of the gamma spectra can be 

arbitrarily chosen for counting to give higher count rate 

and count to background ratio than with a peak alone, In 

addition, the correction factors, such as self-absorption, 

back scattering and contributions due to gamma rays in beta 

counting and contribution from the Compton continuum, photo 

peak area determination, self-absorption and contribution 

from the betas and uncertainty in the branching ratios of 

decay schemes in gamma counting - need not be separately
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considered. 

The main disadvantage with calibration using 

accelerator produced neutrons is that foils of longer 

half-lives (i.e. days) cannot be used, as the irradiation 

time is limited. Another disadvantage is that cross— 

sections at 1) Mev have been measured, over the years, 

by several workers and there is a wide spread in the 

reported values. However, since the compilation by 

Paulsen and Liskien [111], it is now possible from 

judicious consideration of the reported values to find 

reliable cross section values at 14. Mev. 

Improvement in Accuracy by Rotation. 

The accuracy in calibration with a D-T point 

source depends upon three factors: the counting accuracy 

following irradiation, the accuracy in determining nuetron 

source strength from alpha particle detection, the deter- 

mination of distance between the irradiated foil and the 

neutron source. Error due to the last factor is discussed 

here. 

There was an uncertainty in the position of the 

beam spot on the target whichwas 25 mm in diameter. 

Normally the beam would fall on the target in a diffuse 

circle of about 12 mm dia. The combined effect of these 

two factors gives an uncertainty of about 12 mm in the 

target to foil distance, The uncertainty in the flux 

falling on the foil can be reduced by increasing the
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source to foil distance, R, but a large distance gives 

poor counting statistics and an increase in the relative 

number of reflected neutrons. Accuracy af calibration 

should be better than that of foil counts in assemblies. 

For a value of R = 127 mm (5 in), an uncertainty of 12 mm 

can give a maximum possible error of + 20% in the estimated 

flux. But it is found that by rotating the foil around 

the target the negative and positive errors cancel out to 

a large extent and the error in flux can be reduced by a 

factor of 20. 

In the diagram below the centre of the circle is 

O and let the position of the source b 0'. A is the 

position of the foil at any instant as it rotates along 

the circles The average flux received by the foil is the 

same as the average lux receivd by the circumference of 

the circle from the source at 0'. If a is the radius of 

the circle then the assumed flux for the source position 

at the centre 0 is given by 

fo= aoe 6.37 

where Q is the source strength. The corresponding activity 

Acto is proportional to ¢o. 

If 6 is the angle A makes with the diameter through 

00' then the flux due to source at 0' is 

=-g @ 1 
= ta ade 

where dQ is the elemental solid angle made by the elemental 

arc length ad@ at Awith 0'. But since the activity induced 

is proportional to the volume of the foil the effect of
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variation of solid angle cancels out and the activity is 

simply given by the inverse square relationship. If 

DiA=r 

Act oer 6.38 

  

The average activity is obtained by integrating over 63 

the integration limit from 0 to m7 is adequate as the effects 

are symmetrical in the upper and lower half of the circle: 

TT 

ae | scecoyae Te 
Act ce 5 == [ tet(opae 6.39 

T ° 
ae 

° 

Fron 6.37, 6.38 and 6.39 we have 

T 

Oo, Mot 3 62) fae 
go cto ~ @ YY 6.40 

° 

where Acto is the activity for flux ¢o and $ is average flux. 

r can be expressed as r® = a?+d?+2ad cos@ where d = oot, the
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displacement of the source. Substituting in eqn.6.40 we 

  

have 

ed T 

Act _ a? | ae 
Acto r a? + d? +2adcos@ 

A general expression is obtained by putting d/a = D,a 

dimensionless quantity: 

  

a 1 

m2 / — na 
Bore = 14+D?+ 2Dcos 0 

Equation 6.41 cam be numerically computed. Program 

CALROTCEFF was written and the ratio for step values of 

D has been computed. From the ratio error is directly 

estimated. Results are shown graphically in Figure 6.12. 

It is noted that for a displacement of the source position 

from the centre, by 12.7 nm, of a circle of radius 127 mm 

when D = 0.1, the error is only 1%. It can be seen that the 

error increases approximately as D®; thus for D = 0.2 the 

error is about 1%, 

It will be seen that due to any displacement of 

the source position from the centre of the circle the foil 

receives excess flux compared with that for no displacenent. 

The activity is thus underestimated and the counter efficiency 

is over-estimated by the same factor. 

Second Method. The true distance of the foil from 

the effective point source during an irradia tion can also be 

determined by positioning two foils By; and Bg in line with the 

centre of the target. Assuming that the effective point source 

lies in the line we have
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Ack.” = Agks® 6.42 

where A, and Ag are normalised activities of the foils 

   

    

   

BA (Ry) 

0B, = Ry 

OB, = R, 

By (R,) 

' 

1 
t 
1 
1 
t 

t 

t 
! 
! 
' 

Effective 
point-source 

Beam spot per ess 
centre 

Target ———> 

at Bi and Bg respectively and R1 and Re are their respective 

distance from the source. If (Ra-Ri) = &, then 

Rane est 6.4.2b 
A. 

(B = ) 
The distance & can be accurately measured. If R, and Rg 

are large compared to the target size then for a small dis-— 

placement of the beam spot (and hence source point) on either 

side of the line B,ByC the relation 6.42is still valid within 

desired accuracy, and the flux for A, is essentially given by 

inverse square law with Ri as the distance given by eqn.6.4.2b
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when the source strength is known. 

Some of the results were obtained by this method 

' for comparison with results by rotation. The drawback of 

this method is that the sensitivity is decreased due to 

square-rooting of the activities. Main calibration readings 

were taken by rotation, 

Arrangement for Rotation: 

The rotation was obtained with a ring 25.4. cm 

(10 in) in diameter with 6.3 cm in width, made of 3 mm 

aluminium. The ring was supported on the spindle of an 

electric motor and two small plastic wheels. The 

arrangement can be seen in Figure 6.13. To give enough 

gripping friction two O-rings were put on the motor spindle. 

The motor and the plastic wheels were mounted on an angle 

framework, so that the ring could be easily placed and its 

position adjusted around the target cap, at 90° to the bean 

so that the foils received the same angular flux a in the 

experimental assemblies. The foils were attached to the 

inner side of the aluminium ring with sellotape and could 

be rotated at about 2 revolutions per minute around the 

target. Foils with long half-lives - Fe, P and A€(n,a) - 

were irradiated together while Cu and Aé for (n,p) were 

irradiated separately for shorter duration, Also one or two 

indium foils were attached to the ring to measure thermal 

and resonance energy neutron flux. 

For calibration irradiations the iron plates were 

removed from the experimental cell. To reduce thermal 

neutron contamination the concrete walls of the cell and
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the floor were lined with cadmium sheets, The water thank 

shield at the top also had cadmium sheets at its bottom. 

The cadmium lining was partial - leaving exposed parts in 

the corners and the bends -,the indium activities were low 

and estimated thermal flux level was of the same order of 

magnitude as in the experimental assemblies. No activities 

were observed in the threshold foils due to thermal neutrons. 

Calibration Values. 

The fractional counting efficiency k - the number 

of counts observed per decay of the activated atoms in the 

foil - were experimentally obtained under conditions men- 

tioned above, This is directly obtained if the induced 

activities are known, The activities induced were estimated 

from the reaction ecosseecottions at 1)Mev. The values for 

k are given below:- 

Reaction k 

1. ©®Cu(n,2n) 

(i) foil type - 2 0.1050 

(43) foil type - 3 0.0991, 

(4ii) foil type - 5 0.0890 

(iv) L+type foils 0.0933 

2. ®7ae(n,a) 0.1370 

3. *re(n,p) 0.0578 

he ?7A€(n,p) 0.047. 

5. **P(n,p) 0.1310



6.9) contd. 

6.9.5) 

6.9.6) 

contd. 

The standard error associated with k was estimated to be 

about + 2%. This composed of uncertainty due to foil 

distance (1.2%), determination of source strength (1.4%) 

and systematic error in foil counting (0.6%). For A€(n,p) 

an additional uncertainty of 1% was alloved for recovery 

of the proper activity from the composite curve; this 

gives a total error of + 2.25% for it. 

Error in the cross-sections at 1) Mev, used 

to estimate the activities is not included in it. This 

error to a large extent cancels out so far as k is concerned 

while translating the observed counts in the assemblies to 

the activities. This is discussed more, later in Chapter 9, 

on the results. 

Efficiency for In-foil counting: 

In principle, resonance foils can be calibrated 

with a standard known thermal neutron source, In the absence 

of any such facility indium foils could not be calibrated. 

Indium foils were cointed fa gross beta activities with the 

beta counter and gamma counted for the peaks at 1.09 Mev and 

1.29 Mev. In order to draw conclusions the beta and gamma 

counting efficiencies were calculated from standard relations. 

Gamma-Counting efficiency. 

This has been calculated after Heath [141] and 

Grosgean and Bossaert [142]. For a disc-type source which 

is centrally situated around the extended axis of a cylindrical 

crystal, and parallel to its face, the absolute detection 

efficiency is given by
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2 4 

1(B) = To(E) +L 4 we 6.43 
2r? 3x4 

where T(E) = absolute total detection efficiency 
for the source emitting y's of energy E 

absolute detection efficiency for a source 
situated on the axis of the scintillator 
at the same height as the disc source 

To(B) 

T(E) absorption coefficient per unit length 
of the scintillator 

zs = radium of the crystal 

t = its height 

R = radius of the disc source [R < r] 

h = distance of the source to th surface 
of the scintillator 

and L and M are two finite size correction factors and 

are Functions of h, r and r, To(E), is given in refs.1)2 

and 11, for several standard size NaI(T¢) scintillators 

and as a function of the gamma ray energy E. The correction 

factors L and M are also tabulated. T(E) can be computed 

fron there. To(E) is the detection efficiency if the entire 

source were concentrated at its centre; the correction 

factors make very small contributions for the geonetrics used. 

The peak-to total ratio of count rate has been 

experimentally determined by Heath [141] and is given graphically 

as a function of gemma-energy. From there with knowledge of 

branching ratio in gamma emission the peak counts can be 

related to the absolute disintegration rate. A small 

correction has been made for Compton contribution in the 

1.09 Mev peak from 1.29 Mev; contribution in both due to 

the higher peaks have been neglected as they are of lower
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intensities - by a factor of about 10. The efficiency 

45 13,.5%- 

Beta counting Efficiency: 

Beta counts need two corrections - due to 

self-absorption and due to back scattering. The correction 

due to self-absorption has been calculated after Cohen (1.3). 

For an absorbing thin sheet of thickness t mg/cm? between 

the foil ani the detector the fraction reaching the 

detector surviving absorption is found to be given by 

2s eo t/a 6h 

where a is a constant which is independent of absorbing 

material but depends on the energy of the beta-particles. 

The self-absorption can be obtained by integrating this 

equation through the thickness of the foil, giving the 

fraction transmitted 

re é 2 ne) 645 
‘o 

where to is the thickness of the foil; it is assumed 

activity is uniformly distributed along the thickness. 

The exponential in eqn. 6.45 apprmches zero as to increases, 

and practically this is zero when the thickness is equal 

to the range of the betas; when the thickness is larger 

than range no contribution can reach from beyond the range, 

Fraction transmitted by the thickness equal to range 

R(mg/cm*) is 

gr = # 6.46 

For beta particles whose E,,, is below 2.5 Mev, 

the range is given by Katz and Penfold [14.4] as
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R= 5D 6.47 

with n=1.265-0.094 In EB 

where Eis in Mev and R in mg/cm*, The ranges of 

the three energy groups of beta particles from accu In 

1 Mev (51%), 0.87 Mev (28%) and 0.60 Mev (21%) is computed 

from this equation; they are 412, 3) arid 211 mg/cm? 

respectively. The thickness of the X-type foils were 

to = 464 mg/cm’, which is larger than the range for all 

cases. Of the total activity induced in a foil the fraction 

in the range = R/to. 

Cohen [143] experimentally determined the 

values of a for various energy groups and the results are 

given graphically by him. Values for the three groups are 

taken from there and T is calculated according to eqn.6.46. 

The absorption by the aluminium foil of 

0.02 mm (t = 5.4 mg/cm?) can be calculated with the same 

values of a, but for this eqn. 6.4 is valid. The trans- 

mission fraction is called T(A1l). 

A 2mreception geometry can be approximated 

for a thin foil just on the scintillator, giving a geometry 

factor 0.5. 

All these values for the three groups are 

shown in the table below.
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TABLE — 6.1 

Values for calculation of transmitted 
fraction of the betas from X-type In- 

foils. 

Energy | Decay Range og ofR 
Mev | fraction,d | R mg/cm? R/to | mg/cm? | = 7 T(AL) 

1.0 0.51 412 0.888 70 0.170 | 0.926 

0.87 0.28 Bhd. 0.741 60 O.1L74 | 0.914 

0.60 0.21 211 0.455 40 0.189 | 0.873             
  

If Ao is the activity in the whole foil then number of trens— 

mitted beta particles for each group is given by 

ps R & T=0.5xdoxadx x Fx (Ae) 6.48 

However the transmitted numbers are enhanced by a 

back-scattering factor fge The back-scattering is due to 

multiple Rutherford scattering. A saturation in fy is reached 

for a thickness of the material of about ahs the range of the 

betas in the material, The saturation back scattering factor 

Seep: as a function of 2, the atomic number is graphically 

given by Price [145] for several beta energies. This is re— 

produced in Figure 6.14. These energies are different from 

those for indium. The values for indium-betas are obtained by 

interpolation of those give in Price's curves fora fixed value 

of Z = 83, the atomic number of bismuth. Since 75% of the 

material is bismuth, f is taken assuming whole material is 
Bsat 

bismuth. ‘| The error due to it is small as the value of the 

factor for Z = 49 of indium is not much different from that 

for Z = 83. The interpolation graph is shown in Figure 6.15, 

 



FIGURE 6,14 S5aturation Back-Seattering Factor as a Function 
of Atomic Number of Back-Seattering Material for Various 

eta-Particles. ( From Price, ref. 145.) 

  

    
     



Figure 6,15~-Plot of f,-sat as a Function of Eee 
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at Z = 83, Interpolated from the Previous Figure. 
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from where tenet at the three indium energies is taken. 

The final values are given below. 

Energy uy Peaat he Te, 

1 Mev 0.035640 1.72 0.061240 

0.87 0.0165A0 1.70 0.0280A9 

0.60 0.0079Ao 1.60 0.0126A5 

Total = 0.1018A0 

Hence counting efficiency ~ 10.2%. 

6.10) Estimates of Accuracy of Results: Error Analysis. 

Estimates of errors and propagation of error in the 

combined results was calculated using standard methods 

[146-148]. 

6.10.1) Propagation of Errors. 

If a quantity Q is a function of several measured 

quantities x,y,z ... the error in Q due to errors 

ox, dy, 6% .-. in x,y,z ... respectively is given by 

-& 2 2 Os a +S. by + Gp ba + one 6.49 

Further, if &, dy, 8% ee. cm have any value 

between —- ex and + e1, — eg and + Cg, — eg and + Cg oo. 

respectively, then the most probable value of 6Q is given 

by 

(39)? = @ x e:) + @ x 2) + @ x es) tee 6.50 

In equation 6.50, it is assumed that x,y,z etc.,
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can be measured independently of each other. Such errors 

are called independent errors for which there is some 

possibility of compensation due to errors in each, In 

physical situations this is commonly encountered. If 

that is not the case then it becomes necessary to couple 

the errors with a correlation coefficient, which must be 

separately obtained [147]. 

Equation 6.50 is generally used for usual cases. 

