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Summary 

The treatment of rheumatoid arthritis with gold salts such 

as soidum aurothiomalate (Myocrisin) is clinically well established. 

Because of their potential toxicity, however, it is desirable to 
understand as much as possible of the mechanism of action of the 

drugs and their transport in the blood. 

This thesis describes the characteristics of neutron 
activation analysis as a very sensitive method of analysis for 

studying the distribution of gold in blood during chrysotherapy. 

Electrophoresis was used to fractionate blood samples from 
twelve patients into the protein fractions and measurements were 
made to estimate the gold content of whole blood, plasma and serum 

and the gold bound to the prealbumin, albumin and Oye Oye 8, and 

y-globulins, and to the blood cells. 

The results are summarised in tables. The tables show the 
concentration of ratios of the gold content of each plasma to serum, 

whole blood to plasma, and of blood cells to plasma, and that of 

total protein fractions to the serum, also shows the concentration 

ratios of gold content in each protein fraction to that of the 

total of the protein fractions. 

The results show there is little, if any, binding of gold 

to the fibrinogen, the majority of protein-bound gold is associated 

with the albumin fraction but that significant amounts are also 

bound to the other proteins. There is a small amount of gold 

bound to the blood cells except for three patients who show high 

gold levels. The ratio of the gold content of cathode and anode 

ends of the electrophoresis strip to that of the total protein 

fractions were measured to check if there was any gold loss, and 

it was found there is a small amount of such loss. 
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CHAPTER 1 

INTRODUCTION 

  

1.1 Rheumatoid Arthr 

Rheumatoid Arthritis may be described as one of the most crippling 

of all diseases. It can effect any one from the young to the adult, 

aged individual, but it is most common between the ages of 20-50 years. 

It is also apparent that three times as many women as men suffer from 

the disease. 

Rheumatoid Arthritis may be described as a chronic inflamatory 

disease mainly affecting and deforming the joints, it also causes 

swelling and pain, a limitation of movement and stittnesscce History 

shows that it was William Ausgrave of Exeter (1657-1721) who first drew 

attention to the occurrence of poly arthritis as a sequel to gonorrhoea 

and so introduced the concept of infective arthritