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A B S T R A C T 

The problems associated with multi-standard techniques in 

Neutron Activation Analysis are all very familiar. Preparation of 

standards is a source of errors and is time consuming. A new 

technique in Instrumental Neutron Activation Analysis has been developed 

which eliminates the need to prepare standards. Its application 

requires the knowledge of flux parameters in the reactor irradiation 

facility, nuclear data of reactions of interest and absolute photo-

peak efficiency of the counting system. 

The techniques used to obtain accurate values of the compound 

nuclear constants k^ are discussed. Particular attention is paid to 

the method of analysis of data used to obtain the best estimates of 

measured values and to the neutron flux characterisation both of which 

are crucial to the technique. Whereas previous authors have determined 

these constants from foils, it was thought worthwhile to demonstrate 

that they can be determined from the activation of a multi-element 

material of known composition. When a complex sample is irradiated 

in the reactor spectrum, interfering reactions come into play and 

neutron flux perturbations cannot be neglected. 
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The preparation of the multi-element material was by pooling 

together Johnson Matthey ultra-pure solutions, k^ values for twenty-

five gamma-ray lines have been determined which were then used for the 

analysis of NBS reference materials, coal samples from Zambia and 

rainwater samples collected at Silwood Park. Appropriate 

corrections for random pulse losses and dead time of the ADC, the 

possible shift of the efficiency curve when a bulk sample is analysed 

and absorption losses due to sample holders have been applied. 
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CHAPTER ONE 

INTRODUCTION 

1.1 NEUTRON SOURCES 

Neutron sources are of various kinds whose choice depend on 

the type of neutron reaction desired. Among these the nuclear reactor 

has the widest applications owing to the large flux of thermal neutrons 

it produces. Neutron fluxes of the order of 1012n/cm2s or even higher 

can be produced by most research reactors with a neutron energy dis-

tribution ranging from thermal to a few MeV. However, the high cost 

involved in running reactors has made them an almost exclusive property 

of the industrialised countries. 

Less costly neutron sources include high and low energy charged 

particle accelerators, spontaneous fission and isotopic sources. Neutron 

production by the high-energy charged, particles e.g. Van de Graaf 

and cyclotron is through the acceleration of a beam of deuterons or 

protons onto a target material as shown in the reactions below: 

3H(d,n)4He (Q = 17.6 MeV) 

7Li(p,n)7Be (ET =1.88 MeV) 

Deuteron generators are quite popular because the resulting neutron flux 

is both monoenergetic and is nearly isotropic. With a high yield of 

neutrons having an average energy of 14 MeV, the deuteron generator is 

useful for threshold reactions which have the advantage of being free 
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from (n,y) type interference. The (p,n) reaction on the other hand 

can be used to produce a neutron beam of variable energy simply by 

altering the energy of incident protons. 

Among the low energy particle accelerators is the betatron 

and linac in which an electron beam is stopped in a high Z material 

to produce bremsstrahlung and subsequent (y,n) reactions in the target. 

An example.of the .low threshold energy.reaction often employed is one in 

which berylium is used as target, thus 

9Be(y,n)8Be (E = 1.66 MeV) 

However, the resulting neutron spectrum is polyenergetic and of low 

yield. Still bottom on the price list are the isotopic sources which 

come in small sizes. They too produce neutrons through threshold 

reactions, the difference being that the bombarding gammas or alphas 

are produced by the decay of a radioisotope which is embedded in the 
• 9 LI 1 O 9 C 

target material. The alpha emitting sources include iAm and ^ D R a 

while 121+Sb and lyoLa .are examples of sources which emit gammas. 

Recently, the use of artificially produced transuranium sources 

have proved popular especially in the Third World countries. A notable 

source in this category is the spontaneous fission source, Californium 

(252Cf) whose properties are ideal for small laboratory needs. 
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1.2 NUCLEAR RADIATION AND ITS INTERACTION WITH MATTER 

Emission of nuclear radiation by radioisotopes forms the basis 

by which they are detected. There are three major radiations normally 

encountered following activation of samples. These are gammas, betas 

and alphas. Of importance to neutron activation analysis is gamma 

radiation because of its properties as will be pointed out in the 

next paragraph. Beta radiation may be used in 3~y coincidence systems 

e.g. in selective radio-activation BORG (1) or in 4ir3-y systems for 

work on gamma emission probabilities. As regards alpha radiation only 

a few reactor produced radioisotopes are alpha emitters and as such 

will not be discussed further. 

An excited nucleus often loses its excess energy through gamma 

emission, the emitted radiation being equal to the energy of transition 

between the respective states. Sometimes the energy is internally 

converted and supplied to the extra-nuclear electrons. Subsequent 

ejection of the inner-electron leaves a vacancy which is filled by 

a higher electron to produce either characteristic X-radiation 

or Auger electrons. All these events are transitory and happen over 

a short time. However, in a few cases the transition may lead to 

another excited state of long enough duration to be considered as an 

independent state. When this happens a metastable or isomeric state 

is formed. 

Gamma rays may interact with matter in one of the three ways. 

The energy of an incident photon is completely transferred to the bound 

electron in the target atom in the process known as photoelectric 

effect. This mode of absorption predominates at low gamma energies 
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and increases with increase in the atomic number of the absorber. At 

energies between ^ 0.5 to ^ 1 MeV Compton scattering predominates. 

This is a process in which the incident photon loses a fraction of its 

energy to the recoil electron, being scattered with the rest. Only 

unbound electrons are involved and therefore the absorption coefficient 

is independent of the absorber because all elements nearly have the 

same electron density. At even higher photon energy greater than 

1.02 MeV (2ii1QC2) absorption can be by pair production. On passing 

close to the nuclear field of the absorbing atom, the photon is con-

verted into a positron and an electron. Because of its mass the 

electron dissipates all its energy almost instantly. On the other 

hand the positron, when it comes to rest, annihilates with another 

electron producing two photons of 511 keV which are emitted at 180° 

apart. 

Gamma emission may often lead to a product which is unstable 

to beta-decay, which is necessary to achieve the proton-neutron balance 

required for stability. Beta decay is of three types always accompanied 

by neutrinos. In a nucleus with an excess of neutrons, beta decay is 

generally expressed as 

1 1 0 
n p + g + v 
0 +l "i 

in which a neutron is converted into a proton giving off a beta particle 

and an anti-neutrino. For a nucleus rich in protons the mode of decay 

is by positron emission with the rest of the energy of transition being 

carried by the neutrino, thus 
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1 1 0 
p n + 3 + v 

+ 1 0 +1 

Positron emission requires a mass difference of at least 2IDQC between 

the parent and daughter atoms. In competition with positron-decay 

is electron capture in which an inner electron is captured by the 

nucleus thereby converting a proton to a neutron as before. Hence 

1 0 1 
p + e n + v 

+ 1 "I 0 

Unlike the discrete spectrum of gamma-rays, the beta spectrum shows a 

continuous energy distribution which makes it difficult to apply in 

analysis. 

1.3 NUCLEAR DETECTION AND ASSOCIATED ELECTRONICS 

The detection of nuclear radiation plays an important role in 

various fields of applied physics. These include Neutron Activation 

Analysis, health physics and research studies of radiation shielding 

pertaining to reactor design. Because nuclear radiation is invisible, 

its detection is by observing indirectly the effects of its interaction 

with matter. Some of the radiation detectors employed for this purpose 

are gas and solid state detectors. Although gas detectors remain an 

important component of the counting systems in most laboratories, they 

have been surpassed in usefulness by solid state detectors. This is 

because solid state detectors have a higher radiation stopping power. 

Additionally, the excellent numbers of charge carriers produced in solid 

state detectors have the effect to improve energy resolution. 
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1.3.1 SOLID STATE DETECTORS 

There are two types of solid state detectors often used. These 

are scintillation and semiconductor detectors. A good solid state 

detector must satisfy three basic conditions. The crystal material 

must be of exceptional quality so that impurities which would other-

wise form defect centres where free carriers could be trapped are 

minimised. Intrinsic conduction due to thermal agitation must be 

reduced too if optimum performance is to be guaranteed even at room 

temperature. Thirdly, complete collection of all charge carriers 

created must be possible independent of their initial location in 

the crystal. 

The most widely used scintillation detector is Sodium Iodide 

(thallium activated) crystal. Thallium cancels out the effects of 

the impurity conduction while at the same time enhancing the escape 

probability of light emissions from the crystal. Following absorption 

of radiation in the crystal, excited iodine atoms de-excite through 

the emission of ultra-violet radiation. These light pulses create 

secondary electron emissions upon falling onto the photo-cathode of 

the photomultiplier assembly. Successive dynodes then help to amplify 

this beam into a detectable pulse before it is passed onto the next 

processing stage. 

It is important to note that for every electon-hole pair 

created in the crystal 50 eV of absorbed energy is needed. Compared to 

gas ionisation detectors in which 30 eV of absorbed enery is required 

to produce ion-pairs, the scintillation detector is inferior despite 

its higher detection efficiency. Therefore the energy resolution is 



not good enough to permit analysis of complex spectra. Except for 

samples with major constituents, these detectors are rarely used in 

activation work. 

The high energy resolution required to analyse complex spectra 

can often be met by use of semiconductor detectors. In these detectors 

charge carriers are collected and counted directly. The crystal material 

can be considered as being made of three distinct regions. The valency 

band which is always filled with electrons, the forbidden gap in which 

no electrons can reside and the conduction band in which electrons are 

free to migrate under the influence of an applied field. Under these 

conditions a useful current only results when one of the valency electrons 

is elevated to the conduction band suffering no loss due to trapping or 

recombination. 

In practice semiconductor material contains impurity centres 

where electrons can take on energy values which fall in the forbidden 

gap of pure material. Impurities having energy levels that are initially 

filled near the bottom of the conduction band are known as donors and when 

in majority create N type material. On the other hand impurities which 

introduce energy levels which are initially vacant just above the top valency 

band are called acceptors, the resulting material being known as P type. 

The magnitude of either impurity can profoundly affect the con-

ductivity status of the crystal. In general only silicon and germanium 

crystals have been produced with the highest purity. Even then some 

impurities do remain. To reduce their effects, compensation is often 

carried out. For instance in surface barrier detectors, N type phosphor&uS 

is drifted into P type silicon. A reverse-biasing voltage is then 
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applied to create the depletion layer which acts as the detector 

region. Because of the size of the window ^0.1 to 1 ym and a 

depletion layer width of 1 mm maximum, these detectors are used 

only for detecting charged particles, e.g. alphas. A much wider 

depletion layer can be created for detection of gamma rays as is 

done in the manufacture of Ge(Li) semiconductor detectors. N type 

lithium is drifted into P type germanium and the depletion layer 

created as before. Since the absorption of gamma rays in matter 

is not as high as for charged particles, an allowance for increased 

sensitive volume can often be made without causing much loss. Sen-

sitive volumes of 40 cm3 - 80 cm3 are typical. However, the forbidden 

gaps in these crystals are so narrow (1.28 eV for silicon and 0.7 eV 

for germanium) that intrinsic conduction even at room temperature is 

intolerably high. To overcome this problem the detectors are always 

operated at liquid nitrogen temperature. 

Compared to scintillation detectors only 2 eV of absorbed 

radiation energy is needed to create an electron-hole pair. This 

has the effect of producing large numbers of charge carriers resulting 

in a large amplitude pulse. As such energy resolution is increased 

because the spread of pulse amplitudes around the mean is reduced. 

In most Ge(Li) systems used in practice the energy resolution, for 

the 1.332 MeV y-ray of 60Co is around 2 kev. Although at present these have 

inferior detection efficiency compared to scintillation detectors, 

it is hoped that future development of large volume detectors will 

improve the situation and make them comparable. 
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1.3.2 THE AMPLIFIER AND ADC 

Pulses leaving the semiconductor detector must be shaped to 

preserve vital information contained in them as they pass through 

various stages of the pulse height measuring system. The problem is 

complicated though for the amplifier has to cope with different count 

rate inputs. At high count rate for instance the amplifier baseline 

can shift causing distortion of photopeak shapes. Without baseline 

restoration circuits installed in modern amplifiers, the worsening 

of energy resolution due to this effect could not be corrected for. 

Another solution to this problem is that nowadays amplifiers are 

equipped with a variable time constant which can be adjusted for 

optimum results, e.g. choosing a high time constant improves energy 

resolution while a short one has the opposite effect. As a general 

rule a compromise is often sought between good statistics and energy 

resolution. 

Following the amplifier is the ADC whose job is to convert 

the analogue signals to digital form ideal for computer analysis. 

Most ADC's are based on the Wilkinson type converter in which the 

amplitude of the pulse is converted into equal time intervals by 

means of a clock pulse generator. The clock pulses are counted 

precisely by a coding scaler which stores them into their respective 

channels. To maximise the number of pulses, a clock pulse generator 

of high frequency is often used. The ADC used in this current work 

had a conversion rate of 80 MHz on all the conversion ranges. 
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The final stage in pulse processing is the data storage unit. 

This is made up of magnetic cores arranged in matrix form, e.g. 64 x 64 

matrix for 4096 channels. Upon receipt of an event the address scaler 

selects the right channel and brings its contents into the counter 

scaler. After updating, the new number is stored back into memory. 

During this time the input gate of the ADC is disabled to block other 

input pulses. Therefore the dead time of the ADC is a function of the 

channel location and memory cycle time. 

In general the dead time in a multi-channel analyser can be 

expressed as 

T . = a + Y + a. l I 

where a is the fixed time required by linearising circuits 

and low energy discrimination before pulse is admitted 

into the ADC 

y is the memory cycle time 

a. is the conversion dead time of channel i l 
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1.4 CORRECTION FOR DEAD-TIME AND PULSE PILE-UP LOSSES 

It is not often practicable to minimise pulse losses in 

gamma spectrometry by either increasing the source-to-detector 

distance or reducing the size of the irradiated sample. 

The effects of pulse losses on photopeak shape and area determination 

have been reported widely. There are essentially two causes of 

pulse losses. At low count rate the sole cause of pulse losses is 

due to the dead-time of the MCA which is the time it requires to pro-

cess an individual pulse. Effectively therefore a pulse arriving 

soon after the previous pulse has been received will be lost. This 

is true for a non-extending dead-time MCA in which the incoming -pulse 

is inhibited if the ADC is busy. The consequence of this-action is 

that no summation of pulses can take place in the ADC. 

The second cause of pulse losses is known as the random summing 

effect. When the count rate is high and the time of separation 

between pulses is similar to the time taken by the amplifier to 

shape a pulse, two or more pulses will add up and be counted as one. 

This kind of loss is rate dependent and increases with increase in 

count rate. True-coincidence summing on the other hand takes place 

when photons emitted in cascade are summed together. This occurs 

whenever photons from a single decay are separated by a time which is 

too short compared to the resolution of the detector. True-coincidence 

summing therefore is independent of count rate. 

