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SUMMARY 

A method of measuring the isomeric cross-section ratios of nuclear reactions ig described and discussed. This method relies on an analysis of the time behaviour of the decay of the ground state. Since only the ground state activity is observed many of the sources of error present in methods which rely on measuring the activities of the ground state and isomeric state separately are avoided. 

Results are given for age suremen ye of the omeric cross-section ratios for the reaction + Sc(n,2n) ec at incident neutron energigs of wee 14°4 and 15°4 MeV and for the reaction In(n,2n)112%q at incident neutron energies of 13°2, 14°1 and 14°9 Mev. These results are compared with those of other workers. 

The reactions 198Pt(n,2n)197Pt ana 76Ge(n,2n)75Ge are also discussed briefly. For the former results obtained by measuring the two states separately are 
given. 

A discussion of theoretical factors affecting isomeric cross-section ratios is given. 
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PREFACE 

This thesis describes a method of measuring the 

isomeric cross-section ratios of nuclear reactions. 

This method relies on an analysis of the time behaviour 

of the decay of the ground state. 

Calculation for optimum time of irradiation 

together with the effect of change of flux during the 

irradiation on the isomeric ratio was discussed. 

The results of isomeric cross-section ratios for 

the reactions 458e(n,2n)44se and 113tn(nj2n)ll21p at 

different neutron energies are given. 

The reactions 198pt(n,on)197pt ana 76¢e(N, 2n)75¢e 
are also discussed briefly. 

The way in which the statistical model and 

evaporation theory may be used to analyse the production 

of isomeresis given briefly.
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CHAPTER I 

INTRODUCTION 

I.1 Explanation of isomeric states. Conditions for 

their existence. 

Some radioactive nuclides have nucleon combinations 

that are stable with respect to alpha or beta decay, yet 

have an excess of internal energy. This excess energy may 

be released in several ways, the most common of which is 

the emission of electromagnetic radiation (photons) with 

discrete quanta of energy. These radiations are called 

gamma rays. If the de-excitation takes place within a life 

time that is easily measured, such radioactive nuclides are 

known as metastable isotopes and the transition is considered 

a radioactive decay process called an isomeric transition 

(IT). The designation for a metastable nuclide is by adding 

an m after the mass number; for example, the metastable 

state of 80g, is consc. 

The other common way for a nucleus to lose excess 

energy is by an electromagnetic interaction between the 

nucleus and orbital electrons which results in the emission 

of an electron whose kinetic energy is equal to the nuclear 

transition energy, less the binding energy of the emitted 

electron. This process called internal conversion (IC) 

competes with Y-ray emission as a de-excitation process. 

The existence of an isomeric transition results in a 

pair of nuclei that have the same mass number and atomic 

number, but one has more energy than the other, and, there- 

fore, has different radioactive and other properties. A 

pair of such nuclei are nuclear isomers and the phenomenon



is nuclear isomerism. 

There are two factors that are primarily responsible 

for a very low transition probability of gamma emission: 

ae A large difference in the total angular momentum, (I), 

between the excited state and the lower excited state or 

the ground state. 

be A small energy difference between the two states. 

The reason for the small transition probability and 

long half-life for the isomeric state can be explained with 

the help of a single-particle mode1(1) for odd A nuclides. 

As a shell approches closure, the single particle levels 

lie very close, and therefore the transition will have very 

small energies. Usually a level from the higher oscillator 

states falls down to the lower oscillator level near the 

closure of a shell. This combination of high spin difference 

and low energies makes the transition very slow. 

I.2 Explanation of cross-section and definition of 

isomeric ratio 

When a neutron collides with a nucleus three important 

types of interactions can occur: elastic scattering, 

inelastic scattering, and nuclear reactions. In all of 

these cases the total charge is constant, there is 

conservation of total energy, and of total momentum. If 

the scattering is elastic, the kinetic energy is divided 

between the neutron and the nucleus. In fact it can be 

considered as an (n,n) reaction. In the inelastic 

scattering the nucleus is left in an excited state and the 

reaction is represented by an (n,n') reaction. In nuclear 

reactions the neutron is captured forming a compound nucleus 

which emits photons in the case of radioactive capture or



elementary particles, e.g. a proton, d-particle, and in 

some cases fission occurs. 

In Table 3(2) the most frequently occurring reactions 

are shown as a function of neutron energy. The reactions 

are given in decreasing order probability although there 

are exceptions. 

The probability of a nuclear reaction occurring is 

expressed by the cross section,g-. For a thin foil placed 

in a neutron beam one derines(?); 

number of events of a certain type 
Co = per second per nucleus 

number of neutrons incident per cm~ per second 

= reaction rate in em? 
neutron flux 

Most cross-sections are of the order of 10724 cm*, it has 

become convenient to express cross-sections in the units 

of the barn, where 

1 barn = 10724 cm? 

Where several types of events are possible as already 

mentioned before, each has a certain probability of 

occurring and, thus, cross-section. The total cross-section 

oF; can be considered as a sum of os and @ : 

One = nit On 

where gs~ =O(n,n) * O(n,n') 

6a =On,2n) *O(n,p) + O(n,a) * O(n,7) + °° 
At 14MeV the probability of a (n,7) reaction is quite 

small though not always negligible. The most important 

reactions are due to (n,2n), (n,p), and (n,a). The 

bombarding neutrons may have an interaction probability 

for forming the isomeric states of the daughter nucleus. 

The isomeric cross-section ratio for a certain 

reaction is defined as the ratio of the cross-section,



TABLE 1 

Interaction of neutrons with nuclei 

  

  

  

Neutron energy Nuclear reactions with nuclei 

25 ¢< A<80 80 ¢ A< 240 

O -1 Kev (n,n) (n,7) (n,7) (n,n) 
1 = 500 KeV (n,n) (n,7) (non) (ae) 

0°5 - 10 Mev Bet) (n,n) (n,p) (n,n) (n,n') (n,p) (n,7) 
n,a 

10 - 50 MeV (n,2n) eo ZS n,2n) (n,n‘) ou 
n,p) (n,np) (n,2p) ap} (n,np) (n,2p) n,a n,@ 

 



Om» Of a reaction producing the residual nucleus in a 

metastable state to the cross-section, OE of the reaction 

leaving the nucleus in the ground state. (3) 

It is dependent on the distributions of angular 

momenta in various stages of the reaction. These 

distributions in turn depend on the mechanism of the 

reaction. 

I.3 Importance of knowledge of isomeric ratios 

The measurement of the isomeric cross-section ratio 

is important from a number of points of view. It can be 

used to study both the transfer of angular momentum in 

nuclear reactions and the spin dependence of the nuclear 

level density in the final nucleus via the spin cut-off 

parameter.(4) Secondly neutron excited nuclear isomers may 

be useful for the measurement of neutron energy when used 

as threshold detectors.(5) Thirdly a lmowledge of the 

isomeric ratio is also desirable if it is proposed to use 

the reaction for neutron activation analysis. 

I.4 Methods of measuring the isomeric cross-section ratios 

I.4.1 Many methods are based on measuring the cross-sections 

for isomeric state and ground state separately, relative to 

a@ monitor reaction(6), by irradiating the sample and monitor 

substance. Absolute activities of the isomeric state and 

the ground state have been measured, and used in calculating 

the individual cross-sections. The isomeric ratio was 

calculated from these cross-sections. (7»8,9) 

1.4.2 Alternatively, the induced activities of the sample 

are measured, the decay curves of the isomeric transition 

and ground state are followed separately(10,11,12,13) |



(separate irradiations of different periods being needed 

for studies of isomeric levels differing strongly in half- 

life) .(14,15) 
The cross-sections can be calculated and the isomeric 

ratio determined. 

Some early methods were based on measuring the 

total activity, A(t), where 

A(t) = Ate~Ast 4 attg-Amt 

The quantities A', activity of the ground state, and A'', 

activity of isomeric state, are computed by the least 

squares method.(3) From A! and A'' the cross-sections due 

to ground state and isomeric state can be calculated, and 

the isomeric ratio determined. 

I.5 Outline of the present method 

The samples were bombarded for a period of time 

depending on the half-lives of the nuclides under 

investigation. The irradiated sample was then placed on the 

selected detector, and the counts arising from ground state 

decay for different fixed time intervals were measured. By 

applying the method of least squares to the time behaviour 

of the decay of the ground state, the isomeric cross-section 

ratio can be determined. 

This technique takes advantage of the fact that 

members of an isomeric pair are genetically related in that 

the ground state is populated both by direct (n,2n) reaction 

and by isomeric transition from the isomeric state. 

As only the ground state activity is measured, the 

results so obtained are independent of several sensitive 

factors such as photopeak detection efficiency, 7 -ray 

intensity, absorption corrections, determination of neutron



fluxes, and sample uniformity. These factors invariably 

constitute the major portion of the uncertainty in the 

results of earlier experiments. 

This method was attempted for measuring the isomeric 

cross-section ratios for (n,2n) reactions on the isomeric 

pairs 44M-8sc, 112m,gtn, 197m,gpt, ang 750,8Ge. 

A similar approach has recently been reported by 

Kao and Alfora. (16)



CHAPTER II 

EXPERIMENTAL ARRANGEMENTS 

II.1 Introduction 

In principle, activation measurement is similar to 

other instrumental methods in that energy in some form is 

put into the material and the characteristic radiation 

emitted from the material is detected. In its simplest 

form, neutron activation requires a source of neutrons, a 

detector for the characteristic radiations emitted after 

irradiation, some means of transferring the sample between 

the neutron source and detector, instrumentation to select 

the correct radiation and analyze the data. 