The limits of individual errors e1,e, etc., are the assumed 

inaccuracies in direct measurements such as length. For 

measurements of statistical nature e.g. counts from an 

equipment the standard deviation o is obtained. The 

statistical measurenents are given by the bell-shaped 

Gaussian distribution for measurements of the event and the 

frequency of the measured values of the same quantity. If 

N is the observed count then the standard deviation which 

is normally used is 

ot AN 6.51 

The probability that the estimated counts range 

Ne AN, includes the "true-value" is 68.7%. 

Standard Errors of Composite Functions. 

If a number of measured quantities mi,mg ... have 

standard errors 01,02 ... respectively then the standard 

error of composite functions are given by the following 

relations, which can be proved from the basic principles;



6.10) contd. 

6.10.2) 

6.10.3) 

6.10.4) 

190. 

contd, 

(1) the sum my + mg is NGon7 4 -a2%) 

(2) the difference my-mg is |(04?+02”) 

(3) the prodct mim is Al (na? oy? + m4” og”) 

(4) the power mm is pn * O14 

(5) division, ¥(o2/m3 + c8mi/mt) 

It also follows, if M is the arithmetic mean of 

Mi ,M2 eee Mm, then standard deviation on of M is given 

by 
2 2 

Gy = (02? + 0g? + 2. + 0) /n? 

Standard Error of Weighted Mean. 

If the data x1,Xg w+. Xn have frequencies 

Piate ss3 ft, respectively then the weighted mean is 

Ss af x- 
x = ss 

at, 

The standard deviation of the mean is 

4 
2 

Bf, (x,-x)? 
® = 6.52 

(n-1)3 f, f 

and the standard error of the mean is 

o = & 6.53 

An 

When the frequencies are all equal each 

observation x, can still be given a weight proportional 

to the reciprocal of the square of its standard error. 

Standard Error of True Counts. 

The true counts per minute from foil counts
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are obtained by subtracting the background count rate 

from the observed count rate with the foil on the 

counter. 

Let the total counts be TC obtained in ATC 

minutes and the background counts TBG in ABG minutes, 

then the true count per minute is 

peters) See eTBr CPM = ne ABC 6.5). 

The standard deviation of CPM is given by 

TBG 
e = Up + (BG)? 6.55 

Thus the statistics is improved by increasing 

the time for which the foil is counted and that for 

background. The foil count rate is often limited as 

several foils have to-be counted but the deviation due 

to background can be improved by increasing the time 

independently.



CHAPTER Z 

SURVEY OF POSSIBLE CALCULATION METHODS.
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Introduction, 

The general behaviour of the neutrons in a medium can 

be described by the same mathematical methods as those describ- 

ing the thermodynamical behaviour of the molecules in a gas, 

formulated by Maxwell and Boltzmann in the last century. The 

first attempt to use the Boltzmann transport equation for the 

solution of neutron slowing dovn problems was perhaps that by 

Ornstein and Uhlenbeck [164] in 1937, though Fermi had made simple 

calculations from different considerations (165). Since then, the 

first concentrated intense work was done during the short period 

of Manhattan project and by the end of the decade following the 

second world war, the main characteristics of neutron slowing down 

and transport was known, Later developments were mostly dictated 

by the availability of the high-speed computers. However, the 

increase in the intensity of the efforts have also made the com- 

putational aspect compartmentalised and a great many techniques 

now available as codes are presented to the users as mere "black- 

boxes", with possible prospect of a 'push-button' atuomation in 

the reactor physics calculations, but available only to large 

organizations having the proper computers, 

Among the reactor physics problems perhaps, computational 

technique is the one least discussed in the published papers; often 

just the name of the code is mentioned. Thus the problems of 

adaptation of a method ‘and much of the valueable experience is not 

immediately available to others. Only a few conferences [166] 

devoted to calculation methods and techniques have take place. 

Standard textbooks give the fundamental analytical definitions of 

many methods possible for calculations, but between analytical 

description and application to physically significant problems
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(e.g. application of the boundary conditions and adaptation 

for computers) there is a wide gap. 

Some of the trouble may be due to the nature of 

the mathematics, but some seems to be due to a lack of 

tradition as well. Thus though it is known that slowing down 

by inelastic scattering is of great practical importance in view 

of the tremendous prospects for the fast reactors in future, in 

the standard textbooks [171, 172] inelastic processes are com~ 

pletely neglected. It has been known for years that, among the 

many solutions of the transport equation that are published [169,170], 

there is a great lack of problems of practical interest or physical 

usefulness, Even compilation works such as those prepared by the 

Russian Academy of the Sciences [167] or by Greenspan et al. [168], 

are either dedicated to mathematical abstraction or merely general 

introduction. 

These facts are kept in view while the computational 

methods are considered, 

Specification of the Problem. 

The choice of calculation method depends upon the 

nature of the problem. It is customary to recognize the 

traditional reactor physics calculations as of two types - of 

core and of shielding. Adaptation and usefulness of the methods 

vary accordingly. 

In core problems the study of reactivity and 

eriticality and also variation in time is of main importance. 

Due to fission, ‘up-scattering' has to be included and multigroup 

calculations are coupled. Often parameters such as buckling and 

reactivity need to be obtained and flux distributions can be
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obtained from there. In core problems the average neutrons of 

energies of a few Mev and below are of main interest, but in 

shielding the problems are characterised by the deep penetrating 

fast nuetrons, 

The present problem has the characteristic of mono- 

directional fast neutrons encountered in shielding problems; but 

it does not have the large dimensions of a shield so that the 

advantages of asymptotic solutions are not available for its 

solution. It has a size similar to that for some fast reactor 

cores, but it does not have the complexity of a continuous fission 

spectrum as primary neutrons. On the other hand, due to the higher 

energy of the primary neutrons the first order diffusion approximations 

often adequate for most of the core calculations cannot be expected 

to'be sufficient here. Apart from the extreme anisotropy in their 

elastic scattering behaviour, the other important feature is that 

inelastic scattering is the most important interaction and slowing 

down mechanism. For the assembly containing uranium feedback of 

fission neutrons to higher energy groups has to be considered but 

fission is not important enough to simplify calculations with 

introduction of buckling. 

The Boltzmann Transport Equation. 

For generality, the Boltzmann transport equation is 

given below in terms of the seven dimensional phase-space 

(z, E, 2, t). This phase-space consists of three spatial co- 

ordinates, two direction defining angles, the particle energy, and 

time. The variable which is convenient for analysis is the flux, 

which is particle density multiplied by particle speed, The flux 

quantity used, is the angular flux, denoted by ¢(r, E, 1, t) and 

defined as the number of particles that cross a unit area normal to



7-3) 

195. 

contd. 

the direction 0 per unit time with energies in dE about E 

and in a direction that lies in d} about Q. This function 

is more properly called the differential energy - am angle - 

spectrum of the number flux density, but the simple expression 

angular flux hes become standard terminology. Integrating the 

angular flux over all directions yields the scalar flux, given 

by 

HE,B,t) = | @,8,0,t) a el 
2 

and having the units: neutronsem® sec* Mev +. This scalar 

flux is sometimes referred to as a total flux, although it is 

differential with respect to energy. 

The Boltzmann transport equation can be derived 

simply from the consideration of neutron balance - that neutron 

losses are equal to neutron gains with a differential element 

of phase space dr az dh. For steady state (d¢/at = 0), the 

equation can be written as 

V.og( 2, ED) + 30,8) g(z,2,0) 

= 8(t,5,0) +/f 2,(2,E' > E, 

D> 0) g(r,B',0')aE" ant he 

where, 

V.09(2,E,2)dB dQ = net convective loss at Y of particles with 

energies in dE about E and with directions which lie in 

a about 2 per unit volume per unit time, 

2, (Fs8) g(7,B,0) aE dQ = collision loss at r of particles with 

energies in dE about E and directions which lie in dQ 

about f per unit volume per unit time,
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8(r,B,0) dB dQ = source particles emitted. at P with energies 

in dE about E and directions which lie in a about 

© per unit volume per unit time, 

[J 3,(2,5! >&E, D!>D) g(F,E',0') dg! al = inscattering gain 

at Tr of particles with energies in dE about E and directions 

which lie in dQ about 0 per unit volume per unit time, 

a, 2) = total macroscopic cross-section at r evaluated at 

the energy of the incident particle, 

35 (2,5! = En! - Daw dQ = differential scattering cross-section 

which described the probability that a particle with an 

initial energy E' and an initial direction a undergoes 

a scattering collision at r which places it into a direction 

that lies in dQ about 0 with a new energy in dE about E, 

It is assumed that the eugation is linear, so 

that 259 a etc. are not function of ¢. The factor that domimtes 

the transport equation in the anisotropy in scattering and source. 

The solution of the transport equation represents the average 

value of the particle flux or particle density. The solutions 

are inherently complex due to the integro-differential form of 

the equation, and exact solutions are limited to a few highly 

specialized problems. The most pratical techniques are approximate 

and essentially numerical in nature; the more general ones are 

the spherical harmonics method, the discrete ordinates technique 

and the moments metnod. A family of methods stems from the 

spherical harmonics expansion: the Legendre expansion, the
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PL approximation, the P, approximation or diffusion theory 

with and without energy dependence, etc. There are also 

the combination methois such as the removal diffusion method. 

The Monte Carlo method, which is altogether different in 

approach, and works on the statistical simulation of the physical 

process, in principle can be made to approach the exact solution 

of the Boltzmann equation. 

Methods for Solution of the Transpo-t Equation. 

Tobel) Spherical Harmonics Method. 

Basically the spherical harmonics technique consists 

in expanding the angle dependent terms in the transport 

equation as an infinite pover series in the variable p, 

the direction cosine, with coefficients that depend upon 

the position only. The distributions are considered 

to be rotationally inv ariant with respect to the coordinate 

direction which defines y. The series used is the spherical 

harmonics of the first kini, the Legendre polynomials 

Po(u). Expanding the angular neutron flux and source 

tem in terms of these polynomials give 

$@ yu) = os BER (2) Pg(u) 7.3 
£=0 

8(,u) = ; 2B 5 (F) Pp(u) Tol b 

  

where $,(r) = position dependent Legendre coefficients 

ao 
corresponding to the neutron flux “i $(r,u)P2(u) ap 5 

-4
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3,(z) = position dependent Legendre coefficients 

corresponding to the source term 

a8 S(r,u) P(u)au 7.6 

a, 

Since for most practical situations the differential 

scattering cross-section depends only on the change in 

direction as denoted by plo = D.0', the series expansion 

for 2, (0,0") is made in terms of the Legendre polynomials 

Pe (uo) i.e. 

© 

% (uo) = ) ooh 256 P (uo) 7-7 

£=0 

where 25¢ = Legendre coefficients corresponding to 

differ tial scattering cross-sections, 

a 

B 4, (10) Pe (u0) duo 7.8 
=) 

The spherical harmonics form of the Boltzmann 

equation is obtained by introducing the above series 

representations for o(?,1), S(v,y) ana 2, (0,0") into it 

and then multiplying each term by the Legendre polynomial 

P,(u) and integrating over all p (from -1 to +1). Practical 

methods of solution require that the series of representation 

of ¢(r,u) be limited to a finite number of tems, for 

example to (n+l) terms; n is called the truncation number 

and the corresponding calculation is referred to as the Pr 

approximation, Substituting equations 7.3, 7.4. and 7.7 into 

the Boltzmann equation and by use of the orthogonality
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property, 

+4 

/ P(x) P(u)du = 0, if of 0 

ies 2 it 2 = Sao #=2 7-9 

a set of coupled differential equations is obtained. 

This set of equations no longer involves the directional 

variables and therefore is more amenable to solution. 

For numerical computation they may be transformed into 

finite difference equations. 

The application of the spherical harmonic techniques 

to the trasport equation is inherently complex. The 

problem becomes formidable if they are tried for multigroup- 

energy cases. For simpler cases, such as one-dimensional 

geometry it becomes possible to use the method. For one 

dimensional plane geometry the equations are discussed 

by Roos and Sangren [150], Murray [151] and Clark [152]; 

for spherically symmetric case they have been considered 

by Bareiss [153] and by Pendlebury and Underhill [154]. 

The Py-approximtion is equivalent to diffusion 

theory and involves only a linear representation, which 

restricts its utility to situations wherein the neutron 

flux is nearly isotropic. It has been found and reported 

that the Ps approximation of the spherical harmonic method 

is a definite improvement over the P, approximation, but 

the complexity also increases. Multigroup calculations 

of higher approximations have hardly been reported.
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Discrete Ordinates 5-Method. 
  

The discrete ordinates S,-method is a means of 

effecting a numerical solution of the energy dependent 

linear Boltzmann transport equation. The original 

method of discrete ordinates is attributed to Wick [157] 

and to Chandrasekhar [158], who used it for radiative 

transfer problem. of astrophysics. It has been first 

applied to neutron transport problems by Carlson [159,160]. 

In the 5, method, the integro-differential Boltzmann 

equation is integrated over angle by assuming the angular 

dependence of flux to be linear in each of n-intervals. 

It is usually applied to the one-velocity equations which 

are used in multigroup theory. However, it requires the 

diffusion approximation. The angular flux for any group, 

assuming linearity between segments, is given by 

Ayu) = Hie 4, u,) 
WH 

4 Hye HP rus 4) 7.10 
eH 

where ee gus H; 

J = 051,2, coe Ne 

The order of approximation is characterised by the number 

of segments n which is used. This approximation is then 

used to reduce the one-velocity Boltzmann equation to a 

set of n equations in the n+l variables, HPsu5)« An 

additional equation is obtained by setting y =-1, directly 

in the one-velocity Boltzmann equation. The resulting set 

of equations is then solved numerically for the fluxes.
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The equations for the various energy groups are solved 

in order of decreasing energy. If the source term 

contains fission iteration is performed. 

The 8 -meth od has been applied to a variety of 

criticality and shielding problems. For the time- 

independent case, the anistropic scattering has been 

solved for spherically symmetric cases. Since the transport 

equation in general, is not separable, two dimensional 

cases become very complicated. 

However, for numerical computations the 5, ~meth od 

is much simpler than the spherical harmonics method. 

Application of Diffusion Theory. 

An approach to the particle transport problems 

that neglects the detailed directional aspects of the 

particle motion is that of diffusion theory. The basic 

assumption of elementary diffusion theory is the validity 

of Fick's law, which states that the net current of 

neutrons in the direction away from the region of greater 

neutron density is proportional to the negative gradient 

of the flux: 

J(z) = - D.v¢(e) Felt 

where D is the position independent diffusion coeffi cient 

and V¢(r) is the gradient of the total neutron flux. 

For steady state, the phase space of original transport 

equation is reduced to three position variables as denoted 

in general vector notation zr, and the corresponding equation 

called diffusion equation is
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DV? g(r) - 3,42) + S(r) = 0 1.12 

where the second term represents loss due to absorption, 

the third term the general source tem ani the first term 

iis the leakage term incorporating Fick's law, The 

diffusion equation has the same form as the P-1 

approximation to the spherical harmonics treatment of 

the Boltzmann equation. 

Certain limitations are inherent in diffusion 

theory; these are: (i) the scattering process is assumed 

to be isotropic in the laboratory frame of reference, 

(ii) the directional distribution of the particle flux 

is nearly isotropic, (iii) the diffusing medium must be a 

poor absorber, and (iv) the results are invalid for regions 

within 2 or 3 mean free paths of boundaries, strong sources 

ani strong absorbers. The existence of these limitations 

is a clear indication of the approximate nature of the 

diffusion theory, insofar as the physical situation is 

concerned. However, with certain modifications of the 

system parameters, the diffusion theory solutions of many 

problems compare favourably with solutions cbtained with 

more exact theories. Thus the diffusion coefficient D 

which from elementary theory is given by 1/(33,) 5 is 

replaced for weak absorption and moderate anisotropic 

scattering by 

  

ab 

- 3 gn i 

where 2 3, (1-u) alloy! 

and yp is the average cosine of the scattering angle per



Tok) contd. 