In all non-extending dead-time MCAs and Wilkinson type in 

particular, a relationship between source activity and the number 

of pulses which accumulate in the memory can be derived and the 
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necessary correction for pulse losses determined. 

Assuming that no additional losses arise from amplifier overload, 

the count rate in a particular photopeak due to a gamma-ray index 

i is given by 

: . (t) = P . e . r . (t) F [R(t),E.,p p i mi yi yi si 1 l nj (1) 

where P . yi 

yi 
r . (t) si 

is the branching ratio for gamma i 

is the detector efficiency 

is the emission rate of gamma-ray i from source index s 

is an unknown function describing dead-time and pulse 

pile-up losses and depends on the total count rate, 

R(t), gamma-ray energy,E^, and the photopeak shape 

which is described by the parameters p^ p^ 

If N ^ is the number of pulses accumulated in the photopeak during the 

time t due to gamma-ray i, 

N . mi 

A 
rm 

r .(t) dt mi 

m 
= P . e . yi Y1 r . s i(t)F jR(t),E.,p. pn dt 

putting r . (t) = r . e \ 
SI SIO X - K t 
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r . ^mi 
sio = 

P . e • 
yi T 1 

- A. t f- . oX e i Fpl(t) ,E.,p. p i dt (2) 

where r . is the emission rate for gamma-ray i at t = o and t" is sio m 
the clock time. 

Equation (2) cannot be solved unless some information is available 
t 

about the function F. If F = — , which is the simplest dead-time t -m 
correction ignoring variations in dead-time during counting and ignoring 

pulse pile-up, equation (2) becomes 

X. N . 
r . 1 m i ^ (3) 
sio = • 

P . e . (1 - e "^iSa ) tm yi yi 
where t is the live time, m 

A detailed summary of current techniques used to correct for pulse 

losses can be found in the paper by HUYSMANS et al (2). Only a brief 

outline of important points will be given here. 

In relative techniques of analysis it is often assumed that systematic 

errors do cancel out. In practice this is not so since the strength of 

the sample and the standard can never be made equal. Quantification 

of pulse losses is therefore important in all activation analysis 

experiments. The current techniques are of two kinds. The 

analytical techniques similar to the method of SCHONFELD (3) are 

used when the dead-time per event is constant, but overall dead-time 

is count rate dependent. In this case 
N . mi r . sio r) t P . £ yi yi m - A. t e l (1 - x (t)) dt ( 4 ) 
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where x(t) is the fractional dead-time at time t 

and x(t) 

where T . 1 is the dead-time per event 

By plotting T versus time for a particular pulse spectrum, the correction 

factor for the gamma-ray of interest can be obtained. Application 

of equation (4) to short-lived activities has been verified 

by MILLER and GUINN (4). Two MCAs we're used with one of them as a 

multiscaler. Whenever a pulse is received by the first MCA, its 

busy signal is used to open the linear gate through which pulses 
-Prom 

•fojsm a 10MHz oscillator are made to pass. By choosing a suitable 

time on the multiscaler and by comparing the number of pulses 

accumulated per unit time to the frequency of the oscillator, a 

measure of dead-time can be made. The same approach was undertaken 

Ruark-Devol statistic gives a better fit to data for short-lived 

isotopes compared to Poisson, refer to table 1, The reason being 

that the pre-requisite for the Poisson distribution namely fewer 

decays compared to the number of radioactive atoms present does not 

hold when disintegrations of this nature are involved. However, 

dead-time correction techniques have been shown to fail at count 

rates above 10 cps when pulse pile-up become appreciable. 

When high activity is due to long-lived isotopes only, the 

pulser technique of ANDERS et al (7) can be used. This method makes 

the assumption that the pulses injected into the pre-amp will suffer 

the same fractional loss as the rest of the pulses in the spectrum. 

20 7m 

by EGAN (5) in the cyclic activation analysis of lead ( Pb,t5=0.8s) 
7 7m 

and selenium ( Se,t5=17.5s). SPYROU et al (6) have shown that the 
m 



TABLE 1. 1 

THE POISSON AND RUARK-DEVOL STATISTICAL DENSITY FUNCTIONS. 

Poisson Ruark-Devol 

Probability that n atoms disintegrate 
in interval ( 0,t ) 

(NAt)ne-NXt 
n ! (5<-xt-

, 1 ) V N X t 

expectation value for interval 
(t rt 2) Ne"AtlA(t2-t1) XT " X t T Ne 1 "l-e

_A<t2-,:l)] 

Variance for interval (t^^^) Ne"AtlA(t2-t1) •»•» -At, Ne 1 

N is the number of atoms present at time t = 0. 

1 is the binomial coefficient equal to , ^ • 
n.,(N " "> ! 
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By comparing the number of pulses injected into the pre-amp and those 

which are actually recorded by the MCA, a simple correction can be 

worked out. WYTTENBACH (8) has proposed a first order correction 

in which he assumes a constant dead-time. Modification to this 

method by [VERHEIJKE (9)] takes account of change in dead-time and 

calculates the correction factor for each spectrum analysed. The 

difficulty is that the pulser technique cannot be applied to a spec-

trum of variable shape. Even the elaborate technique of BOLOTIN et 

al (10) in which the injected pulses are a fraction of sample input 

rate fails to correct for all the lost pulses, because the pulser 

does not sample its own dead-time which it introduces. 

Modern trends in MCA design point to the fact that the method 

suggested by HARMS (11) will in future cope with losses due to 

spectrum changes. This is one in which pulses lost during the time 

the ADC is busy are automatically compensated for by means of an 

internal electronic sensor. From the above-mentioned references 

it is clear that a technique that is capable of correcting for pulse 

losses due to dead-time of the MCA and pulse pile-up in the amplifier 

all at once would be helpful. 

1.4.1 METHOD OF FIXED DEAD-TIME 

In the current work an empirical approach was undertaken. In 

order to simplify the problem a fixed dead-time per event was imposed on 

the MCA by means of a logic signal from the monostable unit as 

shown in figure 1.3. With the dead-time fixed, it was then necessary 

to determine the correction curve over the count rate of interest 
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and to prove that this curve is independent of the spectrum 

shape. 

In the determination of the correction curve four electronic 

devices deserve special mention. These are amplifier (0rtec 572), 

the ratemeter (0rtec 441), the ADC (ND570) and the monostable unit 

designed at ULRC. The circuit diagram of the amplifier and 

monostable are given in figure 1.1 and 1.2 respectively. The manual 

threshold discriminator on the amplifier can be adjusted to discriminate 

against pulses of a particular height. This means that when set in 

the threshold mode the CRM output consists of pulses with amplitudes 

above the threshold level. The CRM output was then used to drive, 

the ratemeter which was in turn connected to a chart recorder which 

provided a permanent record. 

The monostable is triggered whenever its input changes from high 

to low. This new state is then held for a time corresponding to 

its pulse width before resetting itself. Therefore the monostable 

output can be used as an on-and-off switch for a subsequent ele-

ctronic circuit, refer to figure 1.3. 

Before setting the equipment, it was decided first that only pulses 

falling between channels 100 and 3100 would be considered. This 

region was wide enough to accommodate all the pulse amplitudes 

emitted by samples studied in this work. To set this region a 

precision pulse generator was used. Firstly the amplitude of the 

generator pulses were adjusted to generate pulses into channel 100 

and the count rate reading on the ratemeter noted. Then the 

manual threshold level was adjusted until the previous reading was 

reduced to a half. This ensured that only pulses with amplitudes 
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FIG. 1.1 The block diagram for 572 Amplifier. 
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10 Turn Pot 

FIG. 1.2 The block diagram of Monostable Unit 



R.M - Ratemeter 
C.R - Chart - recorder 
AMP - Amplifier 
L.G - Linear Gate 
P.F - Flip-flop 
DET - Detection Stage 
CONV - Conversion Stage 
DIG - Digital Output 
MSU - Monostable Unit 

LLD - Lower Level Discriminator 
SIG - Input Signal 

R.M C.R 

CRM ADC 

SIG. j7f7jtl. L.G 

LLD^_ 

F I G . 1 . 3 The block diagram showing the ND570 and Monostable Unit 
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above the threshold setting would be counted in channel 100 and above. 

The lower level discriminator on the ADC (LLD) was then adjusted to 

cut off all pulses with smaller amplitudes than these. Similarly, 

the amplitude of the pulser pulses were increased until they 

accumulated in channel 3100. The time constant of the monostable 

unit . was then adjusted such that pulses falling into a channel 

slightly greater than 3100 would be fully converted before the 

monostable fell. Once again the (ULD) on the ADC was adjusted to 

chop-off the unwanted high amplitude pulses. The monostable output 

(normal) was then applied to the linear gate of the ADC input. Upon 

receiving the busy signal from the ADC, the monostable logic jignnl 

closes the input linear gate for 50ys. 

The correction curve required to cover count rates ranging 

from 103 to 105cps was then determined in the way described below. Such 

a range was needed because earlier irradiation trials with NBS reference 

materials and coal samples in general had indicated high activities around 

5xl04cps even when counted at 18cms. 

To prove that the counts accumulating in a particular photopeak in 

memory are independent of the spectrum shape, a weak sodium source 
22 
( Na) was counted first in the presence of a high activity cesium 

1 37 . . .
 6 0 

source ( Cs) and then a high activity cobalt source ( Co). The 

weak sodium source was placed in a fixed position and counted alone 

for five minutes. Then the count rate was increased by bringing in 

a high activity cesium source and cobalt source alternately, counting 

for five minutes in each case. 

If the hypothesis is correct, one would expect that the same number 

of pulses would accumulate in the 1275 KeV sodium photopeak irrespective 
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of the high activity source used as long as the total count rate is 

the same. 

Since the number of pulses falling in each photopeak are assumed to 

be normally distributed, the difference between the two photopeak 
22 60 22 137 

areas under the 1275 KeV photopeak i.e. ( Na + Cs) - ( Na + Cs) 

must be norpaally distributed too with mean zero. A plot showing 

this difference versus count rate is given in figure 1.4. The 

residual sums of squares correspond to chi-square value of 26.03 

for 11 degrees of freedom. However when the result at 5x10 cps is 

dropped, which is justified since there is no general trend in the 

graph , a value of 11.6 for 10 degrees of freedom is obtained. • 

This result confirms the hypothesis that there is no dependence of 

photopeak area on spectrum shape. Having established the consistency 

between the results, two sets of three values each were grouped 

together to produce a sample of six measurements for each count 

rate. The mean and the variance of each sample for the area under 

the 1275 KeV photopeak was then expressed as a ratio of the same 

photopeak when sodium was counted alone. The resulting correction 

curve is shown in figure 1.5. 

brackets of equation (2) the initial emission rate for gamma-ray 

i is given by 

3 

Dropping out the second and third terms in the square 

N mi r . sio 
P . . e . e V F[R(t)] dt (5) yi yi 

o 
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FIG. 1.4 The difference between the net area under the 1275 KeV 
photopeak of a weak sodium source in the presence of a 
high activity cobalt and a high activity cesium sources. 
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FIG. 1.5 The Correction Curve for Pulse Losses, F[R(t)] 
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The use of equation (5) is then made possible by first obtaining 

F[R(t)] from the correction curve. If on the other hand the decay 

curve changes rapidly, it is necessary to break the integral of 

equation 5 into sections small enough to make F[R(t)J constant. 
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CHAPTER TWO 

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 

2.1 REASON FOR DOING THIS WORK 

Since the first graphite pile was built in the late thirties, 

reactors have been of great service to man in more than one respect. 

The use of the reactor as an analytical tool was boosted following 

the advent of solid state detectors and the use of sophisticated computer 

reduction techniques. Notwithstanding these advances it must be mentioned 
CcU-ht imprec-ê l. 

that the accuracy in Neutron Activation Analysis hao lagged behind those 

of other analytical techniques. Ideally the best result from an activation 

experiment is that which is the direct solution of the activation equation. 

Until recently there remained objections to using the absolute technique 

or its various forms due to some inconsistency in nuclear data supplied 

by different establishments. It is the aim of this work therefore to 

extend previous work and to devise techniques to obtain accurate data 

for use in Neutron Activation Analaysis. Secondly, it is hoped that the 

standardisation of the technique will facilitate interlaboratory comparison 

of data which has been lacking in the past. 

As pointed out earlier modern trends in Neutron Activation 

Analysis have created conditions which make absolute activation attractive. 

There are computer programmes which are capable of accurate and complete 

reduction and interpretation of the spectral data. The SAMPO programme 

by ROUTTI and PRUSSIN (12) the IDENT-SAMPO Subroutine programme by 

CARDER et al. (13) and GAMANAL by' GUNNIK and NIDAY CL4> are but a few of 

the versatile programmes in use today. The NUCLEAR DATA 6600 Code used 



in this Work incorporates most of the package routines described in the 

above-mentioned programmes. 

In so far as nuclear data are concerned a great deal of convergence 

has taken place. Among the workers who have been involved in this field is 

HEFT (15)who has measured emission rates, thermal cross-sections Oq and 

resonance integrals I for 114 nuclides. This data together with flux o 
parameters in the irradiation facility is all that is needed to carry out 

absolute activation. SIMONITS et al. (16)have proposed a new technique 

which uses the compound nuclear constant k^ defined by equation 7 below. 

Since this technique has a lot of common features with the one to be 

described here, its detailed description will be given in Section 2.3. 

Recently, MOENS et al. (17) using the k Q values have managed to critically 

evaluate thermal and epithermal (n,y) cross-sections and gamma ray inten-

sities for four isotopes. Half-life data at least for isotopes of interest 

in Neutron Activation Analysis show little scatter except for short lived 

ones (T, < 2 minutes). Data on important gamma ray intensities as cited 
2 

by MARTIN (18) LEDERER and SHIRLEY (l|) and ERDTMANN and SOYKA (20) agree 

to within 1%, (BEREZNAI (21)). As regards absorption cross-section, the 

accuracy is better for thermal than resonance integrals. Present scatter 

in well known tabulations e.g. BNL 325 (22) and TABLE OF ISOTOPES (19)of 

these quantities is 5 to 10% for thermal and much higher for resonance 

integrals. There are two main causes for systematic errors in epithermal 

data. Firstly, the often assumed 1/E dependence of the epithermal energy 

distribution is valid only under certain very restricted conditions, not 
met within any real situation. Neutrons in the intermediate energy 

1 +a 
range show a 1/E distribution. Secondly, some laboratories tend 
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to ignore cover thickness when doing epithermal activation analysis. 

The cut-off energy is a function of cadmium or boron cover thickness 

thus neglecting it could be misleading. Absolute photopeak efficiencies 

can be determined to a reasonable accuracy between 1 and 3%. The 

important thing is to use standard gamma-ray sources whose activities 

are known to better than say 1%, define clearly the measuring con-

ditions and apply appropriate corrections as will be shown in Section 

3.4. 