II.2 Source of neutrons 

II.2.1 The high voltage generator and accelerator 

The Van de Graaf generator(17) is shown diagrammati- 

cally in fig. 2.1. The spray combs consisted of eighty- 

eight sharp needles mounted in blocks of eight set 1/8'' 

from the rotating belt and level with the bottom pulley. 

The needles were supplied with a variable potential of 0 

to 12 kV obtained from a conventional power pack. The 

sharp points caused ionization of the air and repelled the 

positive ions. These positive ions were collected by a 

rubberized canvas belt 10 inches wide which rotated at 

5,000 ft. per min. The positive charges on the belt were 

collected by the collector points. These points conveyed 

the charge to the top terminal. By using another set of 

spray points that spray negative charge, the charge- 

carrying capacity of the belt is doubled. The charge 

collection process at the high-potential terminal may be 

continued indefinitely. A limit is reached when the
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Fig 2.1 High Voltage generator



insulation breaks down and the loss of charge by stray 

currents is equal to the charge transferred by the belt. 

The generator was positioned next to the accelerator 

tube and the top terminals linked by a brass strip. The 

power motor was located underneath a steel platform and 

the belt ran through a hole in the floor which was fitted 

with earthed shield plates to prevent loss of charge from 

the belt. The motor and bottom pulley were enclosed in a 

box inside which heaters were situated to prevent the belt 

from becoming damp. 

The porcelain accelerator tube (18) consisted of 

three cylindrical sections 44 em long with an internal 

diameter 25°4 cm and external diameter of 30 cm. Inside 

each section seven stainless steel bands, sprung against 

the surface of the porcelain, supported seven spun 

aluminium electrodes. These electrodes protected the © 

walls of the accelerator tube from the ion beam which 

passed through a 19 cm diameter hole in the centre of the 

electrodes. Fig. 2.2 shows schematically one section of 

the accelerator tube. The electrodes were connected 

externally, through vacuum seals, to a resistance chain 

of 10'* ohms, which acted as a potential divider and 

provided a constant potential gradient down to the 

accelerator tube. The focussing ability of a lens system 

is determined by the ratio of the potential difference 

across the lens to the energy of the ion passing through 

the lens. This ratio implies, therefore, that the lens 

located at the beginning of the accelerator tube possessed 

stronger focussing action than the lens situated at the 

end of the tube.



electrode 
insulator 

] Rie a 
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Fig (2.2) Van de Graaff accelerating tube 
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On top of the accelerator tube, in the domed top 

terminal were the ion source(19) and gas leak, which 

controlled the gas supply to the ion source in a steady 

and reproducible manner, together with the oscillator, 

extractor and the beam focus controls. 

II.2.2 Targets 

The thick target used for the production of neutrons, 

(shown in fig. 2.3), was obtained from the Radiochemical 

Centre, Amersham, and consisted of a copper base 28°6 mm 

diameter and 0.05 cm thick onto which a layer of titanium 

1°09 mg/cm? was deposited. An active area of 25°4 mm 

diameter was formed by absorbing 4 curies per em? of 

tritium onto the surface. 

Such targets are prepared as follows: the titanium 

is evaporated on copper as a backing material and then 

exposed to an atmosphere of tritium to form the inter- 

metallic compound, titanium tritide. Such targets are 

very productive and with good cooling can stand high ion 

currents. The tritium absorbed onto the surface has a 

half-life of 12 years and emits B® radiation. The life- 

time of a tritium target is determined by displacement of 

tritium atoms in the target by deuterium atoms in the beam. 

Target performance is degraded if the vacuum system is not 

clean and a deposit of carbonaceous material forms on the 

surface which reduces the deuteron energy before the 

deuterons can reach the tritium. Thick tritium titanium 

target mounted on the target assembly is shown in fig. 2.4. 

The target was isolated electrically from the beam 

tube itself and operated at few hundred volts positive 

relative to the beam tube, which was grounded. This
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ele 

provided a voltage for suppression of secondary electrons 

generated in the target when the ion beam struck it. 

Without this suppression, a beam of secondary electrons 

would be accelerated back up the accelerating structure, 

which would produce an additional load on the high voltage 

power supply. 

The control system for the accelerator, fig. 2.5, 

was mounted in a separate room to isolate the control 

function from the high radiation area near the accelerator. 

Controls were provided here to control the accelerating 

voltage, beam current, beam focus, and switching off the 

various sub-systems. The control room also contained two 

interlocks to shut down the accelerator if any of the 

operating parameters are outside a safe range for the 

accelerator. 

TI.2-3 Production of neutrons 

Neutrons of approximately 14 MeV produced by the 

reaction of deuterium and tritium, which can be expressed 

as 

7H + 7H—>»*He + n + 17°586 MeV (II.2.1) 
This reaction is a prolific source of high-energy neutrons, 

as can be seen from the excitation funetion(20) illustrated 

in fig. 2.6. 

The dependence of the emergent neutron energy as a 

function of laboratory angle, fig. 2.7, was condensed from 

the information of Fowler and Brolley(21). The relative 

small spread of the neutron energy through large changes 

in the laboratory angle may be noted, it was used to 

estimate energy spread on samples. For example, the 

difference between the neutron energy at 150° and that at
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0° is only about 2°2 MeV for incident deuterons energy 

of 500 KeV. An interesting observation to be made from 

an examination of fig. 2.7 is that, at an angle of about 

100°, the neutron energy remains essentially constant at 

a value of about 14 MeV and is independent of acceleration 

voltage of about 500 Kev. Therefore, a sample placed at 

an angle of 100° would experience a neutron flux whose 

energy is independent of the bombarding deuteron energy 

within the accelerating limit of the neutron generator. 

For thick targets( thin or thick is a function of 

incident deuteron energy) Burri11(22) gives the neutron 

yield as illustrated in fig. 2.8, the neutron yield can be 

calculated from an integral of the target stopping power 

and the D-T reaction cross-section. The effect of target 

thiclmess on the neutron intensity is clearly explained. 

Experiments have proved that thick target fluxes closely 

approximate to isotropy. 

II.3 Ravid transfer system 

In the case of very short half-life nuclides, some 

kind of rapid transfer mechanism must be used to move the 

sample to the neutron generator for irradiation and back 

to the detector for counting. For the present experiments 

a system was set up in which the sample is introduced at 

the sending station. Air pressure is applied from a blower 

by a switch to transport the sample to the irradiation site, 

the sample was stopped inside a cadmium covered plastic 

tube, directly in front of the neutron generator target. 

After irradiation the sample was released by reversing the 

switch and transferred in a few seconds through a plastic 

tube about 50 m length to the counting room.
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II.4 Detection 

Once the sample has been irradiated, it is then 

necessary to characterize and measure the nature of the 

resulting radiation by the process of detection. There 

are a number of detection devices available for radiation 

measurement. These include the two types which were used 

in this work, the scintillation counters, and semiconductor 

detectors. 

Before the operation and characteristics of these two 

devices are explained, one has to discuss the interaction 

of Y¥-rays with detectors. 

II.4.1 Interaction of T-rays with the detector 

Gamma rays interact with matter in three significant 

ways, (23) 

1. Photoelectric effect. 

This is an absorption process in which a 7 -ray, 

energy gy = hy, ejects an electron, with energy =,> from 

an atomic orbit and disappears by transferring all its 

energy in the process. Thus 

EB, = hv - 6 (11.4.7) 

Be is the binding energy of the electron. The atomic 

absorption coefficient of the photoelectric effect, Hoe? 

is given by 

Hye ¢ 2° BS" om 2 /atom (11.4.2) 

where 

Z atomic number of the absorbing material. 

It is clear that the photoelectric absorption is 

more important for lower 7 -rays in the heavier elements.
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2. Compton effect 

This is an inelastic scattering process in which 

the photon, EL = hy, ejects an electron, Ee, but escapes 

with degraded energy, By = hy, making an angle % with 

the direction of the first photon given by 

Ses g II.4.3 ak are eaearr ws) ees 
mc 

E_ reaches its maximum value when g=180 and 

Eemax - — 5 (11.4.4) To eae 
2E, 

The atomic absorption coefficient, Ug, is given by 

He @ 2 (in 2, +i) (11.4.5) E me 2 T 

Se Pair production 

This is an absorption process in which the photon, 

(with energy 5, > 2m,c? MeV) vanishes in creating a 

positively and negatively charged pair of electrons, with 

total kinetic energy, 5 

BE = E, - 1°02 Mev (reac) 

The atomic absorption coefficient, Moor at energies 

just above 1°02 MeV is given by 

2 (Ee. - ¢ TI4.7 Hyp ¢ Zee i, - 2me ) (2034.7) 

At high energies the dependence becomes logarithmic 

2 E II.4. Upp & 2? log (B,) (11.4.8) 

Pair production was not involved in the present work, 

because none of the 7 -rays observed had an energy above 

1°02 MeV. 

II.4.2 The NalI(T1) acintillation detector 

Scintillation detectors or phosphors of many types 

are available for many applications. The phosphors include
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organic solids, organic phosphors in plastic solids, 

organie solutions, inorganic solids and inorganic gases. 

The luminescence of inorganic solids such as Nal(T1) is 

primarily due to the presence of an activator. A gamma 

photon interacts with the erystal resulting in the 

production of high energy electrons. These electrons 

are slowed down and lose their energy principally to 

electrons of the crystal. This results in excitation 

and ionization of the crystal constituents. The energy 

deposited in the crystal then migrates to an activator 

or luminescent centre, from which a transition to the 

ground state occurs by the emission of a light photon. 

Nal crystals activated with thallium were used in this 

work. The presence of activators in the crystals produces 

local energy levels (centres) in the forbidden region of 

the energy band diagram, below the conduction band. By 

absarption of 7 -rays an impurity centre may be raised to 

the excited state, the absorption process can be represented 

by the transition A - B in fig. 2.9, migrating to position 

C by thermal dissipation of the excess energy. The 

luminescent photon is emitted as transition © - D, 

following which the centre returns to minimum energy in the 

ground state by further thermal dissipation of excess energy. 

The luminescence emitted by the crystal following 

excitation by the absorbed radiation follows an exponential 

decay with time 
-t/4 

where T is the decay time ( = 0°25 usec.) 

TS aig os (II.4.9) 

This light interacts with the photocathode of a photo- 

multiplier and ejects electrons. Figs 2.10,2-. These electrons 

were multiplied so that a very large resultant shower of
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electrons appears at the anode. The photocathode and 

dynode voltages in the photomultiplier were obtained from 

a high voltage supply. 

The block diagram below illustrates an electronic 

arrangement employed in this work. 

» |E.H.T. 

Scintillator 

  

      

Se. P.H.A.|           | iV 
NaI(T1) in general has several attractive properties. 

The crystal has a high density (3°67 g/cm®) giving 

efficient absorption of the J -radation. The decay 

constant is about 0°25 microseconds, which allows counting 

of a very high activity sample with small dead-time loss. 

NaI(T1) can be grown into large single crystals and is very 

transparent to its fluorescent light, but it is hygroscopic, 

and therefore the crystal must be hermetically sealed in a 

closed container with an optical coupler to the photo- 

multiplier tube. 

The resolution of the detection system is a measure 

of the ability of the detector system to produce a single 

pulse height value from monoenergetic radiation totally 

absorbed in the detector. The resolution per cent, R, is 

defined as the width of the total energy peak in the 

pulse height spectrum at half of the peak maximum. 

R = a8 x 100% (II.4.10) E 

where E is the total 7 -ray energy 

4H is the energy interval for the full width at half



ae 

the maximum value of the peak (FWHM), Fig. 2.12. The 

resolution changes with T -ray energy, thus the resolution 

value of a detector must be given for a particular 7 -ray 

energy. 

Two types of NaI(T1) crystal were used in this work, 

a cylindrical crystal N656, fig. 2.13, 3 ins diameter and 

5 ins depth, and a well crystal type, N597,. fig. 2.14, 

1°75 ins plagoret and 2 ins high. The counting assembly 

is shielded in all directions by 2.5 cm of lead. 

A well-type detector is sometimes more convenient 

in activation analysis, especially when low activites are 

measured, the well detector has higher efficiency and 

lower background than the cylindrical one. 

II.4.3 Semiconductor detectors 

From the band theory of solids it can be shown that 

the atomic energy levels of the outer electrons in a 

solid, by the operation of exchange effects between the 

individual atoms, split into a large number of levels 

forming a band which occupies a certain width E in the 

energy level diagram, fig. 2.15. An electron in a given 

state is shared by all atoms and the solid is an insulator 

or conductor, depending on whether or not the last band 

occupied by electrons is filled. If it is filled, the 

number of electrons moving in two opposite directions is 

the same, so that the net current is zero. f it is not 

filled, in the absence of an electric field, the 

configuration of lowest energy also has an equal number 

of electrons moving in two opposite directions, so that 

again there is no net current. By the application of an 

electric field, however, one can make this distribution
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lopsided and produce a net current. This, then, is the 

situation in a conductor. 

In an intrinsic semiconductor the gap between the 

last filled band, the valance band, and the next band, 

the so-called conduction band, is sufficiently small that 

by thermal excitation some electrons are lifted to the 

conduction band and thereby give the material a certain 

conductivity. 

Another type of semiconductor has a relatively 

large gap between the two bands, but it contains impurities 

with energy levels close to the conduction band so that it 

is easier by thermal excitation to promote electrons up to 

the conduction band. In this N-type semiconductor, the 

current is transported by negative carriers produced by the 

donor impurity. Another possibility is that an acceptor 

impurity, that is, atoms with strong affinity for electrons 

because of vacancies, removes electrons from a lower filled 

band. The holes produced in the lower band represent 

positive charge carriers and the material is called a 

p-type semiconductor. 

Referring again to fig. 2.15, one sees that the 

energy level due to the missing electrons in the p-type 

material lie close to, and can accept electrons from, the 

valence band. 

In 1960 Pell demonstrated that lithium ions could be 

used to compensate for the presence of acceptor impurities 

in semiconductor materials. Using this technique, lithium 

ions are used to create a P-I-N structure such as shown in 

Pig. 2.16. 

These devices are fabricated by diffusing lithium
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into the surface of an ingot of p-type Si or Ge, that 

is, Si or Ge with an acceptor type impurity which produces 

positive charge carriers, forming an n-type (donor type) 

region on one surface. A bias voltage is then applied to 

the ingot at high temperature causing the lithium ions to 

drift through the p-type material. During this process, 

an. equilibrium condition is established where lithium 

ions pair with atoms of doping material (Ge or In in case 

of p-type Ge) creating a region with intrinsic properties. 

Under reverse bias, the charge carriers can then be 

collected from this region, resulting in the production 

of a solid state ionization chamber with appreciable 

volume. 

Ge(Li) detectors are cooled to liquid nitrogen 

temperature because at room temperature lithium ions 

diffusion is still appreciable in Ge. - 

When a gamma ray strikes the intrinsic region and 

interacts, the ionization produced by the secondary electron 

generates electron-hole pairs which are rapidly collected 

at the electrodes, giving rise to a voltage pulse proportion- 

al to the number of pairs formed and therefore to the energy 

of the ectrons, assuming that the electrons released in 

photoelectric, Compton or pair production process are 

completely stopped in the intrinsic region. The greater 

the volume of the intrinsic region, the greater the 

detection efficiency. 

An important advantage of the P-I-N detector over 

the scintillation detector is that the energy necessary 

to create an electron-hole pair is only about 3 eV, while 

an energy expenditure of at least 300 eV in a Nal(T1)
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crystal is needed to release one photoelectron from one 

cathode of the associated photomultiplier. Statistical 

fluctuations in the pulse production process are therefore 

proportionally much smaller for a solid state detector and 

the resolution of semiconductors is higher, the theoretical 

resolution, R, of a detector iS given py'24) 

R = 2°355 VFEe (11.4.11) 

where E is the energy of the + -ray in KeV 

€ is the average energy in eV to produce an electron 

--hole pair 

F is the Fano factor which is related to the 

fractional amount of total energy absorbed in the 

production of electron-hole pairs. 

The much better resolution of the solid state 

detector may be offset by its lower efficiency. The higher 

atomic number of iodine gives the Nal(T1) scintillation 

detector a considerably greater photoelectric efficiency 

at higher energies. The difference in efficiency as a 

function of energy for Ge(Li) ana NaI(T1l) detectors is 

shown in fig. 2.17. 

The larger active volume of these counters also 

means that multiple Compton events can contribute 

appreciably to the counts within the full energy peak. 

Fig. 2.18 illustrates the difference between NaI and Ge(Li) 

detectors. 

After the detailed explanation of NaI(Tl) scintillation 

and the semiconductor detectors, one can summarise the 

difference between them. According to the Y energy one 

is working with for better efficiency one has to use the 

NaI(T1) detectors, but for the mich better resolution the
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semiconductor detectors. 

Il.4.4 Multichannel analyzer 

The electronic component, the multichannel analyzer, 

MCA, is used to examine pulses from the detector and sort 

these voltage pulses into groups corresponding to the 

original Y -ray distribution reaching the detector. The 

proportional voltage output from the detector was connected 

to the input of the multichannel analyzer. The voltage 

pulses are feeble and must be amplified before they will 

cause the other circuits to function properly. These were 

therefore amplified by an external amplifier or the linear 

amplifier in the MCA. If an external amplifier is used 

the output of the amplifier must be adjusted to the input 

level required by the MCA. 

Two types of MCA were used in this work, a gamma 

scope model 102 with 100 channels and an Ireland 500 MCA. 

The pulses were sorted in the analyzer into the 100 or 512 

channels in different basic modes, two of them were used 

in this work, the pulse height analyzer, PHA, and multi- 

scaler, MS, modes. In the PHA mode the gammascope was used 

to analyze signals whose pulse height is proportional to 

electron energy, each pulse accepted by the MCA in the 

PHA mode is sorted into one of the channels depending upon 

its peak amplitude. In the MS mode the pulses were counted 

sequentially, into the 512 channels. The scaler mode was 

used primarily to indicate the decay times of short lived 

isotopes, where MCA was set to certain dwell time per 

channel depending on the half-life of the isotope under 

investigation. In the MS mode a single channel was used 

which was characteristic by:
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a) The base line: the voltage which sets the minimum 

pulse height from the detector accepted for counting. 

b) The window: the increment in voltage from the base 

line voltage which sets the maximum pulse height accepted. 

During accumulation the data may be presented on the 

gammascope, CRI, or on an external display oscilloscope, 

each count sorted in the memory channel was indicated on 

the display by a dot appearing in the channel. The level 

of the dot indicates the number of counts sorted in this 

particular channel. After accumulation was completed the 

data was read out to a typewriter, fig. 2.19.
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CHAPTER IIT 

ANALYSIS OF MEASUREMENTS 

III.1 Derivation of expression for count rates 

Fast neutrons obtained from the *T(d4,n)*He reaction 

on thick titanium-tritium targets were used to excite the 

sample, X, to form a nucleus which has an isomeric state, 

Y, with half-life Tam and decay constant an which decays 

to the ground state, Z, with half life Tg and decay 

constant dg: 

This can be expressed as 

te YO 7 Bs c (111.3 .3) 
g 

During the irradiation there was probability of 

interaction of X with the neutrons to form Y which 

subsequently decays to Z, i.e. 

Xe YON 2 ASC (III.2.2) 
At the same time there was a probability of interaction 

of X with the neutron to form Z directly, i.e. 

Kfpece tis Ae ete (112-18) 
where gy, and Og are the cross-sections for the formefation 

of the isomeric and ground state respectively. 

Let N be the number of atoms in the target sample, 

the rate of formation of Y depends on N, Oy and 9, where 

@ is the neutron flux. Daring the time of irradiation, T, 

the net rate of formation of Y is given py(27) 

mie = on B-Aq Yo (Gaucay®) 

Cee equation (III.1.4) gives, assuming that the 

flux is constant
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Yo Om NOE | ant | (22r-1-5) o= Te 

The rate of formation of Z, directly by the fast neutrons, 

and indirectly by disintegration of Y, is given by 

Fro = TBP — Ago + AnY, (TII.1.6) 

using equation (III.1.5) 

az aaa 
ae = OgNB— 2g2q + OyNB(L - 7 '™) (III.1.7) 

equations (III.1.7) can be written in the form 

aq 
ar " 

multiplying both sides of equation (1II.1.8) by ee ’ 
vA -A a (2,087) gu el + ond e8™ _ conpe(*gnIT 

at x, 
(TIE.T.9) 

+ Agha =OQN@ +qqg(1 - eo *n") (11I.1.8) 

Integrating w.r.t. T. 
T £ 

2,6 8° = age + sass 0 - 

Si NZ o(Ag-*n)T 4 (III.1.10) 
g-Am 

Using the initial conditions that Sg = 0 at FS 0 to 

evaluate C we have 

Zo = BND + GNg - Gang ern? 
Ag Ag Ag-Am 

= cee e~*%e™ _ GmNg o-%T + cnn e7 4g 
gz g Ag-Am 

(III.1.11) 
This can be written in the form 

2, — GN (1 = -4e™) GND (1 - e778") 
2g Ag 

+ GaNS (e-%g? - em *nT) (Tis1.39) 

The total disintegration rate of Z, at any time, t ’ 

after the end of the irradiation is 

= - -A”, RaAZ eet + Anke Va(eny 3 We) (ITTetei8) 
g-“"m
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Substituting for Zo and Y, from (III.1.12) ana 

(III.1.5) in equation (TII.1.13), we get 

Ro = ONO e78*(1 - e~2aty + ang e~*et(2 — o- eT) 
+ GNBAg eo *et (e Vel _ g-™nT) 

Ag-4n 

Onn ~Amt(y - en *mT) _ ~Agt An? + ae e (l-e ) A,e (le ) 

(III.1.14) 

which can be written in the form 

R = GNP e78%(1 - 0787) « Gong) Ag on™ 1 ---*nT) 

~ Ag. o7e*(n= 8) (IIT.1.15) 
AgmAm 

Equation (III.1.15) can be written in the form 

B= X!.(Al)- Bo)e+ xt, (III.1.16) 
where 

X' = ORNS 

Y' = 6,NS 
-Ant Aq? aS ee at(, . gut) 

Ba = Am_ 6 8° - 6787) 
gn 

Dee 8*(1 = ere) 

Thus by observing the activity of an irradiated sample 

as a function of time and applying the method of least 

squares to fit an equation of the form (III.1.15), the 

values of X' and Y' can be found. The ratio of X' to Y' 

if @ constant gives the isomeric cross-section ratio. 

III.2 Method of least squares 

III.2.1 The principle of least squares may be expressed 

as follows:
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The most probable value of any observed quantity is 

such that the sum of the squares of the deviations of the 

observations from this value is least. 

III.2.2 Application of method of least squares 

Curve fitting to a set of experimental data. 

Suppose Ri Ro, eee are the values of a measured quantity 

R corresponding to the values Ci, Co, was on and Di, De, area 

D, of another quantities C and D, these vartabies being 

connected linearly by the equation 

Rg = Og-X' + Dg-¥' (IfI.2.1) 
where s takes the values from 1 to n. 

The method of least squares can be applied to find 

the values of X' and Y' that satisfy all the equations 

(III.2.1.) as closely as possible. 

i.e. X'.0, + Y'.D,-R, = €, (III.2.2) 
We can choose X' and Y' such that the sum of the squares 

of the errors (€,) least, thus 

2 n 

So [x'ey yb ek ] mst be minimum (IIT.2.3) Peal s s 3 

Differentiating (III.2.3) partially wer.t. X' and wer.t. Y' 

we get as necessary conditions for a minimum 

2 C,-(X'.C, + ¥'.D, - Rg) = 0 (III.2.4) 
and 

2s D,-(i.c, + 2) -De = R_) = 0 (III.2.5) 

(III.2.4) and (III.2.5) can be written in the form 

[ec] x" + [cp] x'-[cr] = 0 (III.2.6) 

[pc] x' + (pp) x' -[pR] = 0 (IIE-2°7,) 

where 

[oD Jes CD (III.2.8) 
s=l
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X' and Y' can be found from equation (III.2.6) 

and (III.2.7) where 

  

+ - | {oR){pe] {ccl [cp] 
oth pata (1IT.2.9) 

and 

1 = | (Cc) or) {cel [cp] (111.2.10) 
[De] [DR] [cD] (DpD} 

  

    

TII.3 Calculation of errors 

On the applications of method of least squares. let 

us suppose that c. and Ds are known accurately but the R, 

are subject to experimental errors. The most probable 

values of X' and Y' were the solutions of the normal 

equations (III.2.6) and (III.2.7). Denoting these values 

by xt, es and writing 

X5-Cg+ Yj.D, - R, = F, (EIT75.2) 
lee. Fy, Fo, «-- Fy are the residuals when the most 

probable values xX); XS are substituted in the given 

equations (III.3.1), it has been shown that the standard 

error, a, to be expected in any expression 

X59 C+ Yg-D, -R 

is given py(28) 

o =[FF] /(n - 2) (III.3.2) 
Let a, and Oy denote the standard errors in x and pee 

respectively, then it can be shown that 

Be 2 III.3.3) (my “rey = $ 
where 

[cc] [cp] (III.3.4) A= (cD] [DD]     
Computer programmes were written toevaluate the 

isomeric ratio and standard errors. Appendix (1) and (2).
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III.4 Calculations for optimum time of irradiation 

It was assumed that the optimum time of irradiation 

required for good results of the isomeric ratio was the 

time at which the activity of the isomeric state is equal 

to the activity of the ground state, i.e. 

Anko = Agzo (III.4.1) 

Y, and Z, are given by equations (III.1.5) and (III.1.12) 

therefore 

Guan = e7M®) = gupta - 2 *8T) + opNp(a - 38") 
+ G,Ne =. (e774? _ en?) (111.4.2) 

Agr 

where 

N@ is constant 

Using e*- 1 - X+ x man 
Ze 

Equation (III.4.2) can be written as 

Gam? - ng? + oe Wate [gr S ane + see] 

Om [gt et + eee + Gade [Jat - det 

Pag tol ele 7] (III.4.3) 2 gee 
Keeping the leading terms only, equation (III.4.3) will be 

Oma? - Sudn'T = Gglg? - Cgdel™ + Gude? 

- Cag’ ™ + Omg One 
2 Ag7An 

( EC )r? (11.4.4) Bir iat ae 
Equation (III.4.4) can be written as 

2(Omdm- Og 2g) = [ Onn" - 6alg! + Tam de | T (IIT.4.5) 
Therefore the optimum time of irradiation T is given by
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Tee wes [g Xo -Ag | (TIT.4.6) 
[a= - X+ Gu] 
Os 8 og 

The optimum time of irradiation, T, was calculated 

using equation (III.4.6) for the reaction 45g¢(n,2n)*4™ Sse, 

78Ge(n,2n)7°™8¢e, 15tn(n,en)212m Stn, ana 198pt(non)}97™ Spe, 

The results are shown in Table II. 

TABLE IT 

Sample Isomeric ratio used = 
in the calculation 

  

44m, B50 0.80 11.4 h 

75M, &Ge 4.00 2.3m 

112m, 8tp 5.00 21.0 m 

197m, S54 0.68 8.9 h 
  

It was not always possible to achieve optimum times 

for practical reasons. 

III.5 The effect of the change of the flux during the 

irradiation on isomeric ratio 

If the incident neutron flux, Y, remains constant 

till the end of the time of irradiation, T, then the 

activity of the isomeric state, Ay is given by 

Ay = 6GNQ(1 - e7*nt) (III.5.1) 

and the activity of the ground state, Ag, is given by 

-\,T -AgT Ag = 6gN@(1 - e778") + ginp(i - 78") 
+ ONG Ag (e-7et _ oo nk) (III.5.2) 

“Am
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The isomeric cross-section ratio can be determinea using 

the two equations (III.5.1) and (III.5.2). 

To study the effect of an unnoticed change of the 

flux during irradiation on the measured isomeric ratio 

values, the apparent isomeric ratio will be calculated for 

two cases of the flux change, fig. 3.1 and fig. $.2, 

and compare them with the case of the steady flux. 

Case 1. If the flux, %, dropped by 10% during the first 

half time of irradiation as represented in diagram III.1 

| 

° 772 TT 

diagrom tit I 

where 

2, = 0.9 @ 

At the end of irradiation, T, the activity of the isomeric 

state is given by 

= art jen 
Any = 6,N@(1 - e Ang ) (l+*9e Ang ) (IIT .5.4) 

the activity of the ground state is given by 
T 

Az = (On+dg)Np(1 - e748) (1 + +9 2782) 1 
r 7 2 r 

+ GN Ag (e7*3- 2g) [ora + 0°9 (e7 *8Ze o-™g)| 

neae (1II.5.5) 
The results for the apparent isomeric cross-section 

ratio calculated using the two eqiations (III.5-4) and (II1.5-5) 

deviate from that with constant flux @ by about 1% for
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112m, 81m ana “4™8gc. If the flux dropped to the extreme, 

at which %,~ 0, in the first half of irradiation the 

deviation will increase to 20% in the case of 112m,81y 

and 10% for the *4M,83¢. 

Case II. If the flux, Y, decreased by 10% during the 

second half time of irradiation as in diagram III.2 

a
e
 

RFE PN Ca eae ok 

  
  

T2 any 

diegram Ti. 2 

where 

Gog = 029 D 

At the end of irradiation, T, the activity due to isomeric 

state is given by 

A = GNA(2 - e™E) (0°9 + o78) (111.5.3) 

and the activity due to the ground state is 

Ag, = (dq + &) Na(2 - ee) (or9 + o7 7g) 85> eee 2 

+ OnNO oh (e782 - 2) (ese + omg - 0.1) 

( LII.5.8) 

The isomeric cross-section ratio was calculated using 

equations (III.5.7) and (III.5.8), the deviation was about 

2% for In and Se from that calculated with steady flux. If 

the flux dropped in the second half of irradiation to the 

extreme, i.e. with Yg~ 0, this deviation will increase to



25% in the case of 112™,8tn ana 30% for 44%8sc. The two 

extreme cases did not happen in this measurement, the 

effect of a little change in the flux will not be more 

than 2%. 

52
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CHAPTER IV 

RESULTS 

4.1 Typical measurements 

As explained before, the general approach in 

measuring the isomeric cross-section was as follows. Fast 

neutrons were obtained from the *T(d,n)*He reaction in 

thick titanium-tritium targets. The sample was placed 

beside the target for irradiation, and subtended certain 

angles at the target with respect to the deuteron beam 

direction. The deuteron energy was about 300 KeV. The 

irradiated sample was then transferred to the selected 

detector whose signal feeds into the multichannel analyzer. 

To determine the isomeric cross-section ratio, the 

analyzer was set to acquire counts arising from the ground 

state activity for fixed time intervals. At the end of 

each counting interval, the data was fed to a teletype 

printer, the analyzer was cleared and set to repeat the 

data accumulation. The acquire and print-out process 

continued until a sufficiently large number of measurements 

had been made. 

The time behaviour of the activity was then matched 

to the equation III.1.16. By using the experimental 

yields for a large number of different time intervals 

and this equation the coefficients X' and Y' were determined 

by application of the method of least squares, using the 

computer programme, appendix 1. The ratio of X' to Y' 

then yields the isomeric cross-section ratio. The reactions 

455 6(n,2n) aatlee. 138 In(n, 2n) 112m. gr, | 198+ (n,2n) 197m- gp, 

ana 76 Ge(n, 2n) 75™*&e were studied.
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4.2 Decay schemes 

A decay scheme is a representation of the nuclear 

energy levels of a radionuclide and the modes of de- 

excitation. The decay scheme shows each mode of decay, 

its abundance, the energy of the radiations, the sequence 

of emissions, the half-lives involved, and the product 

nuclide. The lowest bar for each nuclide shows the 

nuclide in its lowest energy state, the ground state, 

even if the nuclide is radioactive. Decay schemes vary 

from simple, involving only one mode of decay, to complex, 

with two or more modes of decay or by one mode to many 

energy states. The latter are usually accompanied by 

several 7 ray transitions. The decay scheme is important 

in radioactivity measurement since it relates the amount 

of radiation of a given kind and energy to the actual 

number of disintegrations of the particular radionuclide. 

The decay schemes for 440-85c, 75M-8Ge, il2m-gty) 

and 197™-8pt are illustrated in figures 4.1 and 4.2. 

4.2.1 Decay scheme for 44m-g5¢(25,26) 

The (n,2n) reaction on 45Sc leads to two isomeric 

states of 4450, the 2°44 day metastable state of 44msq 

is 0°271 MeV above the 3°92 hour 4488c. 44MSe decays to 
44956 by an isomeric transition, IT, in 98°6% of 

disintegrations and electron capture, EC, to 44¢— accounts 

for the remaining 1°4% of the disintegrations. 

4485, decays by both positron emission, 94% of the 

disintegrations, and EC, 5°9% of the disintegrations, of 

which 0°9% result in the 2°66 MeV and 5% result in the 

1°156 MeV excited state of “4ca. Thus for each 100 

disintegrations of 4483c there would be available for
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measurement 94 positrons, 188 annihilation photos of 

O°511 MeV, O°9 FT rays of 1°5 MeV, and 5 gamma rays of 

1°156 Mev. 

4468 is most easily measured by observing the 

O°511 MeV annihilation photons. 

4.2.2 Decay scheme for 75M-8Ge (29,30) 

The (n,2n) reaction of 76Ge leads to two isomeric 

states of 75Ge, the 48 s metastable state of 75MGe is 

0°139 MeV above the 82 m 758Ge. For practical purposes 

the 48 s activity could be measured by the isomeric 

transition, IT, gamma rays of 0°139 MeV being released 

as 75Mge decays to 758ce. 

The decay scheme for 82 m 758Ge shows five beta 
decay branches, four resulting in excited states and the 

fifth in the ground state of the product nuclide, 754s. 

Since each of the excited states decays to the one below 

it, each 100 disintegrations or 758Ge would yield, in 

addition to the beta particles 0°4 gamma ray with 

B, = 0°151 Mev, o-7 7 ray with E, = 0°212 MeV, and 

11°7 T ray with B= 0°265 Mev. 758Ge could be measured 

by observing the 0°265 MeV gamma ray. 

4.2.3 112m-g1, decay scheme (31,32) 

The (n,2n) reaction of 113tp leads to two isameric 

states of 112t), the 20°7 m metastable state or 112mqy 

is 0°156 MeV above the 14 m 112gmn. 112mty decays to 

112gIn by an ITT ray of 0°156 Mev. 

The decay scheme of 112gIn shows that it decays by 

three modes, electron capture and positron emission to 

11264 with four branches totalling 56%, and beta emission,
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one branch of 44%, to the ground state of 1125n. Each 

100 disintegrations would yield 44 gamma rays of 0°511 

MeV and 7°2 of 0°617 MeV. The isotope could be measured 

by observing the 0°511 photons or the three beta branches 

by a beta counter. 

4.2.4 197M-Spt decay scheme (35,34) 

The (n,2n) reaction of 198Pt leads to two isomeric 

states of 197p4, the 80 m metastable state 197mp¢ is 

0°599 MeV above the 18 h 197sp4, 197mpt decays by IT, 

97%, to 1978Pt ana p- 3% to 1974u. For practical 

purposes the 80 m activity could be measured by the 

isomeric transi tion gamma ray of 0°546 MeV released as 

197mpt decays to 197gpt, 

The decay scheme for 18 h 1978Pt shows two beta 

decay branches resulting in excited states of the 

product nuclide, 197 ay, Each 100 disintegrations of 

197pt would yield in addition to the 10 and 90 beta 

particles 107 rays with energies 0°19 MeV and 100 

v rays with energy 0°077 MeV. 197 gp could be measured 

by observing the 0°19 MeV because 77 KeV near X-rays. 

4.3 Isomeric states investigated 

4.3.1 The 453e(n,2n)44™-8Se reaction 

Samples of a few grams of scandium oxide (Analar, 

natural scandium is 100% 45sc) in powder form was 

irradiated for three hours. Hach sample was in a 

Plastic container of 8mm diameter and placed 3°9 cm 

from the tritium target. In this arrangement, for 

instance, the energy spread of the inci ent neutrons 

was + O°l MeV if the sample was at 90° to the incident
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beam. A typical spectrum immediately after irradiation 

is shown in fig. 4.3. The spectrum was studied and there 

was a little interference due to the reaction 458e(n,a)42K 

which results in a peak in the 448¢ spectrum at 1°5 MeV. 

Samples were irradiated at angles 0°, 90° and 

155° to the incident beam. The energies of the neutrons 

at these angles were 15°37 + 0°01, 14°14 + 0.1 ana 

13°12 + 0°04 Mev. after irradiation the activity of 

O°511 MeV annihilation photons line was followed, using 

the 3° x 8" NaI(T1) detector, the interference due to 
42x was subtracted from the photopeak under investigation. 

For background subtraction a base line extrapolated 

between the channels adjacent to the peak is estimated, 

fig. 4.3. 