Toles) 

Tote) 

203. 

contd. 

collision in the laboratory systen. For larger deviations, 

D is represented by further modified fomns, for use in 

the diffusion equations. 

The other 'transport-correction' that is 

often used for boundary conditions at free-surfaces is 

that the solution of the diffusion equation vanishes at 

@ distance, 

a= 0.71 A, 715 

For treatment of continuous spectrum the energy 

range is divided into discrete groups and the diffusion 

equation is used for each group with the appropriate 

parameters, The ease with which diffusion equations can 

be treatment has made them most widely used of all the 

methods for reactor analysis. 

Fermi-Age Theory. 

Uncer certain circumstances, approximate 

solutions to the Boltzmann equation can be obtained by 

the Fermi-age technique, which can give the space and 

energy variations in the neutron flux. 

The age eqmtion is based upon the continuous 

slowing down model, and it is assumed that the behaviour 

of all the neutrons can be expressed by an average value. 

One important result of the continuous slowing-down model 

is the identification of the neutron slowing down density 

as 

a(F,E) = € 3, o(7,z) 7.16 

which is the number of neutrons slaving down below a given
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energy E, per unit time per unit volume, and ¢ is the mean 

logarithmic energy decrement, which is a function of the 

mass number of the nuclei of the medium only. The 

diffusion equation is written with the slowing down source 

as above and then a new variable, called Fermi-age is 

introduced. 

Ideally, Fermi-age is suitable for elastic 

scattering slowing down by heavy moderators, though it 

has been used for neutron slowing.down in water as well. 

Avery [161] has tried to use Fermi-age model for neutron 

slowing down in water and iron laminations, by defining a 

separate and modified ¢ for the inelastic collisions with 

iron atoms, but did not meet good success. 

Moments Method. 

The moments method has been used to solve the 

transport equation, particularly for deep penetration of 

gamma-rays and neutrons [162] in the shields. The moments 

method has the advantage that fore-knavledge about the 

behaviour of the solution can be incorporated analytically, 

thereby obtaining solution of stated accuracy with reduced 

labour. However, for practical reasons, the application of 

the moments method to the solution of the transport equation 

is limited with respect to the source and shield configurations; 

it is usually applied only in finite homogeneous media with 

plane, line or point sources. 

Moments are taken of the angular flux, merely to 

solve the equation and no particular meanings are given to 

the moments. They are regarded simply as a transform, much
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the same as the Laplace or the Fourier transforms. The 

desired flux is constructed by some matrix inversion, 

7-5) Other Methea se 

7-501) Monte Carlo Method. 

In Monte Carlo calculations, the random 

statistical behaviour of the neutrons in a medium is 

simulated in accordance with the known probability laws. 

Each neutron is taken from some parent population through 

sampling procedures and is followed as it unlergoes random 

walks and from the record of individual histories, the 

distribution of the neutrons in space according to their 

energies is determined. For statistical reliability a 

large number of neutrons has to be followed. With the 

availability of large high speed computers Monte Carlo 

calculations have become powerful tools for detailed study 

of reactivity as well as shielding performances, They are 

also used to check the results obtained with different 

approximate methods. 

The probability laws which determine the be- 

haviour of the neutrons canbe abstract analogues of 

processes in the real world, when they are called "direct 

analogue" process. However, the calculations can be 

shortened by using artificial probability laws when a set 

of biases are used; they are "non-analogue" processes. 

The data obtained has to be reprocessed so that the results 

corresponding to the real probability laws can be recovered. 

The ue of completely artificial probability laws is the 

most devious of all Monte Carlo strategies.
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Kernel Technique. 

The kernel technique, also called the method of 

Green's functions has been used for shielding calculati os 

of both gamma rays and neutrons. The parameters for neutron 

problems has however been developed mostly for hydrogeneous 

shields. 

The point kernel K(|y - r'|) is formally the 

solution of the unit point source problem and is defined 

as the desired response of a detector (particle flux, energy 

flux or dose) at the space point r, due to a unit point source 

of radiation at the space point T'. This kernel provides 

the means for solving a variety of problems which involve 

distributed sources, The total response at a point is 

obtained by integrating over the surface or the volume for 

a surface or a volume source respectively, each element of 

surface or volume being considered as a point source. The 

utility of the method is considerably enhanced if the integral 

can be evaluated analytically. 

Removal Diffusion Method. 

A method which is relatively easy to handle but 

has been successful in predicting the multigroup flux in 

shields is the removal diffusion method. In treatment it is 

very similar to the multigroup diffusion calculations except 

that the high energy penetrating neutrons are exactly repre- 

sented on a semi-empirical basis and the slowing down of these 

to lower energies is treated according to the diffusion theory. 

The unremoved neutrons can be obtained from an experimentally 

determined parameter, called the removal cross-section; in
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cases where this is not directly available, it is equated 

to the transport cross-section, When the latter is used, 

the calculation is called the Spinney method. The empirical 

parameters can be used in materials of large thickness if 

hydrogen is present in it; they have been obtained as such 

in the measurements with the Oak Ridge National Laboratory, 

Lid Tank Shielding Facility [163], data from which are used 

for the reactor shielding calculations. Hydrogen subsequently 

slows down and removes the unremoved flux. But they can be 

used in any media provided the removal cross-section for it 

is known. This is described further in the next chapter. 

Intercomparison of the Different Methods. 

As the aim of any computational work is to find 

the solution as accurately as possible, in the absence of any exact 

analytical solutions one is led to consider a Monte Carlo calculation, 

as it can incorporate, in principle, any arbitrary geometry, source 

anisotropy and scattering properties and still give the "exact" 

solution, But, apart from cost and labour involved in Monte Carlo 

calculations it has also other limitations. Given that the 

microscopic cross-section data used in the calculation is accurate 

enough, it can confirm whether or not the experimental results 

obtained are reliable. But the computations are hardly of any use 

in other systems, Multi-energy group calculations, on the other hand, 

can test a set of group parameters and whether proved right or wrong 

at least set a precedent and the conclusions become useful for future 

reference and use. The time and labour investment needed in any Monte 

Carlo calculation render them unsuitable for common use. For one



7.6) 

208. 

contd. 

dimensional cases, in general, Monte Carlo methods are not used 

since 5 -calculations are faster and equally reliable. Even 

for two dimensional problems Monte Carlo and discrete ordinate 

methods are comparable, but for three dimensional problems, Monte 

Carlo can claim superiority. 

In recent times, the Monte Carlo code devel oped 

at the Oak Ridge National Laboratory, O5R has been widely used. 

The code is designed to suit a variety of problems with complex 

geometries, The user has hovever to provide several subroutines. 

Studies were made of the O5R code to assess its suitability for 

the present problem; but the necessity for a large computer core 

size and other considerations made it impractical to use, 

Among the other methods for calculation, the 

§ method is the best approximation to the transport equation 

solution, and after the multigroup diffusion calculations, multi- 

group s, calculations have been more widely used for the fast re- 

actor analysis. The code DSN has been used by many. Recently 

a two dimensional discrete ordinate code DOT, has been developed 

at the RSIC, Oak Ridge, but its immediate applicability to the 

geometry of the present problem was not evident from a preliminary 

study of the program, Also, specific need of particular IBM 

computers do not place these American programs within reach of 

general users. 

Among other methods, the spherical harmonics 

a0. P,~approxima ti ons are the only suitable ones that can treat 

anisotropic scattering and applicable to finite systems, Due to 

their increasing complexities, the higher order approximations 

for multigroup calculations are limited to one-dimensional cases 

only. Thus Leipunski et al. [156] reported of multigroup Ps
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ealculations in the iron blanket of a fast reactor, but was 

limited to one dimension only. They could not find good agree- 

ments with the experimental results which they concluded was 

because the leakage could not be adequately represented in a 

one dimensional treatment. Another disadvantage of the ee 

method is that it cannot be said ‘a priori' hov many harmonics 

are needed for the convergence of a problem. 

The other possible methods that were con- 

sidered, were the conventional multi group diffusion and the 

removal-diffusion methods, For a conventional diffusion calculation 

two disadvantages were noted: first, that only mild anisotropy 

can be incorporated in them by introducing transport corrections 

in the diffusion coefficient and the extrapolated distance, and 

second, the group cross-section sets commonly available, which 

are aimed at analysing reactor problems only, include all the 

neutrons above about 3 Mev in one group which could not possibly 

represent the predominant 14 Mev neutrons. Satisfactory solution 

to both these problems were obtained. 

The transcendental equation giving the diffusion 

coefficient for stronger anisotropy that is represented by the first 

order transport correction and that is commonly used, could be 

solved. The diffusion coefficient so obtained, substituted in the 

diffusion equations, gave a better representation. Also, a group 

cross-section set, that considers 1) Mev neutrons and divides the 

“energy range from 14. Mev to 3 Mev into five groups was available. An 

examination showed that sufficient energy resolution for the threshold 

foils could be obtained with this set. 

The removal-diffusion calculations was found 

especially attractive for the problem. The mono-directional 14-Mev
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neutrons could be exactly represented by an exponential and 

treatment of this extreme case by; diffusion equation could be 

avoided. The secondary neutrons born from inelastic scattering 

or fast fission can be expected to be adequately isotropic —- 

within the range that diffusion calculations are known to be 

satisfactory. 

The approximation that could not be improved was 

the geometry approximation - the cylindrical shell was idealised 

as a spherical shell. This was imposed by the point source. 

This approximation would have been the same also in other com- 

putational methods, except perhaps the Monte Carlo method. However, 

in the removal-diffusion computation the distribution of the primary 

neutrons (14. Mev) would be the same in both cases - the cylindrical 

shell and spherical shell; this is concluded from the microscopic 

removal cross-section yielded from the experimental observations 

in the cylindrical shell. For the lower energy groups, the leakage 

along the faces and the sides will be somewhat misrepresented. 

Such spherical approximations are known to have been made in less 

advantageous cases. 

The removal diffusion code RASH, developed by the 

Shielding Group at AERE, Harwell, was studied for use; but it was 

observed that transfer of neutrons is allowed in it only to the 

adjacent groups. This could not represent inelastic scattering 

neutrons, which can traverse almost any number of groups in one 

collision. However, RASH served as an example for removal—diffusion 

calculation ani several aspects of it was learned from this program 

which was found useful in writing a code for the present problem.



CHAPTER 8. 

FLUX CALCULATIONS BY MULTIGROUP DIFFUSION 

AND REMOVAL DIFFUSION MSTHODS.
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Introduction, 

Multigroup diffusion equations were numerically 

solved, idealizing the experimental assemblies as spherical 

shells. Modifications were introduced by using diffusion 

coefficients with higher order corrections for anisotropic 

scattering, than obtained with commonly used transport cross— 

section for defining the diffusion coefficient. For the iron- 

uranium assembly fission was introduced, the steady state flux 

being found by iterations. 

In the renoval diffusion calculations the spatial 

distribution of the top group was accurately represented by 

an exponential form experimentally obtained from activation data. 

The lower groups were then treated by diffusion equatious. 

Main source of data was the 20-group Yiftah-Sieger 

cross-section set [173], that includes inelastic slowing down 

from an upper limit of 1)-Mev. Also used was the Russian 

multigroup set [179] due to Abagyan et al. Its highest energy 

limit is however 10.5 Mev. 

Two more groups at the top with boundaries at 12 Mev 

and 14 Mev were added to it from the Yiftah-Sieger set. The 

results obtained agree reasonably with the experimental values 

and show some interesting features. 

Multigroup Diffusion Calculations. 

In multigroup calculations the continuous neutron 

energy in a medium is divided into a finite number of energy 

(or lethargy) groups, and the spatial distribution of neutron 

flux is obtained for each group. Within the gth group, which 

extends from a to feo are assumed to diffuse according 

to one-velocity diffusion equation as they suffer collisions 

and move to other groups or leak out of the system,
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The gth group can be defined in terms of the energy 

limits or identically lethargy limits - by the integral 

u 

$7) = | : g(r u)du 8.1 

oe 5 

where ue and ee are the upper and lower lethargies of the 

group respectively and ou) is the lethargy dependent flux 

at the point Y. The diffusion scattering, absorption and 

other interactions are described in terms of suitably averaged 

diffusion coefficients and cross-sections which are collectively 

known as group constants. 

8.2.1) Definition of the Group Gonstants. 

When the basic data for nuclear cross-sections 

of the various events as a function of energy in the 

energy range of interest are known, they are averaged 

within groups with respect to flux. Thus 

& 

| o(u) d(r,u)au 
C= 8.2 

fe 
u 

soo 
j o(z,u) du 

u 
-2 

  

where o, may be o{n,y), Gp» O, etc. 

It is assumed that the flux can be written as 

separable function: ¢(r,u) = f(r)¢(u). This is never 

strictly true, but it must be assumed to carry out multigroup 

calculations, This enables the constants to be defined 

as function of group-width and independent of the geometry
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under study. As a result, group constants consistent 

in different systems but function only of the medium 

and energy emerge. With this assumption, equation 

8.2 becomes 

u 
ali & 

ee ‘ o.(u) g(u)au 8.3 

u 
B21 

u 
& 

where $, is the constant g(u)du. To evaluate 

u 
&r-21 

the integral in equation 8.3 it is necessary to assume 

a form for ¢(u). In thermal reactors this is very easy 

as the slowing down spectrum is */f, so that ¢(u) can 

be taken as constant in this range and the thermal group 

is given by a Maxwellian. But in fast systems there is 

no such well defined spectrum. One consequence of this 

is that for fast systems several groups are needed for 

correct representation, 2 or 3 groups are often 

adequate for thermal reactors. For fast systems the 

spectrum of a 'typical' reactor is chosen, so that it 

can represent similar systems. In principle, for another 

system the flux may vary; for such case the parameters 

obtained with flux for the typical reactor can first be 

used to calculate for the new system, and the group 

constants could then be calculated with the flux just 

obtained and calculations repeated with this revised set; 

this iteration can be repeated several times. However 

this would be an extremely laborious and costly procedure
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and is hardly warranted in view of the uncertainty in 

the basic cross-section data. Equation 8.3 has to be 

numerically integrated, since the flux does not have a 

simple numerical form, 

The macroscopic values can be obtained from the 

microscopic constants, as given by equation 8.3, by 

multiplying with the number density of the constituent 

materials in the system. 

Diffusion Coefficient. The diffusion coefficient 

for any group g is by definition given by 

i: D(u) ¥4(r,u)du 

& bree 

  

u 

& = 
| V? g(x,u)du 

u 
et 

With the separability of g(r,u) [= t(z).d(u)], it 

becomes 

8 ae D, = aed D(u) g(u)au 8.5 
u 
gra 

In practice, this can be calculated from the averaged 

transport cross-section, if that approximation is sufficient. 

For higher order of accuracy D is given by the transcendental 

equation [174]:
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where Ans 4, and a, are the macroscopic total, scattering 

and absorption cross-sections respectively, and i is the 

average value of the cosine of the scattering angle in 

the laboratory coordinate systan. To compute D for any 

group-g the corresponding group values of the macroscopic 

cross-sections are substituted in equation 8.6. 

Group-transfer Cross Sections, The transfer 

of neutrons by scattering from one group to another 

is given by the group transfer cross sections 3(g > h). 

These are so defined that 3(g > h) $,(2) is equal to 

the number of neutrons which are transferred from the gth 

to the hth group per c.c. per second at the point re 

Transfer cross-sections may be written as sum of two parts: 

the elastic transfer cross section 3, (e »h) and the in- 

elastic transfer oe: section 3(e >h). 