Lastly, though the measurement of photopeak area is still a 

major problem in Neutron Activation Analysis a careful selection of 

photopeak fit functions augmented by appropriate corrections for pulse 

losses (i.e. losses due to dead time of the ADC and pulse-pile up in 

the amplifier) will reduce the error considerably. In the present work 

these corrections have been taken into consideration and applied 

rigorously. 

2.2 CURRENT TECHNIQUES 

Neutron Activation Analysis is a well established radioehcmical 
4 

technique. It is simple and specific, sensitivities at the ppm level 

for 75 elements (SIMONITS (23)), being possible in practical cases. 

Usually the analysis is done in two steps. The first step involves 

the preparation of the sample into a suitable form ideal for irradiation 

and counting. For good results it is important to ensure homogeneity 

in the sample and to avoid contamination. The sample is then activated 

by bombarding it with neutrons. When the irradiation is carried out in 

a thermal reactor, the majority of the nuclear reactions taking place 
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are of the (n,y) type. In this kind of reaction the neutron enters 

the nucleus of the target atom without suffering coulomb repulsive 

forces. The excess binding energy of the neutron is then released 

instantaneously via prompt gamma radiation leaving a compound nucleus 

which is usually unstable to beta decay often accompanied by delayed 

gamma radiation. The second step therefore deals with the measurement 

of this gamma radiation with a well calibrated spectrometer. 

There are three basic techniques in Neutron Activation Analysis, 

the relative, the absolute and the comparator. In the relative tech-

nique which is currently the favourite each sample is irradiated simul-

taneously with one or more standards containing all elements of interest. 

Similar irradiation and counting conditions are assumed. Elemental 

masses are then obtained from a comparison of their activity ratios. 

This technique has been used widely mainly because of the large flux 

variations in early reactors. However, even with modern reactors which 

are fairly stable, this technique is plagued by problems. Firstly, 

prior information about the sample is required before analysis can be 

attempted. This is time consuming and a peak could appear in the sample 

for which there is no standard. It is also difficult to maintain 

standards of precisely known concentrations over a long period as will 

be pointed out in Section 3.6. Moreover, the standards take up an 

appreciable space in the irradiation capsule thus limiting the number 

of samples which can be irradiated at any time. Worse still is the 

difficulty to match the concentration of the sample and the standard 

in order that random pulse losses may cancel out. Overall, an accuracy 

of 10-15% in mass concentration for most elements is possible. 
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The absolute technique was first used by CLARK (2 4) and BOYD 

(2.5). In this technique the mass of the element of interest is cal-

culated from first principles i.e. the solution of the activation 

equation, thus 

NM mass m = -—r— — - — = — — _ (6) N P 0 e fa L $ , + I (a) <J> 1 SDC t — " - th th o TeJ av y y [ th th o ej m 

where N is the net area of the photopeak corrected for dead time 

and pulse pile up losses 

M is the atomic weight (kgm/kgm-mole) 

N is Avogadro's number (atoms/kgm-mole) 

P^ is the gamma-ray emission probability 

0 is the natural isotopic abundance 

r e a c ti° n rate or saturated activity per target 

atom in the irradiation facility where the conventional thermal flux is 

and the epithermal flux is described by the parameters <{>e and a which 

will be described in Section 2.4 together with and Î (ot). 

££ is the gamma ray photopeak detection efficiency 

S = l-exp(-At^), saturation factor dependent on decay 

constant (A) and irradiation time (t.) l 
D = exp(-At^), decay factor where t^ is the delay period 

C = [l-exp(-At )]/At , measurement factor correcting 

for decay during measuring period (t ) . 
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To use the non-relative technique to calculate mass concentrations 

one requires the knowledge of flux parameters <J>e and a, nuclear data 

goo> P^, 9, M ^nd and gamma ray efficiency e^ including irradiation, 

delay and counting time and the decay constant of the isotope of interest. 

Flux parameters can be determined independently or simultaneously 

using detectors having nuclear parameters that are well known. Methods 

that can be employed include:-

(a) Cadmium ratio of two or more isotopes to estimate $ , /d) and a 
th e 

(b) Cadmium covered absolute activities of at least two isotopes to 

estimate cb and a e 
(c) Absolute bare activities of at least three isotopes to obtain all 

parameters. 

Taking advantage of the improved accuracy of nuclear data and the 

availability of sophisticated computer programmes various authors have 

analysed samples by the non--relative technique. RICCI (2.6) using the high 

flux irradiation facility has analysed NBS reference materials. Careful 

calibration of detector efficiency and correction for the possible shift 

of the efficiency curve when large samples are counted were undertaken. 

Correction factors for gamma-ray attenuation of up to 5% were found 

necessary especially at low energies. The error due to flux variations 

during measurement was calculated at 3%. According to his results it 

was possible to achieve an overall accuracy of 10%. 

Aided by the exceptional stability of the University of Toronto 

Slowpoke II reactor, BERGERIOUS et al. (2 7) have used a semi-absolute 

technique to analyse samples. Their method is based on the principle 

that the ratio of measured activity to the weight of the element is 

constant for a fixed irradiation, delay and counting time. 
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Th e problems in using the absolute technique are due to the 

strict calibration and control necessary to avoid systematic errors. 

Until recently, lack of accurate data in cross-sections, resonance 

integrals and decay schemes had been a serious handicap too. 

The comparator technique is one in which the sample is 

irradiated with a comparator which monitors neutron flux. This 

technique can also be classified according to whether a single 

element or a multi-isotopic comparator is used. Because the flux 

monitor is usually a thin foil, it can be placed close to the sample 

thereby ensuring similar irradiation conditions. Possible flux 

variations due to control rod movement, rise in moderator temperature 

or due to sudden change in neighbouring channels are adequately 

monitored. 

Use of equation 6 by the comparator techniques requires 

knowledge of flux parameters and nuclear data for both comparator 

and unknown element. Therefore the need to determine and publish 

accurate k^ values cannot be overemphasized. The k^ is a compound 

nuclear constant introduced by SIMONITS et al. (16)for use in reactor 

neutron activation analysis and is defined as 

\),Au = ? 0 
(6Pyga0M- ) A u 

where CJq is the 2200 m/s cross-section 

g is the Westcott factor accounting for deviation of 

the cross-section from the 1/v law in the thermal 

region. 
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The advantage of this constant is that whereas individual nuclear 

data may not be known accurately, the k^ itself can be experimentally 

determined with a high degree of accuracy. 

2.3 THE THEORY OF THE ^-TECHNIQUE 

The need for a computer orientated standardisation method 

which eliminates some of the disadvantages associated with standard 

preparation procedures led to the introduction of the k^-technique. 

In the previous section it was observed that despite the attractiveness 

offered by absolute activation, equation (6) is never used directly 

in quantitative analysis. As it stands one would have to convert 

the tabulated thermal cross-sections and resonance integrals to their 

effective values depending on the prevailing temperature of the moderator. 

Moreover, in the absence of a stable irradiation facility instantaneous 

determination of flux parameters becomes tedious and makes the tech-

nique uncompetitive. Fortunately, the k^-technique eliminates partly 

some of these disadvantages. Firstly, k^ is a ratio and as such 

temperature change affecting the comparator will ultimately have a 

similar influence on the element except in cases where either of them 

has a cross-section which deviates largely from 1/v law in the thermal 

region. Changing from one irradiation facility to another with a largely 

different flux ratio does not alter the flexibility of the k^-technique 

because only an element with suitable nuclear parameters can be chosen 

as comparator, e.g. gold, cobalt, etc. 

The k^-factors which are the central feature of this single or 

multi-comparator technique are now being compiled for most elements of 
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interest in reactor neutron activation with gold as comparator. Of 

course any element can be used as the comparator, the restriction being 
» 

that only it too must have nuclear reaction parameters that are well 

known. When co-irradiating a standard and comparator in the reactor 

channel, the k^ can easily be derived from equation (6) by expanding 

the reaction rate terms and re-arranging. Thus: 

'0,Au,x 

MI .N 
m x 
m .Ni x HU 

w, IQ(a) 
V + e + f l ( a ) + ( T * ^ o 

* ,, C , N /W V a \ 
V * e + f l ( a ) + + } X 

YAu 

Yx 

(SDCt ) m j4u 
(SDCt ) " m x 

(8) 

where x is the standard being studied and gold is the comparator. Wf and 

fjCa) are terms which will be described in the next section. 

From equation (8) it can be seen that once k^ values are known 

mass concentrations can easily be calculated. However, to reduce the 

final error it is necessary to use accurate values. Assuming good 

working conditions the major contributors of error on k^ values will 

be sample mass, the flux ratio, nuclear data, detector efficiency and 

photopeak intensities. As far as the measurement of mass is concerned 

a high precision is possible with current chemical balances. The flux 

ratio can be measured by the cadmium ratio method if the irradiation 

facility at hand is stable. Otherwise one of the methods cited by 

(SIMONITS et al. (23)) can be employed. It has been shown by various 

authors that when the cadmium ratio of gold is used, the value of flux 

ratio can be calculated to better than ± 3%. As r.egards nuclear data 
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it is necessary to use the best values available. Since most research 

reactors have a slowing down epithermal distribution which deviates from 

1/E the tabulated resonance integrals should be converted to 1^(01)-values 

using the formulae similar to (MOENS et al. (28)). Appropriate correction 

to the thermal cross-sections due to the deviation from 1/v law in the 

thermal region should be applied too as will be shown later in the section 

dealing with the neutron flux convention. Indeed when the scatter in 
I 

nuclear data is such that no single value is reliable, the value of 

which gives the best correspondence between k^-values determined in two 

channels with a largely different flux ratio can be preferred (SIMONITS 

et al. (29)). Unfortunately, the simplicity of the k^ technique is lost 

when a non-1/v detector is analysed. The modification to equation (8) 

required in this case entails making temperature corrections which would 

complicate the analysis in many laboratories. According to SIMONITS et 

al. (29) only six analytically important reactions show marked deviation 

from the 1/v law. These are: 

i76Lu(n,Y)177mLu 
1 76Lu(n,Y)177LU 
151Eu(n,Y)152inEu 

151Eu(n,y)152Eu 
191Ir(n,y)192Ir 
168Yb(n,y)169Yb 

SIMONITS has shown too that taking g=l for some isotopes whose cross-

sections in the -thermal region deviate slightly from 1/v'could introduce 

an error of 1-3% at high temperature. Isotopes affected by rise in 

temperature (> 40 C) are: 
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l15In(n,Y)116mln 
16l+Dy(n,y) 165Dy 
103Rh(n,Y)10l+mRh 
103Rh(n,Y)10l+Rh 
153Eu(n,Y)154EU 
193Ir(n,Y)19tfIr 

2.4 NEUTRON FLUX CONVENTION AND REACTION RATES 

In a typical thermal reactor spectrum there are two components 

of neutron flux density which contribute significantly to the activity 

induced in the irradiated detector. The knowledge of these components 

and their separation simplifies the calculation of the reaction rates. 

According to the well known conventions, of WESTCOTT (30), ST0UGHT0N 

and HALPERIN (31) and HOGDAHL (32) these are the thermal Maxwellian 

component and the slowing down component proportional to 1/E. In their 

simplest form these conventions assume that the epithermal component has 

a low energy cut-off at energy yKT, where T is the characteristic temper-

ature of the Maxwellian component, K is Boltzmann's constant and y is 

a number usually taken as 5 in H20 or D20 moderated reactors. 

In recent publications however, GEIGER and VAN DER ZWAN (33) and 

RYVES and PAUL (34),it has been shown that the assumption of the 1/E 

slowing down spectrum is not adequate in practical irradiation facilities. 

A better approximation is to assume that the epithermal density is 
1+ct 

proportional to 1/E where a is a parameter which has to be determined 

experimentally in each irradiation facility. 
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The neutron flux convention adopted in this work is similar 

to that used by BEREZNAI and MAC MAHON (3 5) but also includes effects 

of departures from the 1/v law in activation cross-section at low 

energies. Following the rationale employed in our paper presented 

to the Missouri Conference (3 6), the reaction rate per target atom 

for an (n,y) type nuclear reaction in a thermal reactor is given by: 

A = $£h8°o + a W'(a) + fi(a)ga + I (a) o 1 o o (9) 

and for cadmium covered irradiation 

Ar, = <l>I(a) (9a) Cd e o 

where is the conventional Maxwellian flux equal to 
nthVo t k e Procluct: tlie thermal neutron density and the 

reference speed of 2200 m s 1 

<j) is the epithermal flux per unit InE at energy E, 

which is an arbitrary energy chosen for convenience 

to be 1 eV. 

i.e. <f>e = EY01 E 1 + a f (E) , (E > ykT) 

where f (E) is the epithermal neutron flux density per unit energy 

assumed proportional to 
E 
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W'(a) 
E c d v 

l (T?\ °\T7a d E 

pkT ( 0 ( E ) ' V o T * ! 3 7 a 

a dimensionless quantity which accounts for deviation of the cross-

section from 1/v law in the energy range ykT to E ^ (where E ^ = 0.55 eV, 

the effective cadmium cut-off energy for 1/v isotope irradiated as a 

sample positioned in a cylindrical Cd-box (height/diameter = 2 of 1 mm 

wall thickness). 

f i (ot) = 
c d v AV 

o a dE_ 
V 1 1+a 

ykT * 

f^ being a measure of the 1/v cross-section between ykT and E Cd 

I (a) = o 
, . a dE a(E) E1 — 

E 
Cd 

the effective resonance integral which depends on the value of a and 

can be expressed also as 

Io(a) = gaQ 
/E \a I 
( — J { — - f2(o)} + f2(a) 
\v I 8 % 

where I is the resonance integral for a = o. o a 

f?(a) = V „a dE 
.1+a o E1 

V E" 

'Cd 
f 2 being a measure of the 1/v contribution to the resonance 

integral 



-47-

is the effective resonance energy as defined by 

MOENS et al. (28) 

The application of reaction rate equations to obtain the best estimate 

of the flux parameters and nuclear data will be demonstrated in Section 

3. 7. 



-48-

CHAPTER 3 

MEASUREMENT OF THE COMPOUND NUCLEAR CONSTANTS 

3.1 TECHNIQUES USED TO OBTAIN ACCURATE VALUES 

To date only two establishments, namely the University of 

Gent Institute of Nuclear Sciences (BELGIUM) and Central Research 

Institute for Physics (HUNGARY), are engaged in measuring k^ values 

and other related data. It was pointed out in Section 2.2 that the 

advantage of the k^ technique is that whereas individual data 

i.e. lQ,gcrQ,0,M and P^ may not be precisely known, k^ values 

themselves can be measured with a high degree of accuracy. Presently 

therefore much attention is focussed on experimental methods used 

in determining k^. In the two centres mentioned above k^ values 

have been measured from foils or pellets containing single 

elements. Without underestimating the benefits of foil activation, 

it was felt that, since these constants will be used for multi-

element analysis, it would be valuable to demonstrate that the k^ 

values could themselves be determined from the activation of 

multi-element materials, k^ values so obtained can then be 

compared to those obtained from single element activation, allowing 

an evaluation of the problems and errors encountered in the 

analysis of the complex gamma ray spectra produced by the 

multi-element material. When a complex material is irradiated in 

the reactor spectrum, (n,a) and (n,p) reactions can interfere with 

(n,y) reactions of interest. 