The time behaviour of the decay of 4488¢ which was 

produced directly by the (n,2n) reaction and from the 

decay of *4Mgc wag plotted on semi-logarithmic paper, a 

typical example is shown in fig. 4.4. Corresponding to 

large values of time near the end of the curve one found 

the experimental points to be on a straight line. A 

straight line passing through these points and extended 

to t=O was shown. Since the ground state has the shorter 

half-life, this straight line represented the decay of 

the isomeric state. The slope of the line gave the decay 

constant Ant from the decay constant the hslf-life of 

the isomeric state was determined, it was 58 h. From the 

experimental points the activity of the 58 h half-life 

represented by the straight line explained above was 

subtracted. The result of the subtraction is another 

straight line with slope equal to rg corresponding to
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the ground state, the shorter half-life. Tyg was found 

to be 3°92 h. These two half-lives are very close to 

the accepted figures, which indicates no unexpected 

interference was present in the activity of 511 KeV 

line. 

For calculation of the isomeric cross-section 

ratio the time behaviour of the net activity was then 

matched to the equation III.1.16 the ratio of the 

coefficients X' to Y' was determined using the computer 

programme, appendix 1. The half-lives used were those 

taken from the table of iso topes. (35) The standard 

deviation on the isomeric ratio was calculated ui ng 

a@ computer programme, appendix 2. 

The results for “4Sc are given in table II,l each 

isomeric ratio value is the average of at least two 

runs at each neutron energy. 

Results of the isomeric ratio as a function of 

neutron energy together with the values of other 

investigators are given in fig. 4.5. 

The results of this work are in good agreement 

‘with the work of Rayburn(36) | somewhat lower than the 

results of Eapen(15), higher than Kao(16) and the 

Karolyi(37) value, but far from Prasoa(12) value, and 

the measurements of Prestwood. (38) 

The present work should have good reliability 

because the results so obtained for the isomeric cross- 

section ratio are independent of several sensitive 

factors such as a photopeak detection efficiency, 7 ray 

intensity, and abo rption corrections. These factors 

invariably constitute the major portion of the uncertainty 

in the results of earlier experiments.
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Table II.1 

Neutron energy Number of runs Average value 
MeV of isomeric 

ratio 

13°12 + 0-04 2 0-68 + 0-04 

14°14 2 0-10 3 0-80 + 0-04 
15°87 = 0-01 2 0:84 + 0-07 

  

Results for the reaction *5se(n,on)44™-83¢
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4.3.2 11537 ( n,2n y1l2m-et, reaction 

A sample of a few grams of natural indium metal 

was irradiated for 15 minutes at a neutron energy of 

14°14 MeV, natural indium consists of 113), 4°23% 

and 1153, ) 95°77%. The sample was in a plastic 

container 8 mm in diameter and was Placed 2°4 cm from 

the tritium target, in this arrangement the energy 

spread of the incident neutrons was + 0°2 MeV. 

The sample was surrounded with Cd sheet during 

irradiation to greatly reduce a large interference 

arising from 115tn(n, 7 )116mIpn reaction. Measurements 

have been nade(59) of the flux of thermal neutrons near 

the target of the neutron generator. For a fast neutron 

output of 10? neutrons per second the measured thermal 

flux was 3°8 x 10* neutrons per em? per second. 

Applying these values to the arrangement used together’ 

with the cross-sections and the abundances for the 

thermal and fast reactions one would expect about five 

times as much activity from thermal, this is greatly 

reduced by using cadmium. The rapid transfer system 

was used to transfer the sample to the detector. 

As the 112% activity was rather low, the well 

detector was tried first, the spectrum is shown in 

fig. 4.6. To obtain much better resolution the activity 

of the sample was measured using the Ge(Li) detector in 

a second run. The spectrum obtained is shown in fig. 4.7. 

The peak at 0°511 MeV due to the annihilation of gt 

particles resulting from the decay of the ground state 

of 1127, is clearly visible. There is no other reaction 

product other than this which will give at particles.
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However, there was some interference from 116myp(7,,=54 m) 

which results in the peaks at 0°82, 1°09 and 1°29 MeV 

and interference from 115mIn at 0°32 MeV. 

For good accuracy it was better not to use the 

multiscale mode in following the decay of 0*511 MeV 

annihilation photons line but to follow the activity 

using the PHA mode, taking the reading immediately from 

the digital read-out on the analyzer every one minute. 

The count rates could then be corrected for the background 

due to 116mqzq gamma rays. 

The time behaviour of the decay of 1128In is 

shown in fig. 4.8. The isomeric ratio for 112In ana 

the standard deviation were calculated as described 

previously. The experiment was repeated at another two 

neutron energies 15°49 + 0°16 ana 14°92 * 0°16 Mev. 

The results are given in table II.2, each value of the 

isomeric ratio is the average of two measurements made 

at each neutron energy. 

The results of this work with the values of other 

authors are shown in fig. 4.9, the isomeric ratio 2 

= 4°97 at 14°7 MeV measured by Rotzer(40) as well as 

the value 4°16 obtained by Minetti and Pasquarei1i‘25) 

also at 14°7 MeV are consistent with this work. The 

present values differ considerably from the single 

measurement of 135°3 at a neutron energy 14°O MeV published 

by Curzio and Sonat) however since these authors 

appear to have obtained a value of 10°S m for Tyg this 

difference is not surprising. Some measurements by 

Decowski et ai(41) disagree with the present work, these 

workers calculated the two states separately and their 

errors are rather large.
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Neutron energy Number of Isomeric cross-— 
MeV experiments section ratio 

13°49 + 0°16 2 3°90 + 0°26 

14°14 + o-2 2 4°05 + 0-95 

14°92 + o-16 2 4:42 4 or4 

  

Results for the reaction 1151n(n,en)1121y
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4.3.3 198pt(n,en)197™-Spt reaction 

A sample of a few grams of natural platinum was 

bombarded for four hours in a similar arrangement to 

that described in the scandium measurements. Natural 

platinum consists of 190pt 0-013%, 192pt o-7e%, 194P4 
32°9%, 195pt 33-0¢, 196p_ 25-20% ana 1984 7-195. 

The sample was surrounded with cadmium. Without 

the cadmium sheet one would expect about 300 times more 

activity from the fast neutron reaction, 198Pt(n,2n)197P+, 

than from the thermal neutron reaction, 196Pt(n, 7 )197P+. 

This is small but not insignificant, therefore cadmium 

was used. 

A spectrum taken at the end of irradiation is 

shown in fig. 4.10. This spectrum shows a large peak 

at about 77 KeV. In addition to the .077 MeV gamma ray 

from the decay of 1978pt this peak contains: 

1) X-rays emitted with an energy of 0°074 MeV the 

characteristic radiation of 197au arising from internal 

conversion occurring after the 197gspt has emitted a p> 

particle. 

2) With isomeric transitions X-rays are emitted with 

energies characteristic of 197p+, 

3) 0°075 MeV y rays from 199Pt arising from the 

reaction 198pt(n, 7 )199pt. 

4) X-rays arising from the passage of 8 particles 

through Pt. 

There was a peak in the spectrum at about 350 Kev, 

this is due to 0°346 MeV 7 ray arising from the isomeric 

decay of 197p¢, but also contains a contribution from the 

0°328 MeV 7 ray arising from the decay of 194Ir and
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produced by the reaction 194pt(n,p)1941n. 

The intensity of the 0°19 MeV ray arising from 

ground state decay was very weak and it would be 

difficult to estimate with good accuracy. Thus the 

application of the method of measuring the isomeric 

cross-section ratio described in Chapter III of this 

thesis would be very difficult. It was decided therefore 

to attempt to estimate the isomeric cross-section ratio 

by applying the method of observing the decay of the 

isomeric and ground states respectively. 

Samples were irradiated for four hours at angles 

of 0, 30 and 90 degrees to the incident beam, the energies 

of the neutrons at these angles were 15°37 + 0°01, 

15°2 + 0°06 and 14°14 + 0°1 MeV respectively. 

The spectrum for 197Pt immediately after irradiation 

using the NaI(Tl) well detector is shown in fig. 4°11 and 

the area under the peak of the metastable state, 0°346 MeV, 

was calculated. This is proportional to the activity 

Ang Of the metastable state at any time, t, after 

irradiation, 

Ang = GN o™MtIg_q'T) IV.3.1 

the symbols used are explained in Chapter III. 

Equation IV.3.1 can be written in the form 

Amo = Am, e7*tts IV.3.2 

where An, is the activity of the isomeric state at the 

end of irradiation. Using the value of An, and equation 

IV.5.2, An was calculated. 

As the isomeric ratio for 197Pt was determined 

by comparing the relative intensities of two peaks at 

different energies, the area of the peak as recorded is
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not an absolute measure of the activity of the source 

since: 

2) The disintegrations that take place do not all 

result in the emission of ¥ ray at 346 KeV. According 

to the decay scheme, fig. 4.2, only 9735) of the 

total do this, the chance that the gamma ray in fact 

will. be emitted is denoted by the factor a. 

2) Internal conversion is responsible for the fact 

that all the Tray arising from decay do not apvear as 

such in the count rate from platinum. The coefficient a 

is employed to denote the quotient of the number of 

conversion electrons emitted, by the actual number of 

J ray emitted by a nuclide. When internal conversion 

takes place electrons in all the shells are involved, so 

that the coefficient a is the sum of a, a and so on. L’ 

With the aid of a the correction factor is determined 

that will indicate which part of the original gamma ray 

is left over 

Cee ont 
1+a 

(33) _ + a = 3°97 0:4 ana K/L ise tog k 

Internal conversion at low energies is of high consequence, 

the estimated error was about + 10%. 