Consider first the evaluation of 2,(e >h). 

The value of these constants depends upon both the 

nuclear properties of the materials in the medium and tae 

number of groups used in the calculation. In particular, 

if the maximum increase in lethargy of a neutron unier- 

going an elastic collision is less than the widta of 

every group, neutrons from one group can be elastically 

scattered only into the next adjacent group. In this 

case only h = gtl need be considered; for the other 

groups it is zero. The groups are said to be directly
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coupled, so far as elastic scattering is concerned. The 

minimum energy of a neutron after an elastic collision 

is o-times its initial energy, where 

fey 
rs (at) iso! 

and A is the mass number of the moderating medium. The 

condition for direct coupling is that for all g's 

Es, - EB, Es (1-a)E, 8.8a 

or u-uU_ 2 én e 8.8b 
& G1 \% 

For iron, this gives 

E -E_ 20.07 E 
&1- & (or es 

The constants for 2,(e > gtl) = he can be 

computed for directly coupled situation in the following 

way. The total number of scattering collisions per c.c. 

in the gth group is 255 FS If € is the average lethargy 

increase in an elastic collision, it follows that neutrons 

require ee - ee NS collisions on the average in order 

to traverse the group. Hence the number of neutrons 

scattered out of the gth group per c.c. per second must 

be ER ¢ ae ), which enter the (g+1)th group. 
86 8 ea 

The cross-section is thus 

2 es aes = ~ = 8.9a 

& &4 

If the scattering is anistropic in the centre of mass
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systen, the transport correction may be introduced 

to it, when the cross section becomes 

Beige os 3, (1-H) 8.9b 
yu -u 

6 et 

The group transfer cross sections for inelastic 

scattering can be computed if the inelastic probability 

distribution function p(u > u')du' is known; this 

is then flux averaged. In literature, the data is 

given as elements of ineastic matrix P defined as 
gpgtk’ 

the relative probability that a neutron in group g ex- 

periencing an dnelastic scattering event will afterward 

be found in group g+k. For low energy incident neutrons 

where the energy levels can be resolved the excitation 

functions for the individual levels are used; the values 

are experimental results supplemented by optic al-model 

calculations, Above the energy where the levels overlap - 

above 2 Mev for fissionable nuclei and 5 Mev for iron - 

the evaporation model of Weisskopf is used. The expression 

in this model is characterised by nuclear temperature T 

which is slowly varied from group to group as it varies 

with incident neutron energy. 

Fission. The treatment for fission neutron dis— 

tribution is similar to that for inelastic scattering 

with the evaporation model, except that the final energy 

group h can be above the incident energy group & 

Otherwise, the treatment is made simplier in that one 

expression for x(u) can be used for different incident 

neutron energies, so that for fission occurring in any
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the quantity Xp the fraction of fission neutrons 

appearing in the gth group is given by 

u 
& 

Xe = | x(a) du 8.10 

u 
gra 

with x(u), the full fission spectrum normalised to one 

emitted neutron. 

However, it is necessary to take into account 

the fact that the average number of neutrons emitted 

per fission depends upon the energy of the incident 

neutron. For fission induced by neutrons of the gth 

group, the average value of v is given by 

cea fs 8.11 ve = $y i v(u) ¢(u)du . 

u 
e-1 

Multigroup Equations. 

The equations are given below for general case —- 

when fission is present, In case there is no fission 

in the systen, the fission cross sections are put zero 

and the terms vanish, If fission takes place above 

certain group (threshold), the cross-sections for the 

lower energy groups is put zero. However all groups 

receive neutrons due to fission in any one group. 

For the iron-uraniun pesentiy the medium is 

considered to be a homogeneous mixture of thse two 

elements; this is valid as the thicknesses of the layers 

of iron or uranium are small compared to the mean free
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paths of the neutrons. The group cross sections are 

obtained by averaging the number of densities of the 

nuclei per c.c. Let there be N groups of energies. 

The equation for the first group, corresponding 

to the most energetic neutrons is, where ¢ is a function 

of only Y within the group: 

N 
DsV? ba ~ Oe ee - 3, (12h) $a 

hea 
N 

+ X, 2 =0 8.12 4 fe Ye Ae sc Ae 
k=4 

The first term is the leakage loss, the second term gives 

loss due to absorptions (n,y; n,p; etc.), the third term 

elastic removal and the fourth term loss due to inelastic 

transfer of neutrons to all lower groups; the last term 

is equal to the total number of fission neutrons 

appearing in the first group as the result of fissions 

occurring in all groups. 

For a lower energy, gth group the equation is: 
N 

a - 

Pg Ves, ahs “er, 8% » Aner) ty 
h=g+a 

& N 

eras ) Fant) Mg - Zp HO 8413 

J=4 k=1 

Here again, the other terms except the 5th ani the 6th terms, 

are similar to those in equation 8.12. The fifth term is 

the number of neutrons elastically scattered into the gth 

group from the (g-1)th - assuming direct coupling. The 6th
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term is equal to the number of neutrons inelastically 

scattered into the gth group from all higher energy 

groups (and also itself). 

8.2.3) Solution of the Equations. 

The equations 8.12 and 8.13 were solved for 

spherical geometry. The one dimensional Laplacian given 

by 
a? 

2 Vo = Sa + 8.14 
Rl
o o 

dr 

(where c = O for slab, 1 for cylinder and 2 for sphere) , 

was written in finite difference. Two boundary conditions 

used were: 

(3) the net current is zero at the inner boundary 

i.e. at the inner radius of the spherical shell - 

except for the neutrons due to any source located 

in the sphere; 

(ii) flux is zero at the extrapolated distance i.e. 

at a further distance of 0.71 ne, from the outer 

radius. 

The numerical scheme is shown in Appendix 1; the recurrence 

relation used is also derived there. The program 

FASTNFLUX was written to solve the multigroup eugations. 

In principle, flux at any group can be computed 

if fluxes at all the other groups are known; also as can 

be seen from equations 8.12 and 8.13 the flux of the same 

group needs to be known to take into account self-scattering 

of the inelastic matrix and also fission. When fission is
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absent the lower energy groups need not be known. When 

inelastic scattering within the group is small - as is 

often the case - only information about the higher energy 

fluxes is needed; in this case, once the top group is 

known all the succeeding groups can be calculated in turn, 

The top group can be calculated when the point source at 

the centre is specified. 

When fission is present, the program initially 

neglects fission to provide a guess at the flux distri- 

butions. After calculating through to the Nth group this 

way, it repeats the cycle, this time including fission in 

each grouo calculated from the previously found flux dis- 

tributions. This cycle can be repeated any desired number 

of times. Because fission is not very predominant the flux 

values converge rapidly with only a few iterations (typically 

5)- 

The code can also give the estimated foil 

activation for the different foils as output, when the 

group averaged activation cross sections are supplied. It 

can be shown that for a uniform flux within the group, the 

average activation cross section is the arithmetic mean 

within the group limit. 

8.3) Removal—Diffus ion Calculation. 

It is found that the distribution of the first 

group neutrons as given by copper activity can be represented by 

an expression
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Q oe RRs) 8.5 *.° Tat   

where RR, is the radial distance of the nth space-point in the 

assembly from the point source of strength Q, Ra is the inner 

radius of the assembly, and $q is the flux at tien space 

point. The constant 2, is called the macroscopic removal cross— 

section, 

In a removal-diffusion calculations equation 

8.15 with the numerical values for 2, is used to describe the 

first group flux instead of equation 8.12. The lower groups are 

treated by equation 8.13 as before. There is option in the program 

FASTNFLUX to calculate the first energy group either from the 

the diffusion equation or from the removal equation. 

Phenomentlogically, the removal process can 

be considered equivalent to the total reaction rate minus the 

forward component of the scattering process, This suggests that 

the removal cross-section is effectively the same as the transport 

cross-section, i.e. 

a = Ann = a ua, 8,16 

In large shields, removal cross-section may 

not remain constant over the sample thickness. This is due to the 

build up of the neutrons scattered from the adjacent parts of the 

Shield. In the practical shield computations, in which removal 

cross section has been basically used, experimentally obtained 

values are given preference, In shields however the slowed 

down flux is often estimated from the fermi-age estimation rather 

than multi-group scattering matrix, In systems, such as the ex- 

perimental assemvlies in the present stuwly the removal cross-section
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does not vary significantly with thickness. This is because, 

the sample thickness is comparable with the mean free path of 

the 14-Mev neutrons. Also, the 14 Mev nutron scattering with 

iron and uranium is highly forward peaked; as very few neutrons 

are scattered backwards or sideways not many are available to come 

back in the original direction after multiple scattering, so tht 

the build up is negligible. 

The microscopic removal oross-section, oO is the 

constant per atom. This has been calculated by Avery et al. [275], 

as a function of energy for several materials of interest for 

reactors, as the removal cross-section is the same as the transport 

cross-section. In general o, decreases with increasing energy for 

a given element and it increases with increasing atomic-weight at 

a given energy. At 1)-Mev o, for iron has been calculated by 

Avery et al. to be about 1.4.2 bams; the same value is obtained 

from experimental distribution of the flux in the iron-cylinder. 

For Uranium o, at , Mey is about 3.0 barns. The increase in 

o, with the atomic weight is due to the following reasons. me 

can be expressed as 

  

© = oO) - Ho, 

=O, + (1-n) o, 8.17 

At high energies the non-elastic cross-section (o,,) is nearly 

equal to the geometrical cross-section of the nucleus, and this 

increases smoothly with the mass number as the radius increases. 

The second term makes only a small contribution because of the 

large value of yp at high energies, According to this consideration, 

mae 
removal cross section per unit mass should vary roughly as A*, 

: 2 Fs ise. “r , fo+33
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The macroscopic removal cross-section for a mixture 

can be obtained by simple volume average, 

Bae Sun(, V;) 
Sum V, 

a 

where vy is the volume occupied by the ith constituent. 

Cross-section Data for Calculation. 

As mentioned earlier, the source of data for the 

multigroup calculation was the 20-group cross-section set due to 

Yiftah and Sieger [173]. This set has been devised by the avthors 

for application to fast reactor experiments with 14 Mev neutrons, 

particularly pulsed sources. This is an extension of the previous 

16-group YOM set, which has been widely used by various fast reactor 

centres. The 16-group ae with some modifications was used by 

Borgwaldt et al. [176], to analyse the SUAK fast reactor assembly : 

at Karlsruhe with 14-Mev pulsed sources. The 20-group set developed was 

based on the similar experiences of the 16-group set, as well as 

intercomparisons with the cross-section sets given in the following: 

the second edition of ANL-5800 [177], Karlsruhe cross-section 

compilation [178], the Russian 25-group cross-sectioh constants 

[279]. None of these previous groups include 1} Mev neutrons, 

and are mainly for fast reactors as such. The group structure of 

the 20-group set is as follows: 

Group Energy 

14-12 Mev 

12-10 
10- 6 
6 3.668 
3.668-3.0 
3.0 — 2,225 A

w
 

-
 
W
N
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Group, Energy, 

Z 2.225 - 1.35 
8 1.35 - 0.825 

z 825 - 500 kev 

10 500 - 300 

ast 300 - 180 

12 180 - 110 

13 110- 67 

14. 67 - 40.7 

15 40.7 - 25 

16 2 - 15 

alg) Dim Seb 

18 9. — 5.5 

+19 5.5 = 2.1 

20 2.1- 0.5 kev 

Thus, above the phosphorous (n,p) ~ threshold there are 7 groups 

up to 1; Mev. 

The Russian ABBN set [179], which considers the self 

shielding corrections for the lower energy groups, has 10.5 Mev 

as its highest energy limit. Calculations have also been per— 

formed with this set - the top two groups up to 1} Mev have been 

supplemented from the Yiftah-Seiger set. Inelastically scattered 

neutrons and fission induced neutrons from the 14-12 Mev and 

12-10.5 Mev groups can move to any of the lower groups of ABBN; 

these source terms have been assigned by analogy with the 

Yiftah-Sieger data. The other groups of ABBN - set are as follows 

10.5 - 6.5 Mev 

6.5 - 4.0 

4.0 — 2.5 

2.5 - 1d 

1.4 - 0.8 Mev etc.



CHAPTER 96 

EXPERIMEN? AL AND CALCULATED ACTIVITY DISTRIBUTIONS 
AND OTHER RESULTS.
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9.1) Introduction. 
The absolute activity distributions of the foils 

in the two assemblies are finally produced in this chapter. 

The experimentally obtained values are shovn and compared 

with the activity distributions predicted frommltigroup 

diffusion and removal-diffusion cal culations. 

Multigroup data sets were described in the last 

chapter. We wereled to introduce small but important and 

logical modifications to the Yiftah-Sieger data. These are 

briefly described. 

All results are absolute peered activities per 

minute per gram of the isotope concerned and normalised to a 

source strength of 1.5 x 10° neutrons per second.- unless 

otherwise mentioned. Most experimental results presented are 

output from the program FOILSNACT which computes the above 

peer eee each reading. 

Determination of removal cross-sections for the 

source neutrons in the two assemblies with the observation of 

copper activities are discussed first. This is then followed 

by presentation of threshold foil activities first in the iron 

assembly and then in the iron-uranium assembly. Each reaction 

is shown in one graph. The values predicted by calculations are 

explained next. The extent to which the experimental and 

calculated activities agree or disagree as a function of position 

in the assemolies are indicated; in these more stress is given 

to the phosphorus results as this foil had the lowest threshold. 

The results with **°In(n,y) reaction are then compared 

and discussed. Division of the results in this way were prompted 

by the fact that the results in the two assemblies had many 

features in common and considering them together avoided much 

duplication and repetition. Some of the other results of
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interest are shown after that. 

General conclusions that emerge from these studies 

are summarised in the following chapter. 

Determination of the Removal Cross Sections. 
  

The removal cross sections for the source neutrons 

were needed to present their distributions in the assemblies 

and to compute the lower energy neutron distributions from 

there. This is obtained from the Sormalised Cu activity 

distribution along the vertical line front the source. The 

plot of da? A, against Ry» where AL is the saturated copper 

activity at the radial position Ry on semi-log scales gives 

straight-lines for each assembly. Figures 9.1 and 9.2 are two 

of such plots for the iron and the iron-uranium assemblies 

Paaseneirely: It can be shown from equation 8.15 that equation 

for such a straight line in each assembly is given by 

24 = : 10g, (aa, Bek Bekn 9.1 

where K is a constant. Thus the negative slope gives the 

removal cross-section ae for each assembly. 

To determine % ent? the absolute source strength 

of the neutrons need not be known, Thus, the uncertainty in 

absolute efficiency of the counter and that in the source 

strength determination during the irradiation do not enter 

Znom* However, an additiond. uncertainty is introduced due 

to R, which is squared and multiplied with A, the activity. 

These experimental errors are shown on each point in the graphs. 

9.2.2) Ze Tor the Iron Assembly. 

The graph shown in Fig.9.1 is a typical one for
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the iron assembly; the average value of the removal 

cross section was obtained from several such curves 

which gave for the iron assembly: 

a 4 nem = 04106 + 0.0015 om 9.2 

This value of the removal cross section for the 

iron assembly gives a microscopic removal cross section 

for the 14-Mev neutrons as 1.406 barns per atom of iron, 

when the number density of the iron atoms in the assembly 

is considered. This compares favourably with the calculated 

values of removal cross-section, for iron, predicted by 

Avery et al. [175] and which have been used in the absence 

of direct experimental measurements, on a provisional 

basis for the removal diffusion shielding calculations 

with the RASH-program [175] . In the tabulated values 

there it can be compared that at 13.5 Mev they predict 

1.48 barns and at 14.5 Mev 1.39 barns as the removal. cross 

sections per iron atom. 