-49-

Correction for these high energy nuclear interferences and neutron 

flux pertubations in a bulk sample are difficult to apply in practice 

and can often lead to inaccurate mass analyses. 

The design of equipment, the methods employed to measure photopeak 

area, absolute photopeak efficiency and the flux ratio necessary 

to carry out. accurate measurements of k^ values will now be discussed. 

3.2 THE COUNTING ASSEMBLY AND ACCESSORIES 

The success of the k^ technique depends in part on the ability 

to reproduce the counting geometry accurately. This ensures that the 

centre of each radiation source will always lie along the central, 

axis of Ge(li) detector and at a fixed source-to-detector distance. 

To lessen the amount of calibration work needed, it is recommended to 

work with a fixed geometry. However, if a movable detector is used 

as was the case in this work good results are still possible by 

adhering to strict working procedures. The counting assembly used 

excluding electronics, consisted of the perspex jig, perspex tray 

and aluminium sample holders, refer to figure 3.1. The perspex jig 

has grooves through which the perspex tray can slide enabling choice 

of five different geometries i.e. 20,18,10,5 and 2cms source-to-

detector distance. In turn the perspex tray has a recessed hole in 

the centre through which aluminium holders can be mounted. Four 

aluminium holders were used, one for standard gamma-ray sources, 

two for pelleted samples and the fourth for the foils. As each of 

these was of different thickness, correction for gamma-ray attenuation 

was inevitable. The appropriate correction factors were calculated 

from tables of SIEGBAHN (38). A plot of gamma-ray transmission ratios 
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Bottom: The Nuclear Data 6600 System, the Chart Plotter 

and the Sample Changer 
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versus energy is given in figure 3.2 which indicates the magnitude 

of the correction required especially at low gamma-ray energies. 

At the start of each counting, the jig was screwed onto the metal 

surface just above the detector. 

3.3 PHOTOPEAK AREA 

Pulse height spectra obtained with Ge(li) spectrometers 

comprise several photopeaks corresponding to different gamma energies. 

The photopeak is due largely to full energy absorption with marginal 

contributions from compton scattering processes as described in 

Section 1.2. Owing to these partial absorption processes peaks in 

the low energy region especially have long tails. 

The task of determining the energy and area under the photopeak involves 

locating the photopeak, determining its boundaries and choosing a set 

of fitting functions which closely describe the peak shape and its 

background continuum. Several functions have been proposed which could 

be applied in a variety of situations. For high energy peaks and 

singlets in general the simple summation method of C0VELL(41) can yield 

good results. In this method a subjective choice of peak boundaries 

is made between which a straight line background is drawn. The net 

area is then defined as the difference between the total and background 

area. When a complex spectrum with overlapping peaks is present, more 

elaborate functions are desirable which are fitted to the data by least 

squares techniques. Even with these computer aided techniques errors 

in photopeak area calculations due to inaccurate baseline construction 

still pose a serious problem. Small peaks in the neighbourhood of 

strong ones are prone to errors of this kind. For such peaks the back-

ground cannot be described with certainty due to statistical fluctuations. 
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FIG. 3.2 Gamma-ray Transmission Ratio versus Energy 
a) Curve for standard gamma-ray source holder 
b) Curve for pellet holder 
c) Curve for foil holder 

T75~ 2.0 Energy(MeV) 



-53-

A better fit therefore is provided by a function which includes a 

representation of the low-energy tailing. QUITTNER (42) has shown for 

instance that a third degree polynomial on either side of the peak 

joined by a straight line can be used to obtain accurate results. The 

influence on the baseline shape due to number of channels considered 

for polynomial fitting is shown in figure 3.3. Using too few channels 

for fitting has the effect of underestimating the background while 

using more channels than necessary distorts the baseline shape. 

Recently, HELMER and LEE (43) have given a comparison of the goodness 

of fit to gamma-ray photopeaks for some analytical functions. The 

conclusions made suggest that functions with the most additive tailing 

functions produce superior results. 

One of the many computer programmes used often for spectral 

analysis is SAMPO. This programme describes the photopeak distribution 

as being made up of a gaussian cap joined on either side by exponential 

tails which account for the low and high energy tailing. The des-

cription has the advantage that the defining shape parameter vary 

smoothly with energy. Therefore once the parameters of strong peaks 

in this spectrum have been determined, those for neighbouring peaks 

can be determined by interpolation. Shape calibration is by the 

subroutine VARMIT. The peak search routine uses the method of second 

difference and peak boundaries are chosen manually or automatically. 

The background under the photopeak can be fitted to either a'linear 

or quadratic function. 

The NUCLEAR DATA 6600 code used in this work locates peaks 

by looking at the correlation value. This is a zero-area fold-in 

function which is a simplified digital means of approximating the 
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second derivative of the spectrum at some particular channel. The 

width of each correlator depends on the FWHM of the region. 

A peak boundary is located when two consecutive correlation values 

are unequal and one is greater than, while the other is less 

than, the criterion value EPSIL. The criterion value EPSIL is the 

minimum correlation value which a channel must have to be accepted 

within the central peak region. It is calculated from the 

sensitivity parameter which is input manually and the local 

average background of the region. With a sensitivity value of 5 

used in this work, the number of channels making up the peak 

region was found to be equivalent to 2FWHM i.e approximately 

equal to 95% of the total peak area. 

When positive identification of the peak boundaries is made? 

control is transferred to subroutines which verify the presence 

of the peak before fitting with a gaussian function. When the peak 

has been verified positively, its parameters are calculated 

by the least squares technique. Should the peak fail a peak 

test, control is transferred to the subroutine FIT which decomposes 

the data and fits to an appropriate number of gaussians. 

Accordingly, multiplets can be resolved. When the region of 

interest has been scanned through, the. relevant information 

computed, an output which includes net photopeak areas and their 

corresponding gamma-ray energies is produced. 
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3.4 ABSOLUTE PHOTOPEAK EFFICIENCY 

The efficiency of the detector is defined as its ability 

to convert incident radiation into detectable pulses. There are 

two types of efficiencies normally encountered in spectrometry. 

These are:-

a) absolute photopeak efficiency which is usually 

determined with the aid of absolutely calibrated 

radiation sources or calculated from intrinsic properties 

if shape and size of the sensitive volume are known 

accurately 

b) relative efficiency which can be used when information 

about the absolute activity of the radiation source is 

unknown 

Except for Sodium Iodide and true coaxial Ge(li) detectors, the 

efficiency is exclusively determined with the help of absolutely 

calibrated sources. Detector efficiency is then defined as 

Count rate 
£ emission rate 

C Y (10) A exp(-At ) P 

where A is the absolute activity in Becquerel at calibration date 

A is the decay constant 

P^ is the branching ratio or absolute gamma intensity 

t, is the decay time 

and 
C = — Y t m 

(10a) 
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where N is the measured photopeak area in the measuring time t . m 

Equation 10a holds only when the counting time is much shorter than 

the half-life i.e. 

In 2 t << m A 

The total error on efficiency point is given by 

Ac 2 _ 3e 12 
3C AC 3c 1 2 

3A ~AA2 3e 
3P 

1 2 
"J AP, 

3e 
3 A AX- I L 

at At 

The efficiency data points can be fitted to a smooth curve. 

Normally an "analytical function representing detector efficiency 

versus energy is used. However, there is no single functional or 

analytical representation which applies to the whole energy region 

of interest. A critical review of functions often used with 

Ge(li) systems is given by McNELLES and CAMPBELL (44) who 

concluded that the choice of fitting function depends on the problem 

at hand and the accuracy desired.. In general it has been shown that 

between 200-2000 KeV of gamma ray energy the efficiency nearly 
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obeys a power law i.e. 

E + AEB 

or ln(e) 'v bln(E) + ln(a) 

Deviation from this law at low and high energies can be accommodated 

by employing functions with additional high order terms. The dis-

advantages of using functions which are non-linear in parameters 

have been discussed by AHMAD and GRAY (45). One such disadvantage 

is that the statistical manipulation of data becomes complicated. 

A function which is linear in parameters has been suggested by the 

above authors. This was adopted throughout this work and is 

given by 

2 3 5 
e ={ P + P InE + P (InE) + P (InE) + P (InE) } /E (11) 

1 2 3 4 5 

This function has been tested and proved to be a good fit to 

efficiency data over the energy range 122-1836 KeV which is 

adequate for most reactions of interest. 

Besides the jig and accessories described in section 3. 2 

the detector system for which the efficiency was determined 

comprised:-

a Ge(li) d e t e c t o r , FlAl** • 2- fo' / 332 Co r 

a Canberra Spectroscopy pre-amplifier model 970 

Amplifier Ortec 572 
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a voltage bias supply (0-5 KV) Ortec 459 

ND 570 ADC 

as shown in the bottom half of figure3.1. The absolute photopeak 

efficiency was determined by means of standard gamma-ray point 

sources ordered from Amersham (UK) and from Bureau National de 
1 33 

Metrologie (France). The standard sources included:- Ba 
,1 37„ 6 0 88 r 5U 22 11 3 85- , 6 5o . . . Cs, Co, Y, Mn, Na, Sn, Sr and Zn. The activities 

of sources from France were known with an accuracy better than 1%. 

Depending on the distance at which the efficiency calibration was 

required, either the 10jC or the 1 yC standard sources were chosen 

such that the dead-time on the ADC did not exceed 2%. Above this 

value pulse losses due to random summing become significant, [HANNAN (46)]. 

The efficiency points with variances were fitted to the function 

of equation (11). The computer programme which was used to perform 

the minimisation has an option to interpolate between measured 

efficiency points which is an advantage remembering that irradiated 

samples emit gamma-rays within and outside the range mentioned 

above. An example of the output which includes errors on fitted 

points is given in tables 3.1 and 3.2 for positions 18cms and 2cms 

respectively. Note that the calibration was • done only between 

200-1836 KeV firstly because of the restriction imposed by the 

standard gamma-ray sources and secondly due to the fact that most 

nuclear reactions of interest emit gamma-rays which lie within this 

range. A graph of the data in table 3.1 is given in fig. 3.4. 



.TABLE 3. 1 

ABSOLUTE PHOTOPEAK EFFICIENCY OF Ge(Li) SYSTEM FOR 
STANDARD GAMMA RAY SOURCES AT 18 CMS SOURCE TO DETECTOR DISTANCE 

Gamma-ray 
energy 

Photopeak Efficiency Points 
Gamma-ray 
energy measured error % fitted error % 

0.303 0.492E-03 0.6 0.492E-03 0.5 
0.356 0.408E-03 1.7 0.406E-03 0.6 
0.383 0.372E-03 0.8 0.373E-03 0.6 
0.514 0.273E-03 1.5 0.269E-03 0.6 
0.662 0.201E-03 1.5 0.204E-03 0.6 
0.835 0.157E-03 0.6 0.158E-03 0.6 
0.898 0.147E-03 1.4 0.145E-03 0.4 
1.115 0.115E-03 0.9 0.114E-03 0.4 
1.173 0.109E-03 0.9 0.108E-03 0.4 
1.275 0.988E-04 1.0 0.989E-04 0.5 
1.332 0. 934E-04 1.1 0.943E-04 0.5 
1.836 0. 672E-04 1.5 0.669E-04 1.2 
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FIG. 3.4 Variation of detector photopeak efficiency with energy 

* Vertical lines with bars are experimental points 
* Continuous bold line represents the fitted function 
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TABLE 3.2 

ABSOLUTE PHOTOPEAK EFFICIENCY OF Ge(Li) SYSTEM FOR 
STANDARD GAMMA RAY SOURCES AT 2 CMS SOURCE TO DETECTOR DISTANCE 

r 
Gamma ray 
energy 

Photopeak Efficiency Points r 
Gamma ray 
energy measured error % fitted ; error % 

0.303 0.805E-02 1.4 0.805E-02 1.3 

0.356 0.674E-02 1.8 0.673E-02 1.6 

0.662 0.361E-02 1.2 0.361e-02 0.9 

0.835 0.276E-02 2.2 0.274E-02 0.8 

0.898 0.253E-02 1.8 0.251E-02 0.7 

1.173 0.183E-02 1.3 0.183E-02 0.7 

1.275 0.164E-02 1.8 0.167E-02 0.8 

1.332 0.162E-02 1.3 0.160E-02 0.8 

1.836 0.122E-02 1.7 0.122E-02 1.5 
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An investigation of the possible shift of the efficiency 

curve due to counting samples of finite dimensions was undertaken. 
i l 0m 

A chip of natural silver was irradiated, producing radioactive Ag 

which decays with several gamma-ray energies with the most 

intense at 658 KeV. The efficiency for this gamma-ray was determined 

at distances.of 8, 6, 4, 2 and Oram (the centre of the foil) on 

either side of the centre and also along a line at right angles to it. 

With this arrangement the foil was subdivided into concentric 

rings enclosing the points at which the measurements were made, 

refer to fig 3,.5. Assuming that the foil is uniform and that the 

points are at equal distance from the detector, the average 

efficiency of each ring is proportional to its area. Hence the 

average efficiency of a foil of diameter R can be shown to be 

equal to 

N 2u 
I 7T( r? - r? ) I e (r.) 

1 + 1 1 „ r, 6 1 1=0 6=0 e av 4TTR' 

N 
where R = 2 £ r. 

i=0 1 

The results of the measurements with the silver chip showed that the 

counting efficiencies for comparator foils and pellets used in the 

later measurements calculated tp be (0.00396±3.6%) and (0.00392±3.8%) 

respectively were within 2% of the efficiency of a point source 

(0.00404±2.1%). Despite the reduction in efficiency for 
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FIG. 3.5 Correction for finite source area of activation sample 
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comparator foils and pellets no correction was applied since these 

would tend to cancel out in equation 8. However, when the diameter 

of the foils and pellets are largely different these corrections 

must be applied. 

3. 5 THE UNIVERSITY OF LONDON REACTOR AND THE MEASUREMENT OF THE 
FLUX RATIO 

All the irradiations were carried out in the University of 

London Reactor at Silwood Park Research Station. This is a low 

power nuclear reactor (100KW "Consort Reactor Mark II") whose 

design is based on the familiar swimming pool type being moderated, 

reflected, cooled and partially shielded by light water. The bulk 

of shielding is by concrete. The reactor core consists of twenty-four 

elements each containing up to sixteen plates of uranium (80% U) 

aluminium alloy clad in high purity aluminium. In turn the core 

is situated in a tank of demineralised water about 7m deep and lm 

in diameter, the water being constantly circulated to remove heat 

produced by fission processes. Control of the reactor is achieved 

by four rods which move vertically in aluminium shrouds occupying 

spaces between fuel elements. Three of these, two "coarse" and 

one "safety" are of cadmium clad in stainless steel. The fourth, 

the "fine" rod is of stainless steel. Reactor safety is enforced 

further by some electronic circuits which shut down the reactor 

automatically should adverse conditions. arise. 

The reactor has facilities both for the irradiation of samples and 

for the provision of external beams of neutrons for reactor physics 

experiments. The in-core-irradiation system (ICIS) which has the 
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highest flux is used mainly for short irradiations. The transfer 

of samples contained in the standard polythene capsule into the core 

and out to the radiochemical laboratory is by means of a pneumatic 

system using compressed nitrogen. For very short lived activities 

the cyclic activation system (CAS) is used which enables single or 

cyclic irradiations to be carried out in either a mixed reactor 

spectrum or an epithermal neutron spectrum. External neutron beam 

facilities for reactor physics experiments are available in which 

samples may be loaded or unloaded with the reactor operating at full 

power. The 0° facility or (STF), the vertical thermal column (VTC) 

and the fast neutron spectrum assembly (NISUS) are some of the 

facilities currently available, refer to fig. 3.6. 

Flux monitoring in the two irradiation facilities used 

i.e. (ICIS) and core-tube (CT2/2) was carried out to establish its 

dependence on moderator temperature,control rod position and time. 

This information was needed because the method employed to measure 

the flux ratio f°r in equation 8 depends on the 

stability of the irradiation facility in question. If stable, the 

flux ratio can be determined before hand and assumed constant 

throughout. The cadmium ratio of gold is used in this case. 

Under conditions where the facility is unstable, absolute methods 

are recommended because cadmium ratio measurements cannot be made 

simultaneously with'the irradiation of the sample to be analysed. 

In the current work both the cadmium ratio of gold method 
,9 4' 96 

and the double isotope method employing Zirconium ( Zr and Zr) 

were used with the view to minimise systematic errors. Monitoring 
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FIG. 3.6 The University of London Reactor experimental facilities. 
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was done on an hourly basis from start up to shut down for several one-

week periods before and after fuel had been changed. The reactor 

operator was instructed to keep a record of moderator temperature 

and control rod position during each irradiation. After cooling 

for four days the foils were counted on a calibrated Ge(li) detector. 

To calculate the flux ratio by the cadmium ratio of gold 

method, one infinitely diluted gold foil was irradiated in the whole 

spectrum and the other under cover. In the latter case only 

neutrons with energies above the cadmium cut-off energy can activate 

the foil. By definition the cadmium ratio 

Specific activity of the bare foil 
Specific activity of the covered foil 

If A and A are the specific activities of the bare and cadmium sp Cd$p 
covered foil respectively, the cadmium ratio can be expressed as 

R_ Cd 

( A - A^ _ ) + A ,, sp Cdsp Cdsp 
RCd. = (12) 

_ Cdsp 

When correction for self-shielding and absorption are taken under 

consideration, equation 12 becomes 

Asp ACdsp ACdsp 
Gtherm Gres.Gcd 

R = (13) 'Cd 
ACdsp 
Gres.Gcd 
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and the specific activity is defined as 

sp SDCt m r m 

where m is mass of the foil 

Gtherm is the thermal self-shielding factor 

Gres is the resonance shielding factor 

Gcd is the cadmium absorption factor 

These factors for the infinitely dilute foils and cadmium cover 

used were:-

Gold Gtherm = 1 . 0 

Gres =1.0 

Zirconium 

Cadmium cover 

Gtherm = 1 . 0 

Gres = 1.0 

Gcd = 0.99 

(47) 

By equating equation 13 to the ratio of equation 9 and 9a i.e 

RCd= 
$ ,ga + <j> { a W (a) + f' (ot)gcr + I (a)} th o e o 1 o o 

6 1 ( a ) e o 

the flux ratio $ , /<t> can be obtained assuming that a, ga and I th e o o 
are known. 
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The bare and cadmium covered foils were irradiated simultaneously in 

the same polythene capsule as shown below. By irradiating another 

set of foils in reversed order a geometric mean of the flux ratio 

was obtained which was assumed to be independent of the flux 

gradient in the capsule. The distance of separation between foils 

of each pair was kept at 5.5cms which was greater than the minimum 

separation recommended, [lAEA ( 4 7 ) ] . 

covered 
foil 

bare 
foil 

bare 
foil 

covered 
foil 

The second method consisted of measuring absolute activities of two 

zirconium isotopes and using equations 14 and 15 to determine the 

flux ratio. The specific activity of the 99Zr isotope can be expressed 

as 

A = N n e spi av 1 Yi. 
$ + d> { W (a) + f (a) + I (a)} th e 1 01 

ga oi 

(14) 

96 . 
and that for Zr isotope is 

A = N n9e sp2 av 2 Y2 
> , + d> { W (a) + f (a) + I (a)} th Yel — v 1 02 g go 

02 

(15) 
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where n = 6P ga M 1 
y o 

The solution of the above equations enables one to obtain not only 

the flux ratio but individual fluxes as well assuming again that 

Iq, goq and q are known. There was general agreement between 

values of flux ratio determined by the two methods mentioned above 

as shown in tables 3*3.1 and 3.3.2, This implies therefore that 

when irradiation of cadmium cover is not allowed, an element with 

suitable isotopes can be used. Although zirconium foils have 

been recommended for use in any irradiation facility with a flux • 

ratio, $ /$ > 2 0 , FSIMONITS et al. (23)1, good precision and accuracy th e — L J 

is still possible even in the (ICIS)channel where the flux ratio 

was measured to be 17.6±0.9. As for the core tube (CT2/2) facility 

the flux ratio is high at 43.2±3.1. 

Dependence of the flux ratio on control rod position and time was 

not observed within the experimental errors. Variation with 

average moderator temperature was difficult to observe because 

of the small temperature range covered under normal operating 

conditions. It was therefore concluded that the flux ratio could 

be assumed constant without introducing an appreciable error. 

Figure3.7 shows the variation of flux ratio over a one week 

period. 



TABLE 3.3.1 

TYPICAL VARIATION OF FLUX RATIO IN (1C1S) BY CADMIUM RATIO OF COLD. 

Form 
Used 

Capsule 
No. 

Irradiation 
t ime 

Average 
moderator 
temp. 

Control rod 
position 
Coarse/Fine 

ACdsp 
cps/pg 
xlO6 

A 
sp 

cps/pg 
xlO6 

Flux 
Ratio 

24 1000 309.2°K 41.3 29.7 8.26 18.96 17.58 

Thin 10pm 25 1011 309.4°K 41.6 29.4 8.42 16.84 ±0.44 
foil Au-Al 30 1200 309.3°K 41.3 29.3 8.02 18.33 18.04 
Alloy (.1Z 
Wt. of 31 1211 309.2°K 41.5 29.3 8.49 17.54 ±0.47 
Cold) 36 1401 309.0°K 41.3 29.5 8.57 18.22 17.63 

7.94 mm 37 1412 309.0°K 41.3 29.7 8.42 18.25 ±0.46 
diameter 56 1602 309.8°K 41.2 30.8 8.35 18.99 17.51 

57 1613 309.9°K 41.4 30.8 8.57 17.23 ±0.47 

Weighted mean of Flux Ratio and Standard Deviation 17.69+0 .23 

TABLE 3.3.2 

TYPICAL VARIATION OF FLUX RATIO IN (ICIS) BY BI-ISOTOPIC ZIRCONIUM FOIL. 

Form 
Used 

Capsule 
No. 

Irradiation 
time 

Average 
modera tor 
temp. 

Control rod 
pos i t ion 
Coarse/Fine 

A 
sp 1 

cps/pg 
XlO6 

A 
sp 2 

cps/pg 
xlO6 

Flux 
Ratio 

5 0945 308.4UK 40.0 29.0 0.45 0.66 18.1 
Thin 10pm ±2.6 
foil 6 1045 309.1°K 40.0 28.9 0.46 0.67 18.4 

7.94 mm 
±2.6 

7.94 mm 7 1145 310.9°K 40.0 29.1 0.47 0.65 19.7 
i diameter 1 ±2.4 
! 8 1245 311.6°K 40.0 29.8 0.43 0.67 16.5 

±2.8 
11 1345 312.1°K 40.0 30.4 0.43 0.68 16.7 

±2.8 
12 1445 312.5°K 40.0 30.8 0.47 0.71 17.9 

±2.6 
13 1545 312.8°K 40.0 31.8 0.43 0.64 18.1 

±2.6 
14 1645 312,?°K 40.0 31.7 0.42 0.65 16.8 

±2.8 

Weighted mean of Flux Ratio and Standard Deviation 17.90±0 .93 
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3.6 PREPARATION OF MULTI-ELEMENT MATERIAL 

The chemical solutions from which a multi-element material 

is prepared must be of exceptional quality in terms of homogeneity 

and contamination free. The problems associated with multi-element 

preparations have been discussed by various authors, notably RANDA (39) 

and CORNELIS (40). When chemical solutions are used it is noteworthy 

to remember that the stability of certain elements can be influenced 

by the composition of the final solution. For instance, presence 

of impurities can cause formation of insoluble compounds or colloids 

resulting in a weaker solution than intended. Equally, the norm of 

preserving commercial standards in acid or alkaline solutions 

leads to volatilization during evaporation for elements like chlorine, 

iodine and mercury. Stringent precautions should be undertaken too 

to minimise ion loss due to sorption on the wall of the glass vessel 

or desorption of elements e.g. sodium and calcium from the glass walls 

into the solution. 

In the current work only Johnson-Mat they ultra-pure solutions 

certified at a concentration of lg/lOOmls were used. However, 

depletion of chemicals like sodium and chlorine due to popular demand 

meant that these had to be prepared from dilution of ANAL.R. chemicals 

in granular form. The solutions that were pooled together were those 

of elements which are of biological or environmental significance. 

The grouping and amount of each element added depended on their 

activation properties vis-a-vis the requirement to obtain good 

counting statistics at low geometry. Group 1 elements were prepared 

individually. These were:- Mg, Ti, Cu and Al. Iodine suffered 

from volatilization and as such was mixed with Group 2 elements only. 
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Group 3 consisted of 25 elements as shown in table 3.4 . Elemental 

masses for singles and multi-element material are listed in table 3.5 

Before mixing the solutions, the glass vessels were 

cleaned with decon and water and leached for three days with dilute nitric 

acid. Afterwards the vessels were rinsed with demineralised water. 

Then aliquots of Johnson-Matthey ultra-pure solutions were 

mixed in appropriate propotions and diluted to 50mls. Automatic micro-

pippettes of variable volumes equipped with polythene end tubes 

were used throughout. The standard error on masses due to 0-20yl, 

20-200yl and 500yl pippettes were calculated to be 2%, 0.6% and < 0.1% 

respectively. When thoroughly mixed, lOOyl of the solution was 

spotted on 5.5cms Whatman 41 filter paper and allowed to dry before 

pelleting. 

3.7 ANALYSIS OF MULTI-ELEMENT MATERIAL 

Using equation 8 it was proved that accurate k^ values could 

be obtained when 100yl of the multi-element material was spotted on 

the filter paper used. This was due to the fact that this volume was 

enough to cover at least 75% of the filter paper which ensured homogeneity 

and uniformity in the pelleted sample. 

The results in table 3.6 show the calculated weighted mean k^ 

values and the standard deviations for four isotopes in five different 

volumes. The weighted mean is defined as 

N x. 
X r ^ j -

y - 1 • (16) 
y 
A 1=1 i 
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TABLE 4.5 

ACTIVATION PROPERTIES OF ELEMENTS STUDIED 

Group Element (s) 
Product 
Isotope 

Principal 
Gamma-ray 
Energy(MeV) 

(19) 

Absolute 
Intensity 

(19) 

Half-Life 

(19) 

Cross-Section 
x 

Nat. Abundance 
(13) 

2 3 Sodium 
Magnesium 
Aluminium 
Chlorine 
Potassium 
Scandium 
Chromium 
Titanium 
Vanadium 
Manganese 
Iron 
Cobalt 
Nickel 
Zinc 
Copper 
Selenium 
Arsenic 
Rubidium 
Cadmium 
Indium 
Antimony 
Idij^ne 
Caesium 
Lanthanum 
Cerium 
Dysprosium 
Tungsten 
Mercury 
Gold 

27 

28 
38 

42 

46 

Na 
Mg 
A1 
CI 
K 
Sc 
Cr 51, 

5 1 T i 

52tt 

56 

59 

60 

65 

65 

66 
75 

Mn 
Fe 
Co 
Ni 
Zn 
Cu 
Se 

7 8As 
8 6Rb 

1 1 5Cd 
1 1 6 ^ 
1 2 2Sb 
128 t 

134 

140 
Cs 
La 
Ce 141, 

165*W 
1 8 7 W 

197H 
1 9 8A U 

1.368 
0.844 
1.779 
2.168 
1.525 
0.889 
0.320 
0.319 
1.434 
0.846 
1.099 
1.332 
1.482 
1.115 
1.039 
0.265 
0.559 
1.078 
0.336 
1.293 
0.564 
0.433 
0.604 
1.596 
0.145 
0.108 
0.480 
0.077 
0.411 

1.00 
0.73 
1.00 
0.42 
0.19 
1.00 
0.10 
0.93 
1.00 
0.99 
0.56 
1.00 
0.23 
0.51 
0.08 
0.58 
0.45 
0.09 
0.50 
0.85 
0.70 
0.16 
0.98 
0.96 
0.48 
0.03 
0.21 
0.19 
0.90 

15.02 hr 
9.46 m 
2.24 m 

37.29 m 
12.36 hr 
83.80 d 
27.70 d 
5.80 m 
3.74 m 
2.58 hr 

44.66 d 
5.27 y 
2.52 hr 

244.00 d 
5.10 m 

118.50 d 
26.32 hr 
18.82 d 
2.20 d 

54.12 m 
2.68 d 

24.99 m 
2.05 y 

40.27 hr 
32.55 d 
1.26 m 

23.85 hr 
64.14 hr 
2.60 d 

0.530E+00 
0.305E-02 
0.235E+00 
0.991E-01 
0.812E-01 
0.230E+02 
0.733E+00 
0.735E-02 
0.489E+01 
0.133E+02 
0.341E-02 
0.370E+02 
0.174E-01 
0.225E+00 
0.711E+00 
0.261E+00 
0.450E+01 
0.722E+00 
0.317E+00 
0.564E+03 
0.347E+01 
0.640E+01 
0.306E+02 
0.889E+01 
0.531E+00 
0.564E+03 
0.114E+02 
0.132E+01 
0.988E+01 
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TABLE 3.5 

ELEMENTAL MASS CONCENTRATIONS IN MULTI-ELEMENT MATERIAL*( yg/100yl ) 

Element Mass Element Mass 

Sodium 235.8 Copper 100 
Magnesium 200 Selenium 8 
Aluminium 100 Arsenic 8 
Chlorine 363.6 Rubidium 12 
Potassium 18.9 Cadmium 10 
Scandium 0.8 Indium 0.5 
Chromium 12 Antimony 8 
Titanium 300 Iodine 61.12 
Vanadium 2 Caesium 4 
Manganese 2 Lanthanum 2 
Iron 2 Cerium 2 
Cobalt 8 Dysprosium 1 
Nickel 16 Tungsten 2 
Zinc 16 Mercury 0.4 
Silver 0.4 Gold 0.4 

* 
Excluding Mg, Ti, Al, and Cu 
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and the variance being 

F N x 
I 

i=l i 

where x^ is each measured value and CK2 is its variance. Using the 

upper tailed test at a significance level of 0.05, the student-t 

statistic was applied on data in table 3.6 . Each k^ tabulated in table 3= 4 

is the weighted mean of two independent measurements. The recommended 

value for the same gamma-ray line is the weighted mean of four independent 

measurements taken from reference (29). 