3) The symbol > is employed to denote the detection 

efficiency which is governed by the following conditions: 

Be The geometry of the combination of detector 

and source. 

De The energy of the T ray. 

Ce The type of scintillator used. 

The factor > represents the ratio of the number of 

pulses in the output signal from the detector to the
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number of ¥ rays emitted by the source. % was tabulated 

by Synder(42) for various sizes of crystals available 

including the size used for various U ray energies. 

4) The peak was produced not only by Y rays which 

transfer their energy by direct absorption as a result 

of photoelectric effect. Also involved are v rays 

which are absorbed by the crystal by way of a sequence 

of events such as Compton scattering followed by 

absorption of the scattered quantum by photoelectric 

effect. The ratio of the number of pulses actually 

responsible for the peak, to the total number of pulses 

recorded is known as peak-to-total ratio p, it was taken 

from Synder(43) with + 3% error. 

5) It now remains only to determine the amount or 

absorption of the rays before they reach the crystal. 

For source emits more than one energy and is also of 

thickness X, the different energies will be absorbed by 

different amounts within the source itself, so that the 

fraction of photons of certain energy will depend on the 

thickness of the source. Correction for this, f can 3? 

be made with the following formula 

e 1- e'% 
ux 

which gives the ratio of the number of photons of any 

one energy emitted from the end of the source to those 

which would be emitted if there were no self absorption. 

u is the linear absorption coefficient in em™' if x is 

in cm. The coefficient used in the calculation of fs 

was taken fron Evans(44), 

The activity A of a reaction product, present at
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any time, resulting in a count rate A’ in one of its 

characteristic T photopeaks, is calculated using the 

relation 

A = A'/ac?Pf, IV.3.3 

The counting error was + 1°4%. 

The spectrum at about 18 hours after irradiation 

is shown in fig. 4.1#}the peak at 0°35 MeV was due to 

1947, which has a 19 hour half-life. From this the 

value of 4,, was corrected for the activity of 194Ip at 

the end of irradiation. The area under the peak of the 

ground state, 0°19 MeV, was calculated » the Compton 

background being subtracted: this area is proportional 

to the activity of the ground state, Ag, a 

Age at any time, t,, after irradiation, is given by 

agg oe hy, Oe a, ete oe *8t2) ty.3.4 

Ag, is the activity of the ground state at the end of 

irradiation. Using equation IV.3.4, the values of A 

and An, Ag. can be calculated. Similar corrections to 

these described before have to be applied to Ag, and the 

isomeric ratio can be calculated using the equation 

Ss a Q- eat) 

Ag, (i) (10787) + sak [er - eat |.& 

IV.3.5 

Results of the isomeric cross-section ratio for 

19754 are shown in table II.3, with other workers in 

figs 4.1e¢ 

The isomeric ratios measured were based on different 

conversion coefficients for the 192 KeV transition so the 

reported isomeric ratio values differed from one another 

due to the high uncertainty of this factor.



ne 
to
-   C

O
U
N
T
S
 

IN
 

60
 

M 

  

  

  
  lo 20 3o Ao 5S 

CHANNEL NUMBER 
‘. 497 

Fig (4,11) y-ray spectra of Pt



RA
TI
O 

| S
O
M
E
R
I
C
 

  
  

14 15 
NEUTRON ENERGY MEV 

Fig (4.12) isomeric cross section ratio of 
98. 197 
Pt(n,2n)Pt .present work,oref (45) ,aref (7), 

4 ref (8), .ref (9)



Table II.3 

  

Neutron energy 
MeV 

Isomeric ratio 
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15°37 (+
 

0°01 

0°68 
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76, 75m. 
IV.3.4 Ge(n,2n Sce reaction 

Natural germanium consists of 7Ge 20°55%, 72Ge 

27-37%, ae 7-67%. T4ce 36-74% ana 78ce 7°67%. A 
sample of natural germanium oxide in powder form, 

enclosed in a plastic tube, was used in the first 

experiment carried out on germanium. The sample was 

surrounded with cadmium sheet during irradiation to avoid 

as far as possible the production of 75™-8Ge by the 

74Ge(n, y Ge reaction produced by thermal neutrons. 

Even without the cadmium sheet one would expect about 

90 times more 75Ge activity from the fast neutron 

reaction than from the thermal. The rapid transfer 

system was adapted to transfer the sample to the Nal(T1) 

detector. The spectrum observed in the display for this 

sample is shown in fig. 4.13. The strong 511 KeV gamma 

rey shown may be attributed to 150 (half-life 124s) 
produced by the (n,2n) reaction on 160. 

To avoid the production of 150 from 160 germanium 

metal was used in the second experiment, the spectrum 

obtained is shown in fig. 4.14, the peak at 0°265 MeV 

due to the T ray resulting from the decay of the ground 

state of 75Ge is seen. However there was a little 

interference from 7” Ge, (11.3 h) which results in the 
peaks at 0°43, 0°56, 0°63. 0°73 and 0°8 MeV. 

Because 75MGe has a short half-life the multiscale 

mode was used, the channel width and the base line were 

adjusted to include the photopeak, the adjustment was 

done by using standard sources of known T ray energy. 

Another experiment was carried on Ge with an 

irradiation time of 5 minutes, the 0°265 MeV T ray
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was followed on the multiscale mode with a dwell time 

of 10 s using the well detector. The decay curve is 

shown in fig. 4.15. 

It will be seen that although on the original 

spectrum there is clearly activity due to both the 

ground state and the isomeric state, the decay of the 

0°265 MeV T rays from the ground state does not depart 

significantly from that expected from a simple decay 

with the half-life of the ground state. This is 

because the large difference in half-lives of the 

isomeric and ground states means that the decay of 

the upper state does not contribute significantly to 

the ground state activity. This could be avoided with 

very short irradiation but the overall count rates would 

then be low. 

This shows that the method of following the ground 

state decay is not ideally suited to situations where 

the ground state half-life is much longer than that of 

the upper state. Study of 75Ge was therefore discontinued.
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CHAPTER V 

THE THEORETICAL CALCULATION OF ISOMERIC 

CROSS-SECTION RATIOS 

The formation of isomeric nuclei requires the use 

of nuclear reactions and in order to analyse these 

reactions some theory is required. 

Vel Statistics and nuclear reactions 

There are two models for the nuclear reactions, the 

direct interaction model and the compound nucleus model. 

In the direct interaction model the incident particle 

interacts with a nucleon and not with the target nucleus 

as a whole. In the compound nucleus model, instead of 

the immediate emission of a particle after the initial 

interaction of the projectile, both the projectile and 

the particle can remain inside the nucleus, giving rise 

to new interactions, and the projectile energy is 

gradually shared with the target nucleus as a whole. 

When finally the energy, momentum and angular momentum 

only characterize the system and the memory of the mode 

of initial formation has been lost we are dealing with 

the compound nucleus of Bonr(46) | A classical system 

exhibiting an analogy to the compound nucleus is a heated 

liquid drop from which particles evaporate. In this case 

the emission is governed by the statistical characteristics 

of the system, the temperature which determines the shape 

of the energy spectrum and the average energy of emission. 

At 14 MeV it is unclear which of these two models is the 

better, however the compound nucleus approach seems to 

work well. In particular it may be appropriate for
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(n,2n) reactions, and it will be used in this chapter. 

vV.2 Formation cross-section for compound nucleus 

The probability of formation of the compound nucleus 

depends on the ease with which the projectile can enter 

the target nucleus, this involves the charge, energy of 

the projectile and the height of the potential barrier 

of the target nucleus. These factors are included in a 

function T,(E) called the barrier penetration coefficient. 

When the projectile has entered the nucleus, the 

distribution of angular momentum in the resulting compound 

nucleus will be governed by the spin of the target nucleus, 

the angular momentum of the projectile, and the 

multiplicity giving the total number of channels available 

in the compound nucleus. Vandenbosch and Euizenger(47) 

give an equation for the distribution of angular momentum 

in the compound nucleus and this is produced below: 

ws JS 

Ok) = TN OTH) Tes 
(2841) (21+!) V.2.1 

Sait-sl t=] Je-S] 
In equation V.2.1 J, is the angular momentum in the 

compound nucleus, E is the excitation energy, A is the 

de Broglic wave length of the incoming particle divided 

by 27, I is the spin of the target nucleus, s is the 

spin of the projectile and S is the combination of I and 

s called the channel spin. 

V.3 The decay of the compound nucleus 

The general expression ‘4®) for the cross-section 

leading to emission of particle X is given by
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Oe, X) = F V.3.1 (a,X) Oc ES} 

where 0: is the cross-section for the formation of a 

compound nucleus, F(x) is proportional to the sum of 

the partial widths for the emission of particle X, summed 

over all possible final states of the residual nucleus, 

and = Fi is summed overall modes of disintegration of 

the compound nucleus. 

The relative probability ee Je of a compound 

nucleus with spin Jo emitting a particle leading to a 

final state of spin Jp will depend on the density of 

levels with spin Jp and on the angular momentum taken 

by the particle. 