Oren for the Iron-Uranium Assembly. 
  

The situation is somewhat different in this assembly, 

particularly because of the cylindrical shape of the uranium 

rods. The empirical basis of the removal cross-section 

is more apparent in this case. It would not be very easy 

to compute the average removal cross-sections from the 

dimensions and conversely, the microscopic removal cross 

section for uranium could not be directly obtained from 

the observed macroscopic removal cross section. The 

observations were particularly checked with the four different



, ' 
FIGURE 9.2-- Plot of 4/T R°A vs. R' for the Copper Foils 
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types of copper foils, which were specially made for 

this assembly. 

Typical experimental points fromfour different 

runs with the four types are shown in Fig.9.2. The 

smallest type-2 foils would give no reliable results and 

except for the first point the other points with this 

foil would hardly be reproducible. Since no such 

difficulty was encountered in the other assembly, it can be 

concluded this was because of the non-uniformity of the 

uranium as the slight displacement in positioning these 

foils could result a different effective shield thickwess. 

Compared to these for the L-type foils, say, because their 

widths were equal to those of the uranium bans a lateral 

displacement in positioning would hardly matter, Since the 

uranium rods were touching each other, the amount of 

material an L-type foil would miss from the central bar 

underneath it due to lateral displacement it would gain 

from the next bar over which it had moved by almost the 

same amount. To pone eateae the same was the case for 

the other two bigger types of copper foils. Though these 

foils in this assembly did not give as smoothly lying points 

as in the iron assembly, for all practical purposes the 

Points could be presented by a straight line and the slope 

gave 

n= 0.0988 + 0.0020 per cm. 9.3 
re! 

for this assembly
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Experimental Activity Distributions for the Threshold Foils. 

The absolute activity distributions of the threshold 

foils are shown in Figures from 9.3 to 9.11. Figures 9.3a ani 

9.3b show copper activity distributions in the iron and the iron- 

uranium assemblies respectively. Figures 9.4. to 9./7b are for 

the other threshold foils in the iron assembly while 9.8 to 

9.11 for them in the iron-uranium assembly. 

The experimental uncertainties are shown on the points. 

These include those of the source strength determination (+ 1.5%), 

determnation of the calibration of the counting systems (+ 2) 

and systematic error for counting of the foils following irradiation 

in the assemblies. No error has been included due to uncertainty 

in the cross sections (+ 6% to 10%) at 1 Mev, used for caiibration 

of counting in these figures; errors due to this should be 

cancelled to a large extent when converting the counts into 

activities following irradiation in the assemblies. The counting 

statistics following irradiation in the assemblies gave mostly 

an uncertainty of less than + 1% for the nearest foil but this 

gradually increased with increasing R up to about + &% for te 

outermost foils of copper, iron and phosphorus. The statistics 

were poor for the aluminium foils particularly for (n,a) counting. 

Though A€-foils were of the largest size, being of low density 

material they had less mass. For the A€(n,p) activity some extra 

uncertainty was introduced to recover the true activities from 

the analysis of the compositive curves for each foil; these gave 

a statisticaluncertainty of about + 8% for the outermost A€(n,p’) 

counts. However, for A€(n,a) some of the counts gave + 15 to 20%. 

Long half life was the main reason; in addition A¢(n,a) has the 

second highest threshold of the foils used. 

The combined uncertainities gave an error limit of about
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+ 3% for the inner foils (small R), while for the outer foils 

the uncertainity is mostly dominated by the counting statistics 

and the combined error is not much different from that. 

The observed activities were checked for mutual 

perturbation by the foils - particularly shadowing of the 

source neutrons by the earlier foils. This was done by keeping 

the earlier foils in one irradiation and removing some of them in 

another. No noticeable perturbation wita the threshold foils 

could be detected. 

Multi-group Data Modifications. 

The calculations were at first done with the Yiftah- 

Sieger multigroup data sets as given. However as some of the 

results were’ somewhat suspect, examinations revealed that the 

authors have worked out inelastic group transfer parameters only 

for (n,n') reactions, throughout the compilation. However many 

of the reactor materials have significant cross sections for 

emission of a second and some even a third neutron, at 1\-Mev. 

Since, in the assemblies studied in the present work the great 

bulk of the group transfer of the neutrons - from the source energy 

to all the lower groups - were taking place through inelastic 

scattering, the predicted results could be naturally expected to 

be wrong if some erroneous inelastic data were used. Some in- 

convenience was caused as no warning of this was given by the 

authors in their volume. 

Anyway, detailed considerations of the data showed that 

the results could be significantly improved by small alterations. 

This is because, according to the theory of inelastic scattering 

(also mentioned in Chapter 2) at high energies, the first neutron 

of the (n,2n) reaction comes out from the same nuclear state as
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for the (n,n') reaction and both can be given a single energy- 

profile. Apparently the inelastic scattering probabilities 

ag in the Yiftah-Sieger set were worked out for this profile, 

so that the ay values could be used for the first neutron of 

the (n,2n) reaction. The second neutron profile is different 

and could not be so easily incorporated; anyhow energies of 

the second neutrons are smaller. As the iron (n,2n) threshold 

is at about 11 Mev, with 1) Mev incident energy the second neutron 

would probably come out with a maximum energy of about 3 Mev and 

the majority would with lower energies. It was considered that 

the majority of these would not seriously affect the threshold 

foils used in this work, On the other hand the inelastic neutrons 

come out of heavy nuclei with a Maxwellian distribution and therefore 

also are associated with the lower energies i.e. both the neutrons 

associated with (n,2n) will have energies around the lower parts. 

In any case not much is definitely known about (n,2n), (n,3n) ... 

reactions and their products. So one has to be satisfied with the 

half-a-loaf, 

The same correction was introduced for the first 

neutron of (n,2n) reaction of uranium-238 and also for that of 

(n,3n), since according to theory the (n,n') neutron and the first 

neutrons of (n,2n) and (n,3n) have a single profile — the same 

Maxwellian - though they, perhaps, occupy different energy regions. 

Similarly the second neutron of (n,2n) and (n,3n) will have one 

profile, but these ani the third neutron of the (n,3n) could not 

be included in the calculations. These put uranium in a somewhat 

worse situation than iron, Also the threshold for the (n,2n) 

reaction is much lower for uranium-238; about 6.5 Mev, which means 

with 1 Mev incident energy the second neutron can come out with
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a maxumum of 7.5 Mev. The threshold for (n,3n) is 12 Mev. 

Hence the maximum energy for the third neutron can be 

Lj-12 = 2.0 Mev. Thus the third neutrons would not interact 

much with the threshold foils but the (n,2n) neutrons would 

contribute to at least P(n,p), A€(n,p) and Fe(n,p) reactions - 

more than the iron (n,2n) would. Also, while iron (n,2n) 

cross section at 1. Mev is only 0.5 barns, uranium (n,2n) 

cross section is 1.0 barns and (n,3n) 0.4 barns. However, 

things are not as bad for uranium as it looks here. Because 

of significant contribution from the fission neutrons in uranium 

(the number being vy x oF) the relative importance of the second 

neutron in (n,2n) decreases; also uranium is only 30% by atoms 

in the iron-uranium assembly. The modifications in the Yiftah- 

Sieger data finally amounted to changing the inelastic scattering 

cross-sections of iron and uranium as follows: 

Original Modified 

iron 0.88 b 1.38b (= 0.88 + 0.50) 

uranium 0.27 b 1.67b (= 0.27 +1.0+0.40) 

To identify, they are termed Original Yiftah-Sieger and Modified 

Yiftah-Sieger data. 

To supplement the ABBN set with two high energy groups, 

the modified values are directly used. 

Threshold Foil Activities Predicted by Calculations and Comparisons. 
  

The calculated activities are shown together with the 

experimental values in each of the Figures 9.3 to 911. The 

calculated values are for sphere of same inner and outer radii 

as the experimental assembly. The removal-diffusion calculations 

with the modified Y-S and the ABBN data sets are shown for all the
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four threshold reactions in both the assemblies. The removal- 

diffusion calculations with the original Y-S data are also 

shown for these foils in the FeU assembly,for comparison, As 

is to be expected, the calculations with the original Y-S data 

fall more short of experimental values as the threshold of the 

foil concerned lowers, Thus with A€(n,a) and ®®¥e(n,p) the 

difference for using the modified data is not very much and the 

predictions come very close to experimental values in any case. 

This is because not many of the secondary neutrons produced in 

the assemblies are born with energies above the threshold energies 

of these reactions. Noticeable difference due to the modifications 

can be seen for the A€(n,p) reaction (Fig. 9.10). For the P(n,p) 

reactions the difference is more appreciable; experimental values 

are higher, With the original Y-S data the agreement for phosphorus 

is poor indéed in both the assemblies (Figs.9.7a and 9.11). With 

the modified data the removal-diffusion results in the iron 

assembly comes to within about 5% of the experimental values from 

about 196 with the original data. In the Fe-U assembly on the 

other hand the original data gives about 25% lower values than the 

experimental, while with ie modified data the calculated values 

at similar points are about 15% lower. Thus the disagreements 

are more for the Fe-U assembly. From comparisons it seems this 

is possibly because more of th secondary neutrons have not been 

included for uranium. The cross section for the emission of 

second neutron from iron is only 0.5 barn while that from ?°°y 

is 1.4 barns. In addition the second neutron from 7°®U can have 

maximum energy of 7.5 Mev. The third neutron of Beet compares with 

the second neutron from iron in energy and cross-section. 

The removal-diffusion values obtained with the ABBN 

data comes close to those with the modified Y-S data but tend to
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be closer to the experimental results, 

236. 

The differences between the removal diffusion cal- 

culations in the two assemblies and the experimental values 

are tabulated below for the **P(n,p) reaction. The experimental 

points are read from the experimental curves at rounded values 

of R. Comparisons are made in terms of the following parameter: 

4 arp = Beeb = Cal 
Expt 

TABLE 9.la 

x 100 

Comparisons of the ®*P(n,p) activity 
distributions in the Iron Assembly: 
Expt_and Rem Diffn Calculations. 

  

Expt. Act. % aiff % att % ditt 
Roms from graph Org.Y-S Mod.¥-S ABBN 

ala aris} 1.3 x 10° + 12% + 5.6% + 5.8% 

12.0 1.05 x10° + Wyk + 6.8 + 7.0 

6.0)" esi7.x 10" 18.9 78 Tel 

2140 5 Ws65% 10% 19.4 4.05 deed. 

1650 <.47s0 x 10° 19 0) 216 Ded, 

32.0 2.8 x 10° + 19.9% + 2.8% + 2.3% 

TABLE 9.1b 

Comparisons of °*P(n,p) activity 
distributions in the Fe-U Assembly: 
Experimental and Rem-diffn calculations 

  

Expt.Act. % aitt. % ditt % aire 
R_cms. from graph. Org.Y-S. Mod.Y-S ABBN 

10.0 1.5% 102 + 20% - 1.4% — 2.1% 

11.5 T.15°x 10° 410.5 + 5.5 + bed 

15.0 Gge penOe 18.9 +120). +10.8 

20.0 2.65 x 104 22.6 14.6 12.) 

25.0 1.21. x 10° 25.04 16.7 Ly de 

30.0 5.4 x 10° 24.1 14.7 1252 

300 2.95 x 10° 27.0 18.0 15.6
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The diffusion calculations in which the only difference 

is that the highest energy group flux distribution was found by 

diffusion, were also carried out with the data sets. The copper 

activity in the Fe-U assembly predicted by the diffusion cal- 

culations are shown in Fig.9.3b and as can be seen the modified 

Y-S data predicts a much faster rate of fall than experimentally 

obtained. The main reason is that Diffusion phenomena as under- 

stood and defined cannot be applied for the outward directed 

source neutrons which are so highly anisotropic in their scatter 

ing behaviours (i = 0.83); the diffusion coefficient D obtained 

from the Lamarsh-equation is therefore fictitious for the 1) Mev 

source neutrons. The lower energy neutrons though have very 

similar values of Wy are not monodirectional, It is thus con- 

cluded that the renoval-diffusion is the only suitable method. 

Somewhat tolerable agreements for the copper activities 

shown by the diffusion calculations with the Origindl Y-S data 

set must be by-chance and meaningless, 

In(n, y) Activities. 

In(n,y) activities are shown in Figures 9.12 and 9.13 

for ths iron and the iron-uranium assemblies respectively. 

The rapid rise in the activities towards the outer 

edge of the assemblies indicates the presence of reflected low 

energy neutrons from the surround, particularly the water shield 

above the assemblies. As the cross section of the **®In(n, y) 

reaction rapidly increases with decreasing neutron energy, 

particularly below 1 kev, it was concluded that the activities 

induced due to high energy neutrons would not be recoverable 

because of low cross sections. However from the indium activities
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the level of the thermal flux could be obtained, Thermal 

flux level estimated from this shows thatit was small throughout 

the assemblies. This was due to the cadmium around the 

assemblies and at the bottom of the water shield. But the 

region above the cadmium cutoff had easily moved into. 

This is clearly demonstrated if the curves II and III for the 

iron assembly in Figure 9.12 are compared. In 1970 the iron 

assembly was reassembled to repeat some of the observations 

taken earlier in 1969. It just happened that in 1970 the water 

tank was left at about 20 cm above the outer boundary of the 

assembly while in 1969 it was only about 6 cm above — other 

arrangements being the same. The difference in the absolute 

values and also the shape between the cadmium covered activity 

distributions in these two occasions (curves II and III) show 

the effect of the water tank. However, there was no practical 

difference in the thermal flux levels as obtained. This 

also perhaps explains the level of the observed activities between 

about one and two order of magnitude higher thin the calculated 

level. However, the flux level of these low energy neutrons 

is not so high (discussed below); the especially high cross 

sections of indium for the epithermal neutrons gave high activity. 

The average energy of the indium-activating neutrons was obtained 

as follows. 

9.6.1) Average Activation Cross Section of In(n, y)Neutrons. 

With the theory for correction of the self- 

shielding effect in a resonance foil discussed in 

Chapter 6, the average flux inside the foil can be cal- 

culated if the foil dimensions and cross sections of the 

detecting neutrons are given. Working backwards, from
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a known average flux, the average cross sections have been 

obtained from the relations given by the theory. From the 

average cross-section thus obtained their average energy 

has been identified to an approximate value. 

The average flux has been obtained from the flux 

distribution observed in 5 F-type foils piled one above 

the other and placed in a Cd-box and exposed to radiations 

inside the iron assembly. The F—type indium foils were 

made of 5% by weight of indium, compared to 25% by weight 

of the X-type foils which were mainly used to obtain the 

activity distributions inside the assemblies. Otherwise 

both types were of the same general thicknesses and radii. 

Assuming the internal flux depression is the same for 

the same amount of indium the distribution in the 5 F-type 

foils is the same as in an X-type foil - only the scale 

stretched five times for the former. The activity dis— 

tribution obtained with the 5 foils is shown in Figure 

9.14. They were counted for beta-activities, Counted with 

both faces on the counter, each foil gave two readings. 

From this the value obtained was 

% ~ 0.725 
bs 

whe re 4 is the volume average flux and ¢, is the flux at 

the surface, According to theory this gives 

‘The average absorption cross-section as calculated to be 

~ 1670 barns. This puts the average energy of the neutrons 

at near the first resonance of **5In to 1.4 ev. This 

analysis indicates the activity is mainly due to the neutrons 

just above the thermal cut-off; the thermals themselves
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reflected by the water shield were absorbed by the 

cadmium below the tank ani above the assembly. 

Corresponding to an activity level af 3 x 10° 

(in the middle position of the iron assembly) per minute 

and the cross-section obtained (1700 b), the average flux 

is only ~ 5 x 10? neutrons sec” * cm *.. 