Despite the limitation imposed by fewer independent values, the statistic 

showed that volumes 60-100yl for 5.5cms Whatman 41 filter paper 

produced good results. The fluctuations in k^ noted in samples of smaller 

volumes could not be attributed to non-uniformity of the solution 

itself but rather to the pelleted sample. Note that k Q values 

in table 3,6 have not been subjected to the same analysis treatment 

as those which appear in table 3.11. 

The irradiation of multi-element material was carried 

in the central pneumatic irradiation system (ICIS) for short and long 

lived activities. It was thought wise to design the experiment in 

the manner which would make the corrections for random and coincidence 

losses unnecessary while mantaining high counting statistics. 

It will be recalled that random losses can be minimised 

by restricting the activity of the irradiated sample to produce a dead-time 

less than 2%. As for losses due to coincidence summing, these can 



TABLE 3.6 

K VALUES AND PERCENTAGE ERRORS FOR FOUR ISOTOPES MEASURED FROM FIVE DIFFERENT VOLUMES SPOTTED 
0 ON 5.5 CMS WHATMAN 41 FILTER PAPER 

Sample 

Volume 
(yl) 

Isotopes and corresponding gamma-ray energies (MeV) 
Sample 

Volume 
(yl) 

56 
Mn 

(0.846) 

24 
Na 

(1.368) 

24 
Na 

(2.753) 

38 ' T 
CI 

(1.642) 

38 
CI 

(2.168) 

52 
V 

(1.434) 

40 
0.390E+00 

(7.3) 

0.387E-01 

(4.4) 

0.394E-01 

(4.9) 

0.137E-02 

(5.4) 

0.207E-02 

(8.7) 

0.169E+00 

(11.4) 

50 
0.415E+00 

(5.1) 

0.436E-01 

(3.7) 

0.402E-01 

(4.8) 

0.178E-02 

(3.0) 

0.240E-02 

(3.4) 

0.200E+00 

(4.1) 

60 
0.473E+00 

(3.4) 

0.498E-01 

(3.5) 

0.457E-01 

(4.1) 

0.196E-02 

(3.5) 

0.260E-02 

(3.2) 

0.194E+00 

(4.1) 

80 
0.460E+00 

(4.2) 

0.490E-01 

(3.5) 

0.466E-01 

(4.7) 

0.209E-02 

(2.7) 

0.263E-02 

(3.0) 

0.193E+00 

(3.8) 

100 
0.499E+00 

(2.7) 

0.465E-01 

(3.6) 

0.448E-01 

(5.5) 

0.194E-02 

(2.8) 

0.257E-02 

(3.0) 

0.199E+00 

(3.4) 

Recommended 
Values (29) 

0.495E+00 

(0.4) 

0.469E-01 

(0.5) 

0.460E-01 

(0.4) 

0.197E-02 

(0.2) 

0.264E-02 

(0.5) 

0.194E+00 

(0.1) 
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be minimised by counting at low geometry i.e. at distances greater than 

10 cms. 

The pelleted multi-element material (1.86x10.1mm) was enclosed 

in a polythene capsule which was heat sealed before sending for 

irradiation. The irradiation scheme for short-lived activities was 

10 minutes irradiation followed by 30 minutes counting. The isotopes 
24 38 a2 52 56 ]28 l16m 165m 

assayed were Na, CI, K, V, Mn, I, In and Dy. 

Pellets containing single element standards were irradiated and counted 
27 28 51 # 66 

for 10 minutes. These included Mg, Al, Ti and Cu. As for long 

lived activities a two hours irradiation followed by several counts 
46 51 60 

up to two weeks after irradiation enabled analysis for Sc, Cr," Co, 
75 76 122 140 187 

Se, As, Sb, La and W. The net photopeak areas of the 

isotopes listed above were obtained from the print out of the NUCLEAR 

DATA 6600. These were then corrected for blank activities and 

multiplied by the appropriate gamma-ray attenuation factors as 
187 explained in Section 3.2. Interference among the 551 KeV ( W), 

76 122 
558 KeV ( As) and 563 KeV ( Sb) on one hand and between 479 KeV 
140 187 

( La) and 486 KeV ( W) peaks on the other could have caused 

computer fitting errors which were not directly apparent. Attempt 

to resolve them from longer cooling did not give the desired results 

because they have nearly the same decay constants. The total error on 

the net photopeak area was taken to be sum, of the gaussian fitting 

error and the statistical error. The gaussian fitting error was 

estimated by calculating the absolute activities of selected standard 

gamma-ray sources from the computed photopeak areas. This error was 

found to be less than 1%. The error due to drift in the counting 

system was checked before each counting and was found to be within the 



-81-

statistical error limits. The statistical error itself was defined as 

v^T+2B7 where N is the net photopeak area and B the background, or 
51 116m 122 

continuum counts. Despite having strong peaks Cr, In, Sb and 
16 5m 

Dy have not been included in the table of k^ values owing to non-

availability of accurate nuclear data on them. Having calculated the 

corrected net' photopeak areas, a method by which best estimates of 

measured values in the equation below were obtained was used. This 

equation is the re-arrangement of equation (6) and is given by 

I 
N(me SDCt. ] 1 = N >r\{ + <}> [f, (a) + E a ( - ~ - f9(o))+ f9(a)]} k y mJ av th e u 1 r gaQ I 2 

(18) 

where 

n = 0P ga M _ 1 
Y o 

While the flux parameters <f> a nd a c a n often be determined from 

the irradiation of three isotopes, it is better to use a method which 

includes more measured reaction rates in order to obtain an over-

determined system. The method of analysis used is that developed by 

AHMAD (48). It can be shown that the function to be minimised to 

find the least squares estimates of the flux parameters and nuclear 

data is:-

x 2 - M ^ r i H * [ v ' j ' W ' M 

where the quantities in square brackets are matrices, T indicates the 

transpose of the matrix and -1 the inverse 
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E is the vector of experimental reaction rates 

(L.H.S. of equation (18)) 

C is the vector of calculated reaction rates 

(R.H.S. of equation (18)) 

V^ is the covariance of experimental reaction rates 

P^ is the vector of input parameters (flux parameters and 

nuclear data) containing the prior information 

Pq is the vector of current estimated parameters from which 

C is calculated and for which the best estimate is sought 

Vp is the covariance matrix of input parameters 

The initial estimates for the parameters making up ri were taken from, 

[IAEA (49)] and [SHIRLEY and LEDERER (19)] . The resonance energies 

E s,were taken from [MOENS et al. (28)] and I /go values were the best 

means determined in the manner that will be discussed in Section 3.8. 

The input flux parameters were obtained according to the methods 

mentioned in Section 3.5. 

3.8 CROSS-SECTION DATA FOR <'n,y) TYPE REACTIONS OF INTEREST 

The spread in measured values of cross-sections tabulated in 

literature is not always consistent with quoted errors. This makes 

the choice of nuclear data difficult. To take advantage of the 

improved accuracy of the experimental k^ values, the overall accuracy 

of the k^ technique can be enhanced by improving the accuracy of 

IQ/goo values. Data from three principal sources i.e. GARBER (22), 

GRYNTAKIS and KIM (50) and IAEA (49) were evaluated. In order to 

obtain unbiased values of cross-sections for elements studied, it 
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was assumed that each measurement was associated with a stochastically 

independent normally distributed variable X^ {X_j,;i=l,N} with means 
2 . 

y. and variances a. ; that is X. is n(y.,cr. )• 
1 ' l i I 

Associated with X. is the sample value x. which is an unbiased estimate 
1 1 

2 

of the mean y., and s. which is an unbiased estimate of the variance i l 
2 

a^ . It was then necessary to test whether or not the values of each 

set of data were consistent with one another, and if so, to estimate 

the best value of the common mean i.e. 
y = y i = \i2 = hN 

2 

The statistic X (N-l) was used to test the consistency of data of 

each element using the upper tail test at a significance level of 

0.05, [refer to appendix]. The best estimate of the means and variances 

were later used as inputs in the minimisation routine for the deter-

mination of accurate k^ values. These values are listed in table 3.7. 

3.9 RESULTS 

The results in table 3.8-3.10 show the input and output values 

of flux parameters <f>e a nd a, nuclear data; q, I^/ga^ and E^ for 

sixteen isotopes. Data in table 3.8 is the result of minimising data 

for sixteen gamma lines giving a result with a chi-square of 30.8. 

Overall, the fit is good although data for peaks in the low energy 

region show some recognisable disagreements. This is to be expected 

as already mentioned in Section 3.3. Where multiplets are involved 

the gaussian fit employed by NUCLEAR DATA 6600 may not closely 

describe the observed data. In certain cases a high value of chi-

square was indicative of this. High inconsistency between input and 

output values for this table was seen in the data for iodine. The q 



TABLE 3.6 

MEAN VALUES OF THERMAL CROSS-SECTIONS, RESONANCE INTEGRALS 
I 

AND — -VALUES COMPUTED FROM DATA IN REFERENCE (22), (50) AND (49) 

Targqt 
Isotope 

ga^ (barns) I (barns) o 
I o 

g ao 

2 3 Na 0.530±0.004 0.31710.007 0 59810.014 
2 6 Mg 0.038±0.001 0.02610.009 0 68410.237 
2 7A1 0.232±0.002 0.19710.016 0. 84910.069 
3 7C1 0.430±0.003 0.23410.027 0. 54410.063 
4 1K 1.48±0.03 1.2810.06 0. 86510.044 
4 5Sc 26.1±0.5 10.710.1 0. 50010.011 
4 8Ca 1.110.2 0.8910.5 0. 8110.15 
50Ti 0.17810.002 0.11610.033 0. 65210.186 
50Cr 15.910.1 8.6910.60 0. 54710.038 
Sly 4.9210.03 2.5310.08 0. 51410.017 
55 M n 13.310.2 13.9710.08 1. 0510.02 
58Fe 1.1510.04 1.2010.07 1. 0410.07 
8 9 Co 37.210.02 79.3711.49 2. 1310.04 
6 5Cu 2.17±0.03 2.2710.08 1. 0510.04 
6 8Zn 0.07110.003 0.2210.03 3. 1010.44 
7 4Se 51.811.2 556151 10. 7311.02 
7 5 A S 4.3710.07 51.418.0 11. 7611.84 
127]- 6.1210.07 15112 24. 6710.51 
1 3 9La 9.0710.17 11.910.6 1. 3110.07 
186W 37.411.1 467110 12. 4810.45 
1 9 7 A U 98.810.3 1549127 15. 6810.28 



TABLE 3.8 

PARAMETER INPUT AND OUTPUT VALUES IN IC IS 

Parameter 
No. 

Parameter Input Value(P ) 
and Error 

Output Value(P ) 
and Error 

1 a 0.025±0.016 0.02910.016 
2 $th (1.8310.03)xl012 (1.89i0.03)xl012 

3 ^e (0.10210.001)xl012 (0.10210.001)xl012 

4 P N A 1368^ (0.229+0.023)xl0~1 (0.23910.005)xl0_1 

5 2753 (0.22910.023)xl0_1 (0.224+0.OlO)xlO_1 

6 2 ?Mg 843 (0.11910.012)xl0~3 (0.128+0.005)xlO~3 

7 2 8AI 1779 (0.85910.086)xl0~2 (0.82510.018)xl0~2 

8 3 8CI 1642 (0.869+0.087)xl0~3 (0.987+0.022)xl0~3 

9 
5 1Ti 

2168 (0.11810.012)xl0~2 (0.129+0.004)xl0~2 

10 5 1Ti 319 (0.17410.017)xl0"3 (0.19410.004)xl0~3 

11 5 2v 1434 (0.96010.096)xl0_1 (0.97710.032)xl0_1 

12 < 56 Mn 846 ( 0.23910.024 0.25010.007 
13 66 Cu 1039 (0.83310.083)xl0~3 (0.95710.032)xl0~3 

14 128 442 (0.781+0.078)xl0~2 (0.59110.021)xl0~2 

15 526 (0.752+0.075)xl0~3 (0.56810.027)xl0"3 

16 140_ La 328 (0.12010.012)xl0_1 (0.152+0.003)xl0_1 

17 487 (0.27710.028)xl0-1 (0.31710.016)xl0_1 

18 
198 Au 

1596 (0.618+0.062)xl0~1 (0.662±q.Q3A).xlO~A_ „ 
19 198 Au 411^ 0.47810.048 0.51710.13 
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TABLE 3.8 (continued) 

Parameter Parameter Input Value (P) l 
Output Value (P ) 

No. and Error and Error 

20 
r 24 ^ 

Na 0.59810.014 0.598+0.014 
21 27 Mg 0.68410.237 0.69910.232 
22 2 8A1 0.84910.069 0.84810.069 
23 3 8CI 0.54410.063 0.54810.063 
24 5 1Ti 0.65210.186 0.66910.182 
25 
26 

< 
52v 

5 6Mn K ^ o 
0.54710.038 
1.0510.02 

0.54710.038 
1.0510.02 

27 6 6Cu 1.0510.04 1.0510.04 
28 128]- 24.6710.51 24.5610-51 
29 11+°La 1.3110.07 1.5210.07 
30 ^ 9 8Au j 15.6810.28 15.7010.28 

31 r 2 4Na1 31301280 3130+276 
32 27 M g 220000180000 219940172963 
33 2 8A1 82401610 82401603 
34 38cl 3060015300 3059015056 
35 < 

51 T i 555001200 555001199 
36 52v 5960+240 59601239 
37 5 6Mn 412175 412174 
38 6 6Cu 4521223 4511211 
39 128 j 4312.5 4312.5 
40 7614 76+4 
41 ^ 9 8Au, • 5.4710.57 5.4610.57 

2 X 16 
= 30.8 
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input and output values differed by a factor of more than 20% perhaps 

implying the inaccuracy of available nuclear data on it. Moreover this 

was emphasized by the scatter in the evaluated integral cross-sections 

with deviations greater than 2a, especially the data reported by 

[BRUNE (51)]. Table 3.9 represents data for eleven gamma lines 
4 6 

and here again nuclear data for scandium ( Sc) seemed suspect. 