If the probability of de-excitation by a particle 

of orbital angular momentum (¢ ig taken (47) to be 

Proportional to its transmission coefficient, then 

J+s GAS 

Be x Pde) Te) V.3.2 

S=ld-s} @-15,-S! 
where T, (8) is the barrier transmission coefficient which 

refers to the emission of a particle from the compound 

nucleus, and (ae) is the density of levels with spin 

Je which is predicted theoreticaliy (49750) to be of the 

form 

Poae)= Po) (2tg+1) exp [ (apts)? er? ] V3.5 
In equation V.3.3 @ is the spin ceut-orr(51) parameter 

characterizing the distribution function, and Po) is 

the density of levels with spin zero which is taken to 

pe(52) _ Ea 
e » where E is the excitation of the final 

nucleus, and a is a parameter given by Blatt and
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Weisskopr(48) which changes with the mass number of the 

final nucleus. 

V.4 Calculation of the isomeric cross-section ratio 

Using the method developed by Vandenbosch and 

Huizenga(47) it is possible to calculate the isomeric 

cross-section ratio, the calculation can be carried out 

in the following steps. 

First the cross-section O(5Q) for forming a 

compound nucleus with spin J, by absorption of a neutron 

of energy EB is given by equation V.2.1. The total cross- 

section Sepa for the compound nucleus formation is then 

obtained by summation over the available oe values. 

The spin of the projectile s and target nucleus I 

can be taken from the table of isotopes, X can be 

calculated from the relation = 4 where p is the 

momentum of the neutron and 4 is the Planck's constant 

divided by 27. 1,(H), the barrier penetration coefficient, 

for the neutron can be taken from the calculations of 

Feld et a1.(53) 

Next we must consider the decay of the compound 

nucleus by emission of two neutrons. It has been assumea(52) 

that the (n,2n) reaction cross-section is given by 

© (n,2n)= G4 2(en V.4.1 
SPs 

where P(2n) is proportional to the probability of 

evaporating two neutrons from the compound nucleus, 

P(X) is the probability of evaporating any particle X, 

and Si P(x) is the total probability of decay of the 

compound nucleus, in (n,2n) reactions the competing 

reactions could be (n,n), (n,p) and (n,a).
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Vandenbosch and Huizenga(47) give the cross- 

section for forming a spin state Tp in the final nucleus, 

P(p), as 

Jas 41S 

- 2 Pa Oe) Roy (ageeh) exp (-(3,44 9/264] Te 

S18} FFF SI 

where T,(#) is now the barrier penetration coefficient 

for a particle X leaving the compound nucleus with 

excitation energy E, and s is the spin of the emitted 

particle x. 

The total probability of forming a given final 

nucleus is found by summing over all the available Te 

states. 

The calculation for the cross-section with respect 

to the angular momentum in the final nucleus can be 

carried out for different values of the parameter @ . 

It was assumed that the energy available to the 

particle to be evaporated is the excitation energy of 

the compound nucleus less the binding energy of the 

particle concerned. This will give the maximum energy 

available and only a few of the evaporated particles will 

receive this amount. In order to allow for this it was 

assumed that the distribution of energies available to 

all the evaporated particles was maxwellian and the 

average energy between zero and the maximum energy 

available was taken to be the most probable energy at 

the disposal of the evaporated particle. It is 

necessary to decide which of the two isomeric states 

the final angular momentum distribution will populate. 

To do this it is necessary to make some assumptions and
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it has been assumed that the de-excitation of the final 

nucleus takes place by a gamma ray cascade and that 

dipole transitions are the most probable. 

Consider the two isomeric levels with spin quantum 

numbers as shown in fig. V.1. State A will be populated 

directly by the angular momentum states, 0, 1, and 2: 

similarly state B will be populated by 5, 6, and 7. The 

contribution from the angular momentum states 3 and 4 is 

assumed to be shared by both A and B. 

The population of the states is taken to be 

directly proportional to the Pommet ion cross-section. 

Hence by means of the considerations given above the 

populations of the two levels can be found if the isomeric 

spin states were mown. It is then assumed that the 

ratio of the populations give the isomeric cross-section 

ratios. To obtain the best fit of the calculated cross- 

section ratio to the measured ones the value © should be 

varied, this allows an estimate to the spin cut-off 

parameter o@ to be obtained. 

  

  
hq Vet Population of Spin States
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CHAPTER VI 

CONCLUSIONS 

The method used in this work for measuring the 

isomeric cross-section ratio takes advantage of the 

fact that members of an isomeric pair are genetically 

related in that the ground state is populated both 

directly by the (n,2n) reaction and by isomeric transition 

from the metastable state. Applying the method of least 

squares to the time behaviour of the decay of the ground 

state the isomeric cross-section ratio was determined. 

The results so obtained are independent of several 

sensitive factors such as photopeak detection efficiency, 

exact knowledge of the decay scheme of the ground state, 

absorption corrections and sample uniformity. These 

factors invariably constitute the major portion of 

uncertainty in the results of earlier experiments. 

Therefore the present work should have good 

reliability. 

For very short half-lives the rapid transfer system 

was used to transfer the sample in a few seconds to the 

detector. 

For the isomers pairs under consideration, two 

possible situations appear in regard to their decay 

schemes. The first type is that in which the metastable 

state is longer lived than the ground state, the scandium 

and indium isomeric pairs are of this type. The 

remaining isomeric pairs germanium and platinum are 

of the second type in which the metastable state is 

shorter lived than the ground state.
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This method does work and give good results with 

the necessary resolution and with the benefits of the 

present day sophistication of counting equipment. 

The following factors impose certain limits on 

the applicability of this method. 

1. The isomeric pairs must be genetically related 

in that the ground state is populated both by direct 

reaction and by isomeric transition from the metastable 

state. 

2. The half-lives must not be too different. 

3. The sample must be strong enough in the sense 

that the disintegration rate is high, so that if there 

is a very short-lived activity making it necessary to 

make several counts in a short time interval in order 

to follow the time behaviour of the decay. Then these 

counts should not have too high a statistical error. 

Using the Huizenga-Vandenbosch method, described 

in Chapter V, Section V.3, it is possible to calculate 

the isomeric cross-section ratio. Comparing the data 

obtained theoretically with the measured values, valuable 

information about the excited final nucleus arising from 

the nuclear reaction can be obtained, in particular a 

determination of the probable value of the spin cut-off 

parameter, o , and the moment of inertia of the nucleus 

deduced. 

Other fast neutron reactions to which the method 

might be applied are 198au(n,2n)197au, 1445m(n,on)143sm, 

82se(n,2n)8lse, and 191tr(n,2n)190Ip, The method is not 

of course restricted to fast neutron reactions, it could 

be applied to the measurement of isomeric cross-section 

ratios in any type of reaction.
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APPENDIX I 

Computer programme for calculting the isomeric ratio. 

Select print 015 

Dim U(50), R(50), A(50), B(50), C(50), D(50), B(50), 

F(50), G(50), H(50), I(50) 

Read M, N, T 

Data 0°002947, 0°00019727, 180 

A420: B20: C=0: D=0: E=0: EzOs8 C=O: 

H=0= 2 =0 

Print M, N, T 

A=0: B=0: C=0: D=0: H=0: F<=o0: G=0: 

Hoa Oe Lea 0 

For S=l to 30 

Read U(s), Rs) 

Data 20, 3866, .... 

Print U(s), Ris) 

A(s)=(M. (1-exp(-N.T)).(exp(-N.U¢s) )))/(M-N) 

B(s)=(N.(1-exp(-M.T) ).(exp(-M.Us) )))/(M-N) 
C(s)=(A(s) -B(s) ) 

D¢s)=((1-exp(-M.T)).(exp(-M.0(s)))) 
A s A+ A(s) 

B = B+ Bs) 

C =C + Cts) 

D = D+ Ds) 

Print C(s), Dis) 

E = E+ (Cts) t 2) 

= F + (G(s). Dis) ) 

G+ (Dis) t 2) i) 

F 

G 

H ty H + (C(s)-R(s) )
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APPENDIX I (contd) 

I = I + (D(s)-R(s)) 

Next S$ 

X = ((H.G) - (I.F))/((F.G) - (F42)) 

¥ = ((B.I) - (F.H))/((B.¢) - (Ft 2)) 

Print x,y 

Z = (x/y) 

Print Z 

Stop
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Second programme for calculating the standard 

deviation in the isameric cross-section ratio. 
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Select print 015 

Dim R(40), C(40), D(40), A(40), B(40), 2(40), 
F(40), G(40), H(40), I(40), 3(40) 

Read x, y, N 

Data ... 

A=0O: B=0: B=0: F=0: G=0: H<0: 

J=0 

Print. x,y, N 

A=0: B=0: B=0: F=0: G=0: H=0: 

J=0 

Fors =1 to 37 

Read Ris), Cis), Drs) 

Data ... 

A(s) = (x. C(s)) 

Bis) = (y- Dis)) 

E(s) = (Acs) + Bs) ) 

F(s) =(R(s) - E(s)) 

A A+ Acs) hh 

= B+ Bis) 

+ E(s) 

+ F(s) 

(F(s) t 2) 

(Cs) t 2) a 
Q 

yy
 

AB 
Ww 

(a
rt
e 

a 
Q 

yy
 

ww
 

+ 
+
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APPENDIX II (conta) 

I = I+ (Cis)-Dis)) 

JT = J + (Dis) * 2) 

Next S$ 

K = sqa((G.J)/(N.((H-J) - (It2)))) 

L = sq((8-G)/(N.((H.J) - (I42)))) 

Print k, L 

Z = ((k/x) + (L/y)) 

Print Z 

Stop 
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