The activity curves for the iron-uranium assembly 

(Fig.9.13) has the similar shape but considerably lower. 

This could be ex lained by noting that the iron-uranium 

assembly (in the upper measuring section) had more material 

than the iron-assembly as a result of which fewer of the 

fast neutrons were leaking out of the former and so fewer 

returning back, Also uranium is more effective capturer 

of intermediate and low energy neutrons than iron, It 

does not seem legitimate to conclude that the earlier half 

of the curves are mainly due to the neutrons degraded by 

the assembly, even though the shape of this part is similar 

to that of the corresponding calculated curve, The gap 

is too large. The low energy neutrons - some of them — 

could have come from the concrete surround; particularly 

the hollow inner section in the assembly will let the 

source neutrons enter the concrete directly and be returned 

as epithermal (thermal being shielded by cadmium plates 

placed across the openings) unattenuated, which can explain 

the higher activities for the inner foils. The curves 

reverse their trend as the foils come nearer towards the 

outer boundary and near the water tank,
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Thermal Flux Levels in the Assemblies. 

The thermal flux can be obtained from the 

difference in the activities of the bare foils from 

the cadmium covered foils in the assemblies ~ cw ves 

I and II respectively in Fig.9.12 for the iron assembly. 

These give thermal flux level of ~ 2 x 10°n sec”* cm * 

at the middle position (R = 20). The cadmium ratio is 

between 1.15 and 1.3 in the assembly. The thermal flux 

at three different positions of the iron assembly is 

given below. They are corrected for the perturbation 

effects, The thermal flux as percentage of the 1, Mev 

source neutrons at those positions are shown for con- 

parison. 

TABLE 9.3 

Measured thermal neutron flux 
(cm * sec™*) in the Iron Assembly - 
absolute value and prcportion to the 

14. Mev_ neutrons. 

  

Position Thermal Therms/1}- Mev 

R,cm Flux Flux 

12.4 cm i Ses6rx 107 ~ 0.8% 

18.1 cm 2.0 x 10° ~ 1.0% 

29.2 cm 2.18 x 10° ~ 1% 

The average resonance flux in the iron assembly 

it was noted, was ~ 5.2 x 107; this is not corrected for 

perturbation effect. With correction this gives about 

3 x 10° neutrons cn? sec™*, 

In the iron-uranium assembly, the thermal flux 

level was smaller by a factor of about 5, The maximum 

ratio of the thermal to 14 Mev flux gives about 5% towards 

the outer boundary.



9.6) contd. 

9.6.2) contd. 

2h2. 

Even 10% or more thermal flux is not sig- 

nificant for the threshold foils. All the foil materials 

used, fortunately have low thermal cross sections, and 

also advantageous half-lives for thermal activation. For 

example 10% thermal flux would contribute less than 1% 

of the activity in the copper foil counts. The thermal 

and resonance activation cross sections and half-lives 

of the major isotopes of the threshold foils are reviewed 

below. They can be compared with the **5In cross sections 

given in the last row. 

  

Therml , 00 
Reaction (at _2200 m/sec) Res. Inter. Half-life 

68cu(n, y) 525} 4.20 b 12.8 hr. 

®®cu(n, y) 1.8 b - 5.1 min, 

2 %n£(n, y) 210 mb 160 mb 2.3 min, 

54Re(n, y) 2.5 b - 2.7 yre 

°°Fe(n,y) 1.0 b - 45 de 

®4P(n, y) 190 mb 92 mb U..30 

#257n(n, y) 161 b 2790 b 5h me 

9.7) Effects of Mesh Spacing on Calculations. 

The calculated results in the previous sections 

were mostly performed with mesh spacings of 0.5 cms. To find 

the effect of finite width of mesh spacing some of the calculations 

were repeated with twice this width i.e. with 1 cm. The values 

for phosphorus are compared in Fig. 9.7b. No significant difference
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occurs with changed mesh spacings. 5 mm is in fact quite 

small compared with the mean free paths of the neutrons ~ 

in particular, the neutrons measured with the threshold foils - 

in the assemblies. 

9.8) Other Computed Results of Interest. 

Some of the spectrum distributions obtained with 

the calculations are shown in Figures 9.15 to 9.18. They 

were obtained by removal diffusion calculations and using the 

modified Y-S data. 

The multi-group spectra down to the15th group 

(lover energy 25 kev) are drawn at three spatial points - 

the inner and the outer radii and after 10 om of penetration 

into the assemblies (Figs. 9.15 and (saiga)2 while few selected 

group distributions are shown in Figs. 9.16 and 9.18. 

The iron window at 29 kev belongs to group-15. But 

it does not show any unusually high flux level, indicative of 

streaming, The group-15 flux is comparatively at higher level 

in the Fe-U assembly than in the Fe assembly (Figs. 9.16 and 

9.18). More secondary neutrons at lover energies are born in 

the Fe-U assembly. The spectra otherwise peak at the 9th 

group in both and are falling in either energy direction, 

The 9th group (825 to 500 kev) is just below the iron 

inelastic threshold.



FIG. 9.15. ~~ Computed Multigroup Spectra in the IRON 
Assembly. above 25 kev : Rem.Diffn. Calculated 
with modified Y-S data, at the inner and outer radii 
and R = 21cms. 
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PIG. 9.16.-- Spatial Distribution of some of the Group 

Fluxes in the IRON Assembly : Rem.Diffn. Calculated 
with modified Y-S data. 
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FIG. 9.17. -- Computed Multigroup Spectra in the IRON-URANIUM 
Assembly above 25 kev at the Inner and Outer Radii and 

R = 20 cms. : Rem.Diffn. Calculated with Modified Y-S Data. 
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FIG. 9.18.-- Spatial Distribution of some of the Group 
Fluxes in the IRON-URANIUM Assembly : Rem.Diffn. Calculations 
with Modified Y-S5 Data. 
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The .experimental and the computed results have been 

discussed and compared in detail in the foreceeding chapters; 

several important conclusions, particularly about the data sets and 

methods and techniques of calculations that emerged from the comparisons, 

have been made there. The following general conclusions can, however, 

be briefly mentioned. 

(i) The 20-group data set of Yiftah and Sieger provides values of 

sufficient reliability for the iron and uranium experiment with 

14 Mev source neutrons. Nevertheless, modifications are needed 

for the inelastic scattering probabilities and the cross-sections, 

since the YS set completely ignores the multiple neutron emissions 

which at 14 Mev can have considerable cross-sections for medium 

and heavy elements; the situation becoming worse for the heavier 

elements. However, a large section of the secondary neutrons 

can be included by replacing the (n, n’) cross-section by the 

total non-elastic neutron emission cross-sections and still using 

the original "inelastic" (i.e. n, n’) scattering probability 

matrix. This modification can be easily done only for the source 

neutrons; for the lower groups detailed study would be needed 

for group-averaging. In view of this shortcoming of the. data 

the agreement obtained in the present study is reasonable; this 

is because of the low abundance of uranium - about 30% by atom. 

If an assembly containing mostly uranium is studied with a 14 Mev 

neutron source, the YS data will fail more dramatically. 

This confusion that exists about the secondary neutrons 

is rather general and is partly caused by more than one usage 

for the word "inelastic". Legitimately only the (n, n’) neutrons 

should be meant, but all the secondary neutrons emitted as a 

result of (n, n ), (n, 2n), (m, 3n)..... reactions are also 

collectively referred to as inelastic, particularly in reactor
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physics, the reason being that multiple emissions hardly have 

any importance in proper reactors. Another reason was that 

until recently not enough was known about the multiple-emission 

neutrons. The approach has been often rationalised by saying 

that all the secondary neutrons from various processes cannot 

be differentiated experimentally. Perhaps it is time to assign 

a separate term for the combined secondary neutrons, particularly 

when sufficient is known about them for the common elements. 

By using a 'hybrid' set comprised of the Russian ABBN data below 

10.5 Mev and comparing the results, it can be concluded that the 

other data values of YS, at least between>- and 10 Mev, have the 

same order of reliability as those of ABBN which have received 

a wide testing and confirmation by now. 

The removal cross-section obtained for the 14 Mev neutrons in 

iron confirms the value, within experimental error, computed and 

suggested by Avery et al [175] at that energy point. They have 

put forward removal cross-section values for most of the reactor 

materials from 0.5 Mev up to 17.5 Mev, but these are to be 

considered tentative until experimentally verified. Since the 

same basis of calculation has been used it gives hope that the 

other valtes of these authors are also reliable, subject to the 

condition that the microscopic cross-sectional data for the 

materials used by Avery et al in the energy range concerned are 

sufficiently reliable. 

The transport and slowing down of the Mev neutrons in heavy and 

medium-heavy materials can be described by the diffusion equations 

when they are born inside the medium - if the Lamarsh equation [1.74] 

is used to calculate the diffusion coefficient. D based upon
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transport cross-section does not seem to be adequate for them. 

However, the Lamarsh equation too breaks down for the highly 

anisotropic mono-directional source neutrons. 

The uncertainty of the threshold foils that has been generally 

existing even for the commonest reactions might be dispelled since 

cereuracon compilation. However, this is yet an unfinished work; 

if some values were recommended for the reactions in this work 

the cross-sections could be consistently tested by the different 

laboratories and the right values more quickly ascertained. The 

use of the log-log scale, perhaps imitating the Barn-book 

introduces an additional source of error and does not seem to have 

been essential for threshold reactions. The ability to put 

confidence limits for the cross-sections of a set of at least 

half-a-dozen convenient threshold foils of different thresholds, 

to within a few percent will make available a very convenient 

fast neutron spectrometer with the combination of several 

advantages, some of which none of the present-day fast neutron 

spectrometers can offer. Several of the promising mathematical 

techniques demonstrated successful for unfolding the threshold 

foil activation data and to construct differential spectrum have 

not been able to establish themselves, mainly due to the large 

uncertainty of the foil cross-sections. 

The cross-sections selected from the Euratom compilation 

and used for the present work are shown in Figure 6.2. The 

agreement with the experimental values has been satisfactory. 

However, what the comparisons have tested are not the absolute 

values but rather for the lower energies the values relative to 

those at 14 Mev - whatever value might have been assigned at that 

energy point. It must be conceded this is a poor test, particularly 

for threshold cross-sections.
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It has been shown by the calculations that no streaming of the 

neutrons ae expected in the energy region belonging to the "window" 

in the iron cross-section at 29 kev. This is because not many of 

the secondary neutrons are born around this energy region and the 

iron assembly was not thick. Rather a moderate streaming sets in 

as the neutrons fall below the iron inelastic threshold. The 

erated inelastic threshold at 44 kev is ineffective due to the 

same reason as the iron "window" at 29 kev. These conclusions, 

however, could not be verified experimentally because of the 

interference of the low energy neutrons reflected from the shielding 

materials around.



APPENDIX i. 

NUMERICAL SCHEME USED FOR MULTIGROUP FLUX 

CALCULATIONS
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The diffusion equations can be abbreviated as 

Dvd =A +5 =0 AL.1 
& $y ets & 

where x is the sum of neutron sinks and aS is the sum of neutron 

sources, This is for any group g, but for simplicity the group 

subscript is dropped henceforth. The term S is a summation for 

sources from several other groups and assumed known. In special 

cases when § includes contribution from the same group the corres- 

ponding term is given by flux in the group obtained in the previous 

iteration or by other approximations as explained in the text; 

it does not include the flux value ( to be calculated by eqn.Al.1. 

For one dimensional cases the Laplacian is given by 

Vv = Al.2 BP
 

: 
8l
o 

a gl
e 

where c is the geometry index and is 2 for sphere; for cylinder c 

is 1 and for slab, 0. The diffusion equation is, then given by 

2 c ag 
Get +  Ge)- avr s=0 AL.3 

Equation Al.3 is approximated by a finite difference equation. 

The medium is divided into mesh structure of equidistant mesh spacing 

a, so that the distance of the nth mesh point from the centre of 

origin is m7 Bas If $y is the flux at that point then for one 

dimensional cases the first differential 

NG 

  

  

  

Cn-1I)a na @ana
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can be written as 

) = res - Gaon Al od. 
- a. 

For the same order of truncation error the double differential 

is obtained from the first differentials at mid-points: 

3) Se a1 
dr 

n=} 3 

on aes 
nty 8 

Hence, Ge) + Piva 7 OO AL.5 
ae 

n 

The diffusion equation for the nth mesh point, assuming homogeneous 

medium, so that D is constant, is thus: 

  D | Genco ney | + - [tess = $y aoe ee = Ag +S=0 A1.6 
a n 2a a 

Oe 2, (Yous e eo 2 ay “i £0(t 44 i tana) 

~ 20" 7n “nfo + 2a*r_S, =0 
Menno = aan hay 

D 

Collecting terms for flux at each mesh point and rearranging we get 

  

A ie |2anca® lan ar = ac a® s 
Faas = D| % 7 jt | #47 oo Seed 

Tata ar + ac ete) ED 
: 1+ = > ery 

ax 
n 

= Gen Yn Se aS, ae 

where the terms in the square brackets in eqn.Al.7 define My? N, and 

R, respectively. 

Now, suppose equation Al.8 is expressible as
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= Fa * Ba 41.9 

where %, and &, are to be obtained. The flux at (n-1)th point 

is, according to above 

Gona = oo by + Brey Al.10 

Substituting equation ~« Al.10 into equation A1.8 we get 

Sata oN oy N(a, $, + Baa) ey 

or aie Poa =cEs NPnas Fn AL.11 

ae ee Mts 

a 
Comparing the coefficients of equations Al.9 and Al.11, a, and p. 

i 

are obtained: 

1 5 ee y A112 
m Me NS 

A, = % (NB, .4R,) £2.13 

This shovs that a, and BY can be calculated if the corresponding 

values at the previous mesh points are known. The first value 

can be obtained at the inner boundary from the boundary condition 

and the succeeding values of q@ and f can be determined up to the 

outer boundary, $ can then be calculated backwards (i.e. for 

decreasing values of n) according as equation Al.9. 

Boundary Conditions. 

The inner boundary condition is tained from known neutron 

current.For the source neutrons this is obtained from source specifi- 

cation and is used for diffusion calculation of the source group; for 

neutrons at other energies, from consideration of symmetry the net 

current is set zero. For outer boundary condition flux is set zero 

at the extrapolated distance.
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For the formulation of finite difference equations, 

it is customary to assume that, at the physical boundary between 

two regions the materials extend into one another by one mesh 

point [197]. Thus if the inner boundary is at the Mtn mesh point, 

the differentials are obtained between the (M-1)th and the Mth 

mesh.points. Hence the current 

Teo pie ED 
iM ee 

. Spe Sua = ty + 58 Mah 
Comparing this with the general equation Al.10, we get 

He = a AL.15 

and. Py = owe A1.16 
D 

with Ty given by for source neutrons 

plane source: c= 0, Jy =Q (Q neutrons cn? sec” +) 

i : = i ae cas m4 line source; c=1, Jy = Oy Ma (Q neutrons cm * sec” *) 

4 : 2 = 4 point source: c= 2 Jy = Tala (Q neutrons sec y 

For neutrons of all other energies Jy = 0, hence 

Ay = 0 Al.17 

For the outer boundary condition consider the diagram 

below. The flux at the Nth mesh point, the physical outer boundary 

is ¢y- The extended mesh point is (N+1) and the flux



abe. 

  

  

  
which would follow from the extrapolated curve is bya? From the 

similar triangles we have 

fy 2 than 
ad d-a 

2 tren = ty (~ 8) nas 
The general expression Al.9 gives 

by = My ta * By 

With AL.1B we get, dy = cty( ‘S a) fs 

She By AL.19 

1+ Fay - ay 
with ad = 0.71 A tr. = 2.13D 

  

This allows the extrapolation distance to be variable wita the 

. groups according to different value of D for each group. The
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physical boundary is fixed and flux is calculated only at the Nth 

mesh (equation Al.18). 

The program FASTNFLUX was written to calculate flux 

according to the above scheme and conditions.
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COMPUTER PROGRAM DTANGENYLD 

( Ce, Art. 5.3.4) 

'BEGIN' "COMMENT! DTANGENYLD, DT NEUTRONS LINESHAPE, AVERAGE ENERGY 

AND RELATIVE YIELD? = 

"TNTEGER' PHN, J? 
"REAL! IGN,RDN+ANsSUMN, SUMNEN, AVES 

"REALTTARRAY' ED, SR, TC,SIGsN, EN NENCVE13I9 

"PaRt Jr=4 'STEP'T MUNTILEAS'NO! _ =        

  

'REGIN' 

End) :eREAD? 

SP(J]:=READ? 5 
TAC JIT=READE sae ee Ae ae 
S{GIJ]:=READE 

TEND'? Des etmeser 

"EMR! PHN:=0 ISTEP’ TO'UNTIL' 180'DO! : 
"BrGINt 

NEWLINE(3)¢ : re 
WRITETEXTONG! NEUTRON ANGLER!) "D3 ae oe 
PRINTCPHN®3-0)3 Sn aS 
NEULINEC2)3 : 
SUMNS=03 ! J Sie aae 
SUMNENT EOE 
RON:= PHN¥3,1416/1803 

"FOR' J:=4 "STep'4 "UNTIL' 13 'D0! 
"REGIN' = 

ENCJJ£= O,OR#ED(JI#COS(CZ2HRDNI 40, 8H(0., 6HED(II+17578)40,8% 
COSCRON) #SQRTCO,4#EDC JI HCO, 6HEDIII4+17578)e(1-EDLI) 
#SINCRON) *SINCRON)/(10%(0.6ED(UI4+17578))))? 

TGN: =SQRT(9,9468#(0.5996447578/EDEII))F 
ANt=((COSCRDN) +SQRTCIGN#IGN“SINCRDN) *SINCRDN))) Tee tAd/ (IGN 

#SQRTCIGN' #¥'2=-STNCRON) HSINCRDND IT 
NOJIES 1000*SIGIII*1CLII*AN/SRIJIS 
PRINTCED(JI,3-1)3 
SPACE(3)3 
PRINTCENCII, 562)? 
SPACE(3)3 
PRINTCNDISI,3,292 

    

NEWLINE (4)3 
NENCJ]: = NOJT*END UIE 

UMNEN Td? 
SSUMNEN*NENDT ID: 

  

TENDTS 
NEWLINE C2)$ 
URITETEXTC'C'NTRN VIELDET) "DE 2 
PRINT(SUMN,0,4)3¢ e 

AVE: =SUMNEN/SUMN 
NEWLINE C1) 
MRITETEXTC'CTAV FNERGY=')')3 
PRINTCAVE,074)3 
"END! 
"FND'S
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COMPUTER PROGRAM DTNTAVAIS 

( cf. Sec. 5.4.3 ) 

    

        

    

   

  

    

  

ABEGIN' rOMMENT! DTNTAVANISy AVERAGE NEUTRON TO ALPHA ANISOTROPY? 
"INTEGER" Ky Fig oe 
TREAL' PHN, PHAL+RDN,RDALsSUMYsSUMZ+AVA,USUMY,USUMZ,UAVAS 

"ARRAY' ED, NED, IGN, tie AMY RAL LOAL/ Yad he $164 6R/ UY /U244 
“PHNLSREAD; ‘COMMENT! NEUTRON ANGLE? 
PHaALr=REAN; ' COMMENT! ALPHA ANGLES 

= RONTSPHN#3,1416/1804 
RDALd=EPHAL43,1416/180; 
WRITETEXTC'C'NEUTRON ANGLES") ')$ 
PRINT (PHH, 3427 

— NEWLINE C4) 3 
CWRITETEXT C'CTALPHA ANGLES") ')3 
“PRINT (PHAL+3,2)4 
"FORT Kyat 'STEP'1 TUNTIL? 413 ‘DO! 

    

   

   
   

  

    

   

  

  
  

"BEGIN! 
EDCK1:sREAD 

~ SREKI eR EAD 
NOK PSREAD? f 
siatel cReapt 

NEDIK WS ocr TstaTEDtR it 

  

YGNEKI] te SQRTCY.O46RHNEDIKID: 
IGAL(K):= SQRT(,654R NED KID? 
ANEK}:= CCCOSCRDND #SORTCIGNEKI]'##!2nSINCRDN) PeHI2)) FETS) 

CIGNEKI*SQRTCIGN(KI' He! 2eSINCRDN) HID) ) 3 
SRALEK I r= CCCOSCRDAL+SORTCIGALEKI IHN AmSINCRDAL) PHHI2) VHT ZY; 

CIGALEKI ®SQRTCIGALE KI He! 2eSTN(RDAL) #Ht2))7 
AUCKI/AALTKY: 

VEKI:= ALKIMNCKI®SEGCKI/SROEKIE 
FURIIENTKI*SIGEKI/SRIKI? Pe ect cae 
UYEK]:SACKIMSIGEKI/SREKIE 
SUZUKI SS1GLKI/SROKI; 
YEND'; 

— SUMVr= COYEVIFY OAS) +4e Cv C21 4¥(4)+V C6] 4¥CBI+VCVOV4VE12)) = 
see CVC 34 VCSItVE7I+¥ C9) 4y¥0114)))3 

SUMZ¢=  CZEA)#ZEA3 J HGH C702) +206) 420614208] +7201 034204219 
+2eC703)+ 720594207) 470934720119) )3 

USUMY aC CuVEADsiV¥I43) ede CUVE2IFUV CGI +UYC6I+UYCBIFUY C1 OIFUVE12I) 
+24 CUYEZ]euy(5I+UyL7}+uv(9}+UYE119)93 
UNZEeCCUZEVIAUZL1SI 44% CUZE2I+U704I4UZ06I+UZCBIFUZE10IFUZE1 27 

+2 CUZESI4UZTSI4UZE7I+UZC9I+UZE119) 95 
eS SNEWLINE(2)3 

~ AVASSSURY/SUMZE 
WRITETEXTC('C'AV ANISOTROPY FOR TRIANGULAR DISTR#‘)"} 
PRINTCAVA1 204) 
UAVAs=USUNY/USUMZ¢ 
HEWLINEC2)¢ 

“URITETEXTC'CIAV ANISOTROPY FOR UNIFORM nISTRe')')} 
PRINTCUAVAL2¢4)3 

SEND! S : SEE Ss 

ALKI 
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COMPUTER PROGRAM FOTLSNACT 

(ef. Art. 5.7.3 ) 

"BEGIN' ‘COMMENT! SATURATED NORMALISED ACTIVITY OF FOILS AND ERRORS} 
‘INTEGER’ NFrFsTBG,TC,RRE 

FREAL' RADT,DELBGs BGs DELTC Ke lL HLF y LAMDA,QREFrQAVGrSeSLiCPMeMeZ Rr ORE 
SNACT+ SIGMA, SIGSQsFRDV,PCDOVsRMFLX+SIGREs REMAX +REMING 

WIME,SPSQ,SNMAX,+SNMING 
Aelia TBG IS TOTAL BACKGROUND IN DELBG MINS, F IS FYH FOIL? 

NF IS TOTAL NO OF FOILS, TC IS OBSERVED COUNT IN DELTC MINS, 
RR IS REPEAT INSTRUCTION, RADT IS IRRADIATION TIME IN MINS, 

kK IS COUNTING EFFICIENCY AS FRACTION, HLF IS HALFLIFE OF FOIL 
QNOR AND QAVG ARE NORMALISATION AND EXPT SOURCE STRENGTH, 
CPm IS TRUE COUNT PER MINe 2 ES ISOTOPE FRACTION, M IS MASS 

Site OF THE FUIL IN GMS, SNACT IS SATURATED NORMALISED ACTIVITY+ 
ae SIGMA IS STANDARD DEV OF SNACT+ STDV THAT FOR CPM, PCOV IS 

THAT OF BOTH IN PERCENT, RMFLX IS GPI#SNACTwRHR, R IS DISTANCE 
OF FOIL FROM TARGET, DR 1S ERROR IN Rr SNMAX SNMIN ETC ARE 
CORRESPONDING LIMIT VALUE WITH ERRORS} 

'COMMENT' SUPPLY DATA IN ORDER OF HLH,NF/RADT, QNORLQAVGr Zr Ke 
TRG+DELBG,DR+ THEN COLUMNS OF FeTCeDELTC WTMEs My Re THEN Ro 
Te THERE 1S ANOTHER DATA SET$ 

REPEAT: 
HLF: =READ? i 
NFroREAD? 
RADT+=READE 
QREF:SREADE 
QAVGS=READ? 

ZreREAn? 
KraREap? Ss aoe ee 
TRGL=READ: 
DELBG:sREAD; 
BG:=TAG/DELBG; 

i DR:=READ? "E z aE EEE 
; NEWLINE C4yy Sie 

WRITETEXTC'CTHALFLIFES')')3 ener : PETES Se 
PRINTCHLF, 472) 3 
NEWLINE (1)¢ 
WRITETEXTC'C'IRRADLATION TIME=') "3 
PRINT(RADT,4-2)% 
NEWLINE (1); 
WRITETEXTC'C'REF SOURCES") ')¢ 
PRINTCOREF, 0rd)? 
NEWLINE C1)3 
WRITETEXT C'CTEXPT SOURCES!) ')3 
PRINT(QAVG,0+4)# 
S:= QREF/QAVG? 

NEWLINE (4) ¢ 
WRITETEXT C'CIQREF/YAVGE') "DE 
PRINT(S73,3)3 
NEWLINE (1): 
WRITETEXTONC KSI) NDE 
PRINT(Ki1.4)3 

LAMDA:20,693/HLFE 
LEEL/ CIM EXP CHLAMDARADT)) ¢ 

SL:*Seli 
NEWLINEC 2); 

WRITETEXT ChCHNCTAS*IVENCHEGST) IRI CHEST) ICPMIECHZST)ISNACTIC HOST)?! 
SNMAX' C751)! ‘ 

SNMIN'CISS')'SIGSQ'C'7S4) PCDVICTOST) 'RMELXICIZSH)? 
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CILEACTOTHEXP CHL MDT a TMD YD 
C2rFACTOAHEXP Cm LMD2RWTM) F 
FRCOVtSC1/(C1+C2)) 
CPMTS2ERCOIRTRCY 
TCIBGy2(CPM14+BG)*DELTC 
TC1r=CPMAWDELTCH : =a ‘ 
CPM2r=TRCWCPM1Y ae 
PC2r2(CPM2/TROIH4OOF 
PRINTCE 62,003 
PRINTC(TCIRG16+0)3 
PRINT(TC1,4¢2)3 
PRINTC(DELTC+3e4)9 
PRINTCWTM, 302)9 
PRINYTCRRO4 610499 
PRINTC(PC2,202)9 
SPACE(3)} 
PRINT(TC 4,093 
NEWLINE C2)2 

"ENO'? 

RRIREAD? 
TIFtRRSOO'THEN' *GOTO'REPEAT? 

YEND) \ ee
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COMPUTER PROGRAM EFFNEUTSCE 

(of, Ave, 527.4.) 

  

REGIN' "COMMENT! PYSTFO17,;ERFNEUTSCE} 
TINTEGER' MyNy 
"REAL! DT, GrQREF,/ TH+ Le QINFsQAVGy)T»NORMY SSB 
NrSREAD? "COMMENT! N 1S NUMAER OF TIME STEPS) mom 
DT:=READ} 'COMMENT' DT IS STEP LENGTH IN. SECONDS} a ceeteees 
Gr=READ;  ='COMMENT! G RELATES ALPHA COUNT TO SOURCE STRENGTH? , 
QREF;=READ} ‘COMMENT! QREF JS REFERENCE SOURCE STRENGTH} 
NEWLINE CT)? 
WRITETEXTC'CIOREFS") "D7 
PRINTCQREE+004)3 
TREGING = 
"REAL? "ARRAY' ALPHACIIN]? "COMMENT! TOTAL ALPHA COUNTS IN TIME pT 
"FOR' Mr=1 "STEP! 1 TUNTIL' N "DO! ALPHACLM]12READ} : 
AGAIN: 
TH:=READ; 'CUMMENT' TH IS HALF LIFE IN SECONDS) 
‘TE’ THSO 'TMEN' 1GOTO! FINISH? 
L1=0,693/7Hs 
QINF 120; : 
‘FOR! Mra "STEP! § TUNTILE N tDOF 
QUNFL=QINFtALPHACM) EXP (mLEDT#(N@M) 3S 
QINF;=QINFHGRCFHEXPCHLEDT) /DTE 
QAVG1=QINE/CIMEXPCHLADT#ND DI 
TL=OT#NG = 
NORMt=QREF/QINFS 
NEWLINE (3)3 
WRITETEXTCHCTHALFLIFES')')] 
PRINTCTH 60105 = ae ae 
NEWLINECT)?¢ 

WRITETEXTC'CIOINFSID VD 
PRINTCQINF,0,4)) 
NEWLINE C1); = : oe a = 
WRITETEXTC('C'QAVGS") "DG f . 
PRINTCQAVG 10,4) 
NEWLINE (1) 
WRITETEXTC'CITIMERT) ") 3 = : ae 
PRINT(T+641)9 

NEWLINE C1) : 
WRITETEXTC'CINORME') "D3 
PRINTCNORM/0¢4)7 
"GOTO? AGAIN: 
SEND'; 
FINISH: 
TEND! 3 Sa 
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COMPUTER PROGRAM SUBSECACT 

(cf, Art. 6.8.4 ) 

"BEGIN' 'COMMENT' SUBSECACTe SUBTRACTION OF SECONDARY ACTIVITY) 
"INTEGER! NE, FeTBG se TCeRRE 
YREAL' RADT/DELBG/ BG, DELTCrTH4 + TH2,LMD1 + LMD2,S1G1¢SIG2+M1eM2e 
KV K2eACTOT ACTOS WIM sr CrC1eC2,FRCVsTROeCPMY -CPM2ePC2rTC1+TC1BG) 

"COMMENTINE IS TOTAL NO OF FOILS Fy TBG IS TOTAL BACKGROUND 
COUNTS IN DELBG MINS, TH1 HALFLIFE OF ACTIVITY USED, 
TH2 THAT OF SECONDARY ACTIVITY, SIGS ARE ACTIVATION CROSS 
SECTIONS, MS MASS RATIOS,RADT 1S RADIATION TIME,TC 1S 
COMBINED COUNTS OBSERVED IN DELTC MINS+KS ARE DECAY FRACS} 

"COMMENT! SUPPLY DATA IN ORDER OF THI eTH2 Mi eM2,SIGTeSIG2cK1 s+ K2RADTATEGe 
DELBG,NFy+THEN COLUMNS OF FreTCeDELTC,WTMs+ THEN RRY 

REPEAT: 
THI 

  

EAD} 
READ} 

M1 ,SREAD? ot 

M2;=READ? 
SIG1:=RE 
S$I1G2:=RE 

AD) 
ADY 

  

DELBG:=R 

NFL=READ] 
WRITETEXTC'C'TOTAL'C'4S') BGS") "DE 
PRINTC(TBG?14,00) 
NEWLINE ( 

WRITETEXTC'C'DEL'C'4S') BGEt) ty? 
PRINTCDE 

NEWLINE ( 

EAD} 

wy 

LBG,402)7 
Wt 

WRITETEXTC'C'HALELIFES') ')7 
PRINT(TH 493,20) 
WRITETEXTC'C'MINUTES') ')# 

NEWLINE ( dt 
WRITETEXTC'CINFSI YT) 3s 

PRINTCNE 
NEWLINE( 

3,008 
Vi 

WRITETEXTC'C'RADTMEE')')3 
PRINTCRADT + 402)7 

NEWLINE ( 
BGy=TBG/ 

LMpi;=0. 
120 

   

WRITETEXT( 
TCANCHGS4) 4 ER 

'FOR! Fy 
"BEGIN 

FreREa 

203 
DELRG? 
O93/THI} 
693/THA? 
TGTAMT# C1 EXPCHLMDIMRADT) #K1Y 
TG2wMeH CT MEXPCHLMD2HRADT) D#K2y 

PCVETCIOSHUTCTAG 'CV7S') "DELTES(C°481) "WIME! C°6S') 
cat 

CHOSE OCARGHES* DY TE* CU2ZEU D1 8) OE 
ei "STEP! 1 'UNTIL' NE 'DO! 

dF 
TCs=READE 
DELTCy=READI 
WIM2R 
CrSTc/ 
TRCSC 

EAD; : 3 
DELTC? = 

=BG;



260 

RFEMAX'C'7S')EREMINICHACIOEND EYE = a 

*FOR' Fred 'STEP'4 "UNTIL'NFE 'DO' "BEGIN! = 

Fr=READ? 
TCr=READ} 
DELTC:=READs 

  

RIZREA 
CPM, sTC/DELTC™BG} 

SNACTse(SL#CPMHEXP CLAMDAWTME) 9/ CKOMAZ) ET 

SDSQ:=TC/(DELTC#DELTC) #BG/DELBG} 
FROVi=SORT(SDSQ)/CPME 
SIGMA:2FRDV#SNACT; 
SNMAX!=SNACT#SIGMA? 