The tabulated thermal cross-sections for this isotope show deviations 

of more than 2a too. Moreover, it is known that sensitive elements 

like scandium are often affected by trace impurities of pure solutions, 

[NADKARNI and MORRISON (52)]. Table 3.10 is the result of irradiating 

the multi-element material in core tube (CT2/2)for seven hours. 

Compared to (ICIS) facility, this has a much reduced epithermal neutron 

density with a flux ratio two and half times as high. The magnitude of 

a, 0.398±0.197 should have a significant influence on samples irradiated 

in this facility. BEREZNAI and MAC MAHON (35) have shown that 

I (ct)/goq values decreased with an increase in the positive value of 

a. Under this condition therefore elemental mass analysis by the 

comparator technique which neglects a would result in high values. 

Table 3.11 is a list of k Q values obtained from multi-element 

activation compared with values from foils. By the definition of 
n, the k^ is the ratio of n of the element of interest and that 0,au,x 
for gold. 

The total error on k is given by u,au,x 

9k. 
Ak 2 

0,au,x I 9q Aqz + x 
3ko U + ,A

 8ko 3ko An + 2Aq Dn J au x,au 8q 9ri x 7 v au-7 x au 



TABLE 3.8 

PARAMETER INPUT AND OUTPUT VALUES IN IC IS 

Parameter Parameter Input Value (P1) Output Value (P ) 
No. and Error and Error 

1 
2 
3 

a 
$ th 
<F> e 

0.025±0.016 
12 

(1.83±0.03)xl0 
12 

(0.102±0.001)xl0 

0.02310.015 
12 

(1.8710.0.3)xl0 
12 

(0.10210.00)xlO 

4 889 0.589±0.059 0.73410.019 
5 1120 0.58910.059 0.71110.019 
6 6 0Co 1173 0.62610.063 0.68910.027 
7 
8 

75 
Se 

1332 
264 

0.62610.063 
-1 

(0.35310.035)xl0 
0.67910.025 
(0.35910.031)xl0~2 

9 7 6 A S 559 > N 
(0.26210.026)xl0~1 (0.26710.013)xl0~1 

10 659 (0.35410.035)xl0-2 (0.35610.024)xl0~2 

11 187W 479 (0.16010.016)xl0_1 (0.15310.008)xl0~1 

12 551 (0.37410.037)xl0~2 (0.38210.032)xl0-2 

13 685 (0.20110.020)xlO"1 (0.18610.004)xlO"1 

14 ;
1 9 8 A U 411j 0.47810.048 0.51910.013 

15 0.50010.011 0.50010.011 
16 8 8 Co 2.1310.04 2.13+0.04 
17 75Se 10.7311.02 10.78+0.99 
18 -< 7 6 A S * V g a o 11.7611.84 12.0011.56 
19 187W 12.4810.45 12.4110.45 
20 1 9 8 A U j 15.6810.28 • 15.64+0.41 
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TABLE 3.9 (continued) 

Parameter Parameter Input Value ( Pp Output Value (P ) 

No. and Error and Error 

21 f48 Sc 2120±1120 2117±1045 

22 80Co 133±1 133±1 

23 75Se 
. E r 

29.5±2.4 29.512.4 

24 7 8 As 
. E r 102±0.2 10210.2 

25 187W 19.5±0.6 19.510.6 

26 1 9 8 Au 5.47±0.57 5.4610.57 

X 2 = 16.2 
11 
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TABLE 3 .10 

PARAMETER INPUT AND OUTPUT VALUES I N CT2/2 

Parameter Parameter Input Value (Pj) Output Value (P ) o 
No. and Error and Error 

1 a 
O* / J: O' 
0*100±0.400 

e- 4 ±0- 2 

2 th (1.06±0.04)xl0 12 (1.01i0.03)xl0 12 

3 <j> e 
(0.026±0.001) xlO12 (0.02 6±0.001)xld 2 

4 ^ N a 
> 1368 (0.229±0.023)xl0 1 (0.217±0.009)xl0 1 

5 2754 (0.229±0.023)xl0 1 (0.200±0.012)xl0 1 

6 6 0Co 1173 (0.626±0.063) (0.585+0.043) 
7 4 ?6As 559 n (0.262±0.026)xl0 1 (0.269±0.012)xl0 1 

8 487 (0.277±0.028)xl0 1 (0.263±0.013)xl0 1 

9 1 8 7 W 479 (0.160±0.016)xl0 1 (0.154±0.001)xl0 1 

10 685 (0.201^0.020)xlO 1 (0.182±0.013)xl0 1 

11 r 2tW 0.598±0.014 0.598±0.014 
12 60 Co 

1 / gc o o 
2.13±0.04 2.13±0.04 

13 7 6 A S 
1 / gc o o 11.76±1.34 11.78±1.33 

14 1.31±0.07 1.31±0.07 
15 187^ 12.48±0.45 12.46±0.45 

16 " 2 W 3130±280 3130±276 
17 6 0Co 133±1 133±1 
18 < 7 6 A S 'E r 102±0.2 102±0.2 
19 14°La 76±4 76±4 
20 187W 

-J 19.5±0.6 19.5±0.6 

X 2 = 7. 
7 

1 
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TABLE 4.5 

COMPARISON OF kQ VALUES FROM SINGLE ELEMENT 
AND MULTI-ELEMENT ACTIVATION 

. 

Product 

Isotope 

y-energy 

KeV Single element (29) 
x (errors in %) 

Multi-element 

24 
Na 1368 4.68X10_2(0.6) 4.61X10~2(2.9) 

2753 4.68X10~2(0.9) 4.32X10~2(5.2) 
2 W 843 2.53X10~4(0.5) 2.47xlO_1+(4.6) . 
28AI 1779 1.75X10~2(0.8) 1.59xlO~2(2.8) 
3 8C1 1642 1.97xlO~3(1.4) 1.91X10~3(3.0) 

2168 2.66xlO~ 3(1.3) 2.50X10~3(3.6) 
889 1.24 (0.5) 1.42 (3.3) 

1120 1.25 (0.8) 1.37 (3.9) 
51T. 319 3.74xl0~4(1.0) 3. 76xlO_1+(2.8) 
5 2V 1434 L ^ X I O ' ^ L ^ ) 1.89xl0_1(3.8) 
5 < W 846 4.96xlO_1(0.2) 4.84xlO_1(3.5) 
6 0Co 1173 1.32 (0.4) 1.33 (4.4) 

1332 1.32 (0.5) 1.31 (4.2) 
6 6Cu 1039 1. 86xlO~ 3(0.5) 1.86xlO~3(4.2) 
7 5 S e 264 7.25xlO~ 3(0.5) 6.91X10~3(8.9) 
7 6 As 559 4.97xl0~2(0.7) 5.13X10 2(5.2) 

659 6.63x10 3(1.1) 6.86X10 3(6.9) 
I 2 8 I 442 1.12x10 2(1.7) 1.14x10 2(3.1) 

526 1.07xl0"3(1.4) 1.09X10 3(4.4) 
328 2.87x10 2(1.0) . 2.94X10~2(2.5) 
487 6.37xl0~2(0.9) 6.13X10 2(5.4) 
1596 1.34xlo" 1(l.l) 1.28x10 X(5.0) 

1 8 7 W 479 2.97xl0~2(1.0)* 2.96X10 2(5.2) 
551 6.91x10 3(0.5)* 7.36xlO~(fl3.8) 
685 3.71xl0~2(0.5)* 3.58x10 2(2.7) 

^Interim report (June 1981) k_ measurements and related nuclear 
data compilation for (n,y) RNAA (37) 
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where An is the covariance term, x, au 

3.10 CONCLUSION 

The accuracy with which k^ values have been obtained from the 

irradiation of multi-element material suggests that future deter-

mination of nuclear constants (thermal cross-sections and resonance 

integrals included) could be carried out using complex materials as 

opposed to current techniques employing foils. The advantages 

offered by data from multi-element activation as regards the application 

of nuclear data in studies of mass compositions cannot be over-

emphasized. Moreover, being nuclear constants k^ values are more 

reliable than having to assume the constancy of multi-element standards 

in relative techniques for instance. As pointed out earlier, multi-

element standards suffer from fluctuations when used over a long 

period. 

The accuracy of k^ values for low energy peaks can be improved by 

fitting the background of such peaks to a polynomial function with high 

order terms as was mentioned in Section 3.2. However, the error 

introduced by the fitting routine employed by the NUCLEAR DATA 6600 

was found to be small as evidenced by results of table 3.11. To 

minimise the error due to gamma-ray attenuation in the sample it is 

necessary to work with small pellets. 

With the typical error of 3%, the contribution of k^ values to the 

final error of elemental masses is reasonable. It should be mentioned 

that a 10% error imposed on the r\ values in order for the least 

squares programme to converge could have been an overestimation 

of error. It is hoped therefore that further improvement of the method 
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of data reduction used will increase the precision and accuracy 

future analyses. 
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CHAPTER FOUR 

APPLICATION OF THE k Q TECHNIQUE 

Since the k^ technique was proposed, little on its application 

has been reported. In the previous chapter it was shown that the 

compound nuclear constants can be determined from a multi-element 

material without sacrificing the precision and accuracy of results. 

Therefore by adhering to techniques which are being proposed here, 

the analysis of complex samples by the k^ technique should be 

possible. The accuracy of this technique was therefore tested by the 

analysis of three different types of samples. These are Bowen's'Kale 

and the NBS reference materials namely Orchard Leaves, Bovine Liver, 

Coal Standard and Coal Fly Ash, Coal samples from Maamba Mine in 

Zambia and rainwater samples collected at Silwood Park. 

The NBS reference materials are essential for accurate 

measurements and for comparing with synthetic multi-element irra-

diation standards to identify matrix effects. The former are well 

characterised and have a homogeneity of better than 1%, NADKARNI 

and MORRISSON (52) and LaFLEUR (53). Moreover, because they have 

an excellent stability over a long period they have made possible 

standardisation and intercomparison of data among laboratories and 

as such have been used to evaluate analytical techniques. 

One interest in coal from Zambia was a wish to enlighten local miners 

of the possible health hazards associated with its handling and 

burning. More importantly, the .recent announcement by the Zambian 

Government (54) that plans are underway to gasify this coal in order 

to reduce the country's oil import bill has added impetus to research 
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on it. In the author's view increased knowledge of it will benefit 

not only the producer but should promote its sales in neighbouring 

countries. 

The origin of certain trace elements found in edible crops has been 

linked with the deposition into the soil of these traces by rainwater. 

The analysis .of rainwater for these traces therefore has become an 

important area in environmental research. 

4.1 PREPARATION OF SAMPLES 

The NBS reference materials were prepared according to the 

recommendations stipulated on their certificates of analysis. 

Approximately 2gms of each sample was throughly mixed before freeze 

drying. When dry, 250mg of each was dispensed uniformly onto 

5.5cms Whatman 41 filter paper and pelleted. This procedure was 

repeated in the preparation of coal samples from Zambia. When 

pelleted each sample measured (4.33x10.2mm) . 

Collection of rainwater was by means of plastic containers placed 

in the open standing approximately one meter from the ground. A 

black cloth was wrapped round each container to eliminate sunlight 

which would encourage the growth of algae. A mesh of gauze net 

was used to cover the open end of the funnel placed in the mouth 

of the container in order to prevent birds and insects from 

dropping their food in the collected water. By the end of three 

months enough water had been collected. A portion was then filtered 

to separate the soluble fraction from particulate matter, 

lOOmls of the filtrate was then poured into a vessel containing a 

5.5cms Whatman 41 filter paper. A further lOmls of rainwater 



multi-element irradiation standard was prepared to facilitate future 

comparison of results by the k^ technique. Prior information needed 

to prepare this synthetic irradiation standard was obtained from 

tables of CAWSE (55). These preparations were made in triplicate. 

Particular attention was paid to the recovery of residual matter 

remaining on. the bottom of the vessel after freeze drying. Then 

these filters together with residue were pelleted in the normal way. 

The dimension of each pellet was (1.86x10.1mm). 

4.2 ANALYSIS OF SAMPLES 

The counting conditions employed for each of the samples • 

mentioned in the preceding section depended on the activity induced 

in them following irradiation. The NBS reference materials and 

coal samples from Zambia for example were each irradiated for five 

minutes in (ICIS). Because of the high aluminium activity in coal 

samples, refer to figure 4.1, a delay of between three to five minutes 

was found reasonable. These were counted at 18cms. Bovine Liver, 

Orchad Leaves and Kale on the other hand were fairly inactive and 

were counted at 5cms. Rainwater samples and blanks were irradiated 

for ten minutes with two minutes delay between end of irradiation and 

beginning of counting. A counting time of ten minutes was maintained 

throughout. 

To assay for long-lived isotopes, these samples were irradiated 

in the core tube (CT2/2). One representative sample of each, some 

blanks, the comparator foil and flux monitors were all irradiated 

in the same capsule. A cobalt foil was used as comparator while 

zirconium foils were interspaced along the length of the capsule to 
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FIG. 4.1 Ge(Li) spectrum of Maamba Coal Sample after short irradiation. 
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monitor flux variations. Each irradiation in the core lasted for 

seven hours. Samples were then cooled to allow sodium and chlorine 

activities to die away before counting at 2cms. 

The setting of the equipment necessary to carry out correction for 

pulse losses as discussed in Section 1.4 was done prior to counting. 

A permanent record of the trace of activity versus time obtained 

from the chart recorder was kept for futur-e analysis. The NUCLEAR 

DATA 6600 was used to perform peak search and determine peak areas 

as before. These peak areas were then corrected for blank activities 

and multiplied by the appropriate gamma-ray attenuation factors 

as shown in Section 3 . 

4.3 RESULTS 

Table 4.1 shows the elemental mass composition of 5.5cms 

Whatman filter paper. The values obtained in this work agree with 

those reported by DAMS et al (56). It was not possible to measure 

other trace elements due to the low neutron flux density in the core 

tube. Tables 4.2 - 4.4 show the analysis data for five NBS reference 

materials. Overall the agreement between recommended values and those 

obtained by the author is good. The recommended values for all 

excluding Bowen's Kale are the certified values. Certified values 

for elements not obtained in the analysis have been omitted for 

brevity. Similarly, non-certified values have not been included as 

these are usually provided for information only. The values obtained 

by HABIB (59) for Orchard Leaves" using the relative technique are 

included in table 4.2 for comparison. The recommended values for 

Bowen's Kale are the weighted means and standard deviations of 



TABLE 3.6 

ANALYSIS OF 5.5CMS WHATMAN 41 FILTER PAPER 
BY k Q TECHNIQUE 

(yg-g~ I ) 

Element Keane et al., Dams et al., This work 
(58) (56) 

Aluminium 1.0 2.3 1±0. 7 
Chlorine 4 19 24±5 

• Cobalt - 0.02 0.4±0.1 
Manganese 0.04 0.09 0.05± 0.02 
Sodium 6 28.5 32+4 
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TABLE 4<2 

ANALYSIS OF NBS ORCHARD LEAVES SRM 1571 
BY kQ TECHNIQUE (yg.g" 1 unless 

otherwise stated) 

Element Recommended Value 
(52) 

S. Al Habib 
(59) 

This work 

Aluminium 410 132±1.3 426117 
Antimony 2.9±0.3 3.7810.02 1.910.3 
Arsenic 10±2 11.910.16 10.310.9 
Chlorine 721 - 87119 
Chromium 2.6±0.3 3.1410.4 3.412.6 
Lanthanum 1.24 - 1.010.2 
Magnesium % 0.62±0.02 - 0.6310.03 
Manganese 91±4 80.713.3 8012 
Potassium % 1.47±0.03 - 1.7610.14 
Sodium 82±6 - 118148 
Vanadium 0.61 0.5710.11 0.6210.08 
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TABLE 4.3 
ANALYSIS OF STANDARD REFERENCE MATERIALS BY 
k TECHNIQUE (yg.g~1unless otherwise stated) 

Bowen 's Kale NBS Bovine Liver SRM 1577 
Recommended This work Recommended This work 

Element value (57) value (60) 

Aluminium 36*314.31 91113 35.5 43.913.6 
Bromine 26.2 8.811.1 
Calcium % 4.1±0.1 4.33 
Chlorine % 0.37±0.04 0.4310.02 0.26 0.3210.02 
Chromium - 1.5412.65 
Copper 193110 188112 
Magnesium % 0.15410.001 0.1710.01 0.061 0.06310.006 
Manganese 15.010.8 13.912.5 10.311.0 7.610.5 
Potassium % 2.3710.06 2.6610.07 0.9710.06 1.0510.09 
Sodium % 0.2410.02 0.2410.01 0.2410.01 0.2410.01 
Vanadium 0.3710.03 0.6910.20 
Zinc 130110 107.8116.6 
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TABLE 4.4 

ANALYSIS OF STANDARD REFERENCE MATERIALS 
BY k TECHNIQUE (yg. g-1 unless otherwise stated) 

NBS Coal SRM 1635 NBS Coal Fly Ash SRM 1633a 
Element Recommended Recommended 

value (61) This work value (62) This work 

Aluminium % 0.3210.01 1911 
Arsenic 145115 126147 
Calcium % 1.1110.01 1.02 
Cesium - 3.511.3 
Chromium 19616 165114 
Cobalt • 4-k 4315 
Iron % 0.2410.01 0.1410.08 9.410.1 9.610.7 
Lanthanum - 1.110.7 - 64.214.9 
Magnesium % 0.45510.010 7,410.5 
Manganese 21.411.5 18.911.3 * 190 >168132 
Scandium + 0 0.2810.05 u 40 35.8+2.9 
Sodium % * 0-21 0.2810.01 0.1710.01 0.1910.01 
Titanium % 0>02. 0.01610.002 m 0.9710.06 
Vanadium 5.210.5 3.8710.01 * 3eo 321120 
Ytterbium - 3.79+0.49 
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data contained in reference (57). Equations (16) and (17) have been 

used to calculate the weighted mean and the Standard deviation res-

pectively. The large discrepancy in the value for aluminium in 

Bowen's Kale could be due to interference from (n,a) and (n,p) 

reactions in phosphorous and sulphur induced by high energy neutrons. 

For the same -reason the values of magnesium in both Coal Fly Ash 

and Maamba Coal are unreliable. BLOCK (63) has shown that 
27 27 

Al(n,p) Mg interferes with the determination of magnesium in 

coal samples. According to his results, a milligram of aluminium 

produced an activity equivalent to 0.2mg of magnesium. Table 4.5 

shows values for Maamba Coal with significant levels of iron and 

titanium. These metals are of strategic importance and further work 

should be encouraged to establish their economic viability. The value 

of zinc is unreliable too owing to interference from scandium as can 

be seen from figure 4.2. 

4.4 CONCLUSION 

Considering that errors on elemental masses in NBS reference 

materials can be as high as 20% [ROSENBERG (64)], it is in the 

author's view that the future of the k^ technique is bright indeed. 

The precision and accuracy of the k^ technique compared to the relative 

technique is given in tables 4.6.1 and 4.6.2 in which some traces in 

rainwater samples have been measured. Sample A was collected in 

the open while Sample B was collected from under a tree. The 

agreement between the values obtained from the two techniques is good. 
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TABLE 4 .5 

ANALYSIS OF MAAMBA COAL 
BY k TECHNIQUE Cyg.g1 unless otherwise stated) 

Element This work Typical Coal range (57) 

Aluminium % 2.1±0.2 (0.3 - 3) 
Arsenic 0.2±0.1 (0.3 - 93) 
Chlorine % 0.40±0.04 (0.001 - 3.0) 
Chromium 16.7+7 (2 - 400) 
Iron % 0.23±0.05 (0.05 - 4.3) 
Lanthanum 17±2 (0.3 - 40) 
Magnesium % 1.1±0.2* (0.001 - 0.35)' 
Manganese 65±16 (3 - 900) 
Ruthenium 4.2±2.3 -

Scandium 4.7±1.6 (G. 5 - 30) 
Titanium % 0.22±0.02 (0.02 - 0.2) 
Tungsten 0.9±0.2 (0.1 - 4) 
Vanadium 19±2 (2 -130) 
Zinc % 0.8±0.3* (S 0.3) 

* Refer to Section 4.3 for comment 
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ANALYSIS OF RAINWATER BY RELATIVE AND k Q TECHNIQUE 
Cvg/XOOmls) 

TABLE 4.6.1 SAMPLE A 

Element Relative Technique k^ Technique 

Chlorine 275±5 327±22 
Manganese 2.35±.04 1.46±0.12 
Sodium 253±3 290±20 
Vanadium 0.4±0.1 0.5±0.1 

TABLE 4.6.2 SAMPLE B 

Element Relative Technique k^ Technique 

Chlorine 331±8 350±27 
Manganese 17.6±0.2 10.9±1 
Sodium 504±12 585±38 
Vanadium 1.1±0.2 0.9±0.1 
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It is important to point out areas where systematic errors could 

have been made in the analysis of NBS reference materials. It was 

observed that the pressing of 250mgs of sample into a -pellet often 

resulted in a sample with non-uniform edges. It will be recalled 

that the techniques of counting proposed in this work require that 

the sample should be of well defined geometry for its centre to be 

located with accuracy. 

The low thermal neutron flux in (CT2/2) coupled with the short-

irradiation time limited the number of elements detectable in the 

Kale and rainwater samples. It is therefore to be recommended that 

a special arrangement be made to allow long irradiations of these 

samples in (ICIS) in which the thermal neutron flux is higher. 
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CHAPTER FIVE 

CONCLUSION 

The emphasis in this work has been to develop techniques to 

measure accurately the compound nuclear constants and to demonstrate 

the versatility of the k^ technique as an analytical tool. The 

techniques which have been proposed in the preparation of the 

multi-element material, the design of equipment and hence the 

measurement of the k^ values were meant to arrive at improved data. 

The k^ technique itself is fast, computer oriented and has been 

shown to be as accurate as most conventional techniques. 

The problem posed by the need to fix the counting geometry have been 

solved by pelleting samples. This method ensures that samples have 

a well defined geometrical shape whose centre can be determined with 

high precision. Although only solid samples were experimented with, 

there is no reason why liquid samples could not be analysed by the 

same technique. 

The photopeak pulse losses due to the dead-time of the MCA 

and pulse pile-up at high count rate have been tackled adequately by 
CdiajucWV 

the method of fixed dead-time per event imposed on the MCA^by the 
wdk use the embiaeaL ruÂ e o\k aea CtutiK^v Om^, 

logic signal from the monostable unit. Usually ono~~i-s—faced with the 

problem of choosing betwoen—-fehe---d-ead=-feiiae'"Gorre.etion methods—which 

are proven over low count -rates-and-pul-s-e-r- techniques—ideal—for 

u-se when high count rate is due to long-lived isotopes—only. The 

method of fixed dead-time proposed tin thin work which corrocns ' 
VYVJ wt/vL ttâ Dte <Xw u^OMia^L' 
simultaneously for dead-time of t 
and advantage. Since this method has been proved to hold up to 
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4 
9x10 cps, the movement of the detector to reduce the count rate is an 

unnecessary measure. 

The deviation of the epithermal neutron density from the 1/E 

law was investigated and the value of alpha in (ICIS) and (CT2/2) 

irradiation facility were measured to be equal to 0.024±0.016 and 

0.398+0.197 respectively. Being largely positive, these values have 

a profound effect on irradiations carried in these facilities. For 

instance it was found that when the value of alpha was assumed to 

be equal to zero in (CT2/2) , the level of zinc in Bovine Liver NBS 

reference material was calculated to be 220 which is greater 

than the certified value of 130110 by more than 3a. 

To adapt the k^ technique to many laboratories it will be 

necessary to redesign sample changers so that efficiency measurements 

can be carried without hindrance. Due to stringent irradiation 

and counting conditions called for in the k^ technique, it may be 

necessary to institute new regulations to allow longer irradiations 

in (ICIS) for instance. Under current arrangements the irradiation 

in this high thermal flux facility is limited to short-times only 

for fear of overexposing the reactor control staff to high levels 

of radiation. 

The fact that non-l/V isotopes can only be analysed with 

difficulty should not cause despair in some. The method suggested 

by GEIGER and VAN DER ZWAN (33) for measuring the WESTC0TT 
176 

g-factor by comparing the reaction rates of lutecium ( lu) foil 

measured in a pure Maxwellian flux of known temperature and that in 

the experimental facility can be applied through collaboration with 

an institute having a reference thermal neutron.source. 
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The term W1 which is the deviation of the cross-section from 1/V law 

in the energy region from pKT to 0.55 eV, was assumed to be equal 

to zero due to the limit on the number of input parameters required 

to use Minuit computer programme. 

It is regrettable that the k^ technique can only be applied 

by users with access to reactor facilities. 
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APPENDIX 

THE GENERAL LINEAR METHOD 

Associated with N measurements of one particular cross-section 

there are N stochastically independent normally distributed random 

variables, (X. ; i = 1, N ) with means y. and variances a.2; that is ' • 1 l I 
X. is n(y. ,a.2). Associated with X. is the sample value x. which is l ' l l ^ l 
an unbiased estimate of the mean y. and s.2 which is an unbiased 

l l 
estimate of the variance a^z.(The assumption that each value x^ and 

its variance s^2 represents the true mean of the normal random variable 

is valid given the available information which does not indicate the 

number of measurements from which they are calculated.) 

It is first necessary to test whether or not the measurements are 

consistent with one another, and if so, to estimate what is the best 

value of the common mean: 

y = \il = y2 = ... = ^ 

The random variable X^ has a-probability density function f^ where; 

£ , X 1 ( 1 (X - y)2 ^ f.(x) — exp 
/2tto . 2 

i \  wi J 
a  2  

The likelihood function for the set of the measurement L is given by 

N 
L(X1,X2, ... jX^y,^ 2)" = n fi(xi) 

i=l 

and the estimate of y is defined as the value yJ for which 
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dL(y') = 0 
dy 

Maximising L is equivalent to maximising InL (since In'is a monotonic 

function.) 

lnL(y') = In 
i=l /2irai2 

exp 
(x. -y')2 

" i — 
v. a.2 ^ 

r 
= In 

i=l /2TTO . z 1 y 

m 2 N (x. -y') 
- 1 1 — 

i=l a, 

dlnL(y') = 
<iy 

N (x_̂  -y') 

i=l a.' I 

N N 

dlnL = 0 implies J = y 
dy i=l a.2 

I 
• I 

• 2 
1=1 1 

and hence the estimate yf is given by 

N 
x. 

I 

i=l l yf = 
N 

i - i 
i=l a.2 

or the estimator 
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N X. 
Z 1 

i = 1 a.2 

N 1 
£ 2 

i=l I 

(X. - y)2 

The random variable is x2(l) anc* since the random variables 
a.2 

X^ are stochastically independent 

N (X. - y)2 

Z is x2 ( n ) 
i=l a.2 

l 

Since y must be estimated from the sample 

N (X. - y)2 

Z — is x2(N - 1) 
i=l a.2 

I 

Hence this statistic may be used to test the consistency of the data 

set. Choosing a particular significance level SL, let the shaded area 

be the critical region for a one-tailed test 
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It follows therefore that 

X 2(N - l)dx = 1 

0 

r 

X2(N - l)dx = SL 

* B 

ft 

X 2(N - 1)dx = 1 - SL 

0 



-1 20-

This hypothesis was tested using the upper tailed-test 

IE this hypothesis is accepted 

Xi is n(y,ai
2) 

X i ( V I N hence is nL , ) 
a.2 a.2 a.2 1 i i 

N X. 
Z 
i=l a.' I 

N 
is n(y Z 

i=l a 3 I 
S J L 
i=l 0 3 l 

y = 

N 
Z 2-• 1 O.y 1=1 1 
N is n(y, 

i=l a 3 I 

N 

i=l 0 3 l 

hence y is an unbiased estimate of y and its variance 

1 
N 

„ 2 
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which can be approximated by 

N 1 
£ 2 . - s. ̂  i=l l 

If the hypothesis is rejected but it is nevertheless necessary to 

obtain an estimate of the mean and its error, all the standard 

deviations can be increased by a factor k so that the x2 value is 

now equal to the expected value, i.e. 

2 

= N - 1, and k 
N (X - y) / T 

— "NT 1 ~ q 1, _ J _A 

i-1 (ko.)2 N _ 1 

It can be shown that the new estimate of the mean remains unchanged 

but its variance is increased from 

N N 
£ —U- E = 

i=l a.2 i=l x2 cr.k 

NHT 1 

= 11- ( I > 
N-l N ; 

Z — 
i=l a.2 

(chi-square per degrees of freedom)x(estimate of variance when 
hypothesis is true) 