SNMINS=SNACT@SIGMAS at : Sse 
SIGSQ:2S1GMA*SIGMA? 

Frove10u; = 

RMELX:=SNACTHRERH12, 56643 j 
RMFLX*FROVE : a 

RMFLX+SIGREE 
= 

REMIND =RMFLX@SIGR 
PRINTCF,270)3 = 

PRINTCR, 20195 ti : = Hf 

PRINTCCPM+4,2)7 = 

PRINTC(SNACT,6F2)3 
PRINTCSNMAX,612)3 

PRINTCSNMIN, 61203 
PRINT(STGSQ,612)3 
PRINTCPCDV +345); 
SPACE(1)3 
PRINTCRMELX,810)5 

PRINTCREMAK,O0+5);3 
SPACE(VY? - = 

PRINTCREMIN,OF3)$ se 

WEWLINE(2)3 pestis 
END': 
PAPER THROW; pera 

RR:=READ? 
"TFYORE99 "THEN 'GOTO'REPEAT? == 

TENDTG 
= 

          

      

 



261 

COMPUTER PROGRAM CALROTCEFF 

Cef. Art. 6.9.3 ) 

"REGEN! 
_YINTEGER!' My MMAXs Ne NMAXS 
"REAL! DELDy Dy Ze CFF 
NMAX := READ? 
"COMMENT" NMAX IS TOTAL STEPS OF THE 
MMAX y= READ] 
"COMMENT! MMAX TS TOTAL NUMPER OF STEPS FOR Dy 
DELD ;= READ} j se eS 

_'COMMENT! DELD 1S STEPS OF De DELD#MMAX MUST BE LESS THA 
"BEGIN! s 
"REAL" "ARRAY" SUM(O,MMAXI] 
"FOR' M "STEP! 4 "UNTIL! MMAX fpOF 
SUMEM): 
NFOR' Nye 
"REGIN' 
Zt= COS(4, 570BH(2#Nw1)/NMAX) | : 

"FOR' MrsU "STEP! 4 FUNTILE MMAX PDO! 
'REGING = = - 

Ors DELDaM; 
SUMEM) $= SUM[MI41/C14pepeenDez) 7 
VENDSL 
TEND!) 
"ROR' Mys0 'STEPIT UNTIL! MMAX pO! 

TREGING 
Dr= DELD*M; 

CFs SUMEM)/SUM[O)} 
NEWLINE CT)? 
PRINTCD, 10497 
PRINT(CR 61,603 

    

  

    

  

"STEP! 4 TUNTILE NMAX DOt 
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COMPUTER PROGRAM FASTNFLUX 

Cee, -Ayt.. 8.2.5.) 

‘BEGIN 'COMMENT! PYSTFOT7+ZFASTNFLUX/MULT{GROUP FINITE DIFFERENCE’ 
CALCULATIONS FOR FAST NEUTRON FLUXES; en 

"INTEGER CrGeDode Ky Me No Nhe NMATr FN eNSTOPrSCNsTTNeNFOLLY 
"REAL ND,DR+Q, AA, BB Ze VeU; 4 
SELECT OUTPUT (0); 
GrEREAN? "COMMENT! NUMBER OF ENERGY GROUPS? 
“NMATI= READ? 'COMMENT' NUMRER OF MATERTALS? 
DRr=READ? ‘COMMENT! MESH INTERVAL} 
MpsREAN; ‘COMMENT! INNFR ROUNDARY AT MOR} 
Ny=READ: "COMMENT! OUTER ROUNDARY AT NDR? 
NN PE CONSMET)N/E10) #1 0FMm Ts 
NFOTLIeREAD? "COMMENT! NUMBER OF DETECTOR Folis: 
‘BEGIN! 2 
"REAL' "ARRAY! SFIS,SCAP/STR»SEL+SINT/NU,NU, FASyMUFY CAD STAY EL, REM HHSC, 

MSCODEVIGI PCT GetG)e 
IND1:6"402:G),FU1:GeM iN) eAcBEM@t NTASCEIMIN] + 

: ACTCMEND  ATWT(TENFOILT+SIGACTEA:NEOIL 1:G)4 = 
YEOR' T2817 ‘STREP! 1 "UNTIL! G DO! 

ESREGING : — 
Sry) s503 

=Mscll 
FIstt 
NUECT 

xr) 
ee CARL ge 

TROIS 
eLtr): 
REME1) Sb eee Nai 

TEND'; : Sees 
"FOR! grat 'STeEP!' 7 TUNTIL' G1 fpo? 
"EOR' seated "STEP! 1 TUNTIL' G MnO 
INCI J13803 

  

         

  

     
    

  

   

   

  

    

FN:=READ) "COMMENT! J=FISSTON,O=NO FISSION; 
NSTOPr=READ] 'COMMENT! NO OF ITERATIONS, IF FN=O,NSTO 

"HORT Kie4 "STEP! 1 "UNTIL" NMAT "DO! 
"BEGING 

NDLSREAD? 
‘FOR' Js 
SBEGIN' 

mugl) 

"COMMENT! NUMBER PENSITY] 

STEP! 1 UNTIL? G. tot 
   

=READ; ‘COMMENT! MEAN SCATTERING COSINE; 
NUTT} :=READ? ‘COMMENT! NEUTRONS PFR FISSION; 
SFISTI]:=READ: "COMMENT! MICROSCOPIC FISSION 
STOCT]ZEREAD; "COMMENT! MICROSCOPIC TRANSPORT; 
SELEID:HREAD? 'COMMENT' MICROSCOPIC ELASTIC: 
SCAP(TJ:=READ; ‘COMMENT! MICROSCOPIC CAPTURE; 
SINTETI:=READ; ‘COMMENT! MICROSCOPIC INELASTIC TOTAL; 
TEORY. Jest "STEP! 4 'UNTIL' G tNOF 
PrtsJJ:=READ; ‘COMMENT! THELASTIC PROBABILITIES; 

      

    
eFOR" Peat "STEP! 1 TUNTIL! G 00" 

(BEGGING 
CAPTIT Ee CAPCTV4SCAPLT TEND? 

AASHCSTREVTASiSTELIW“SCAPC I] I-SFISETI)D AND? 
ABrRAA/ CT eMUL TIDE 
TREtls: BI RCIOE NA? 
SOCTT SSGLT TERN: 
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MSCCIISShSCCLI+hBeMUL YT) 

AAL=SFISCIJeND: 3 
FISTT)seFISCIV+AA;     

    

   

       

    

    

    

  

z NUFET NUBCIY+AANU[T ] 3S 
ELCTI:sE0T1I+SFLOS I END? ie j 

s REMC DSSREMCLI+SINTLTTAND#CT=PET 
TENDS: 

<P UROR' Tyat TSTEP! 4 TUNTIL' Gat DO! 
"FORT Jyele4 STEP 4 "UNTIL! G "DO! 
INCE JD sHINCL J IFSINTCLI#NDSPlL edd; 

TEND! cad 
TFOR' 1:81. 'STEa! 4 "UNTIL! G 'DO 
"REGING a. vey y 

PEMCTJpeRPMCTIFELCTY+CAPCIJ*FISEI) 
MUCT):anMseclr/Sclii: i 

VISREMOMIASOCUT Is. eon 
Wrs0,24; 
AA: =0,0; ee es ae 2 
TFOR' Wr5U40,05 "WHILE AA "LE? 4. 'pot 
"REGIN® ; ze : : 
ZyeSQRTCY/U)3 ie ; 

EXDCQeZH C+ 3HUHMUC TI) / CLAS HWHMULT IMCL FVS) Deep eye 2) / 

  

   
AA 

BRr=W-0,06; 
Tend! 
w i 
AA1=0,03 
'FOR' Ws=W40,04 
"REGING = 

Zr=SQRTCY/W)3 ; : KPCQaZ# (AH SHUMMUCTII/ CAF SHU MULTI RCVEYD HOLE YR 
BRrEW-0,0113 
SEND"; 
WreBR: 
AAEG.OG : + 2 
"FOR WreW40.001 'WHILE' AA 
"BEGIN® 
Zr=SQRT(Y/U)$ eae AALEEXD(QaZ« (14 3eueMULTII SC H3eenul tie eye BRy=W-0,001; 

iS "END'; = 
DCTJ:ERB/SCLII; 
TENDS a ee ‘FOR’ Tr=1 'STEP' 1 TUNTIL' G 'poF 
'BEGING eee es 
NEWLINE C1) ¢ _ 
PRINT( 172.0) 
PRINTCNUF(I}64,6)3 
PRINTCEISTI1+1,607 sss 
PRINTCTRE1],1,6)4 
PRINTCELOII,1,4)3 
PRINTCREMTI1,4,6)3 
PRINTOSCEIN,1,4)3 
PRINTCMULT1,2, 393 
PRINTCHL13,1,4 
PRINTC(2,43eDIT10,1,605 
"END! 
NEWLINE (4); 
‘FOR' 1:24 
"PORT yre144 
'REGIN' 

  

  

     
    

    

  
  

  

   

    

Stee* 4 TUNTIL' Gea ROP 
STFP' 1 "UNTEL'.G "not 
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“pRINTCINED dd, 
“NEWLINE (1) 

  
  

  

~CreREADs "COMMENT! 
"IF! (<0 "THEN! "GOT. 
NEWLINE (3)3 

SWRITETEXTC' (tee!) t) 
PRINTCOr210)5 
SAUNT 11981) 2. See = 
“SCNESREAD; ‘COMMENT! GR1 FLUX OFCALC 1=READ 2=€XP REM CALC 
SWRITETEXTCUCI SOURCES!) ESF 
PRINT(SCN,2/0)3  __ 

SCNEQ-'THENY 

SLAB 0, CYLINDER 4¢ 
FINAL 

SPHERE 2t         
    

      

     
   

      

   

      

          

         

  

   

  

   

  

  

      

SYEND! (22 Se = 
"IF" SCNS4 ‘THEN! 

“IREGIN' © : 
_' FOR! 
W282:52 3 

  

"END"; 
‘tF' ScNe2 'THEN! 
‘BEGING 
‘QseREANP | =e 
AASERKEADE —TCOMMEN 
SROR' gram "STEP! 1 FUNTILS 
'BEGING 
ENTRY CaO 'THEN( FLV¢d 2 BQHEXP (CH AARDR#CJ=M)) F 
"TES Cod FTHEN' FET ,d) :eQHEXPC@AAMDRE CS 

SITY Ce2 "THEN! FIG J) PRQeEXPC-AAFORA CY 

   

  
C6. 2848 DREIDE 
12,568#DR*DR 

        
    
    

     

YTHENT 
     

       
   
   
   

   

   
   

TIF! C=O "THEN! BUM=1)r=Q#DR/D01 
Fi C4 'THEN! BIM-1)r2Q/(6,284eM*D(1) 

ATR! C=2 "THEN! ACMA1}220/(12, S6BFDReMeMeD ET 
'FOR' J:eM "STEP! 4 eee) Epoe. 

  

"END'S 
AGAIN: 

RUNES. Ly AUT HEM ise 
BEGIN' 

Sete Ret) r8n; 

  

  

        'FOR' JreM 'STEP' 4 
'BEGIN' 

SCELIIGEELCD=4)#FEIH4 Ji : 
VEOR' Keed *STEP? 4 UNTILIST=4-f00! 
SCECIDL=SCECIIFINGK TIE CK UI5 
"ye" FN=T TAND' ITN >4 'THEN' 

TUNTIL' N DOT 

    

  

i 
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— VFoR' Kyat 'Srep! 4 TuNTILT 

9 SRECIISSSCECIV+XCTIMNUELKIMFE 
TEND; . 
     

  

"END": 
"FORT JreM STEP! 1 UNT 
“"REGIN' = = z 
“AS3:=¢20s4C)7 C2eaw(24REMTIIEDR C i 
BUIJieAlsIa( (anime laut smi Jazegesce Lid aprevarDisavatosyeent 
"END"? 
FCDsND:=BENI/C1FALNI#CDR/ (2, 13%0[T])= 
"FOR' KreNe41 'STEP' =f TUNTIL! M 'DO 

FCI KILSACKIMF CT 44 4B CKD 
' 

    
   
   

   

    

     
        

    

   

  

lysl+ 
fretot bets 
TTNIBITN+4] 
‘TE’ ITN ULE! NSTOP 'THENT 
TREGTNE?  G hr e pucy 

i ‘TF! SCNs0 "THEN! 
‘IF SCN>O "THEN! 
"GOTO! ITERATE). - 

"END"; i ie 
‘FOR’ Tr81 "STEP! 4 TUNTI 
"REGIN® fi ete 
WEWLINE C2); 2 
WRITETEXT( HC ' GROUPED 
PRINT(T+2,0)3 
NEWLINE (1); 3 
NNS=CCH=M44) E/T 0) 84 04H 
"FOR' J:=M 'STEP' 10 
BEGUN SSe= ee 

‘FOR' Ki=J 'STEPt 
2 PRINTCRL GK 00304 
; NEWLINE (4)3 

'END'; sis 
JreNNG 3 
"ROR! Jrege4 "WHILE! 
PRINTCELT J] ¢043) 
"END': : 
"FOR! Kra1 "STEP! 4 
tREGINe Sete 
"FORT JreM ‘STEP! 
ABEGING . = 
ACTIN}, =0 
‘FOR! niet 

  

ATHENS 4G0TO" AGAIN   

  

   Vy     
      
       

        

   

  

   
    

   

       
   

   

  

    

  

  
  

  

  

      TUNTIL' |      

    

   
    
     

       ae         

     

   
   

          

   

  

TEND'S 
NEWLINE(2)3 
-WRITETEXTC'C' FOL 
PRINTCATUTEK). 304 
NEWLINE C1)? 
"FOR' Jrs 

= BEGINY 
"FOR" J:=1, 
NEWLINE C1) 3. 
"END"; 
JreNN? 
ROR! JraJe4 
=*END': eee 
"GOTO" NEXT; 
FINAL: 

"END'; 
SENDUI 8 

  

    
  

  

  

      "WHILE 
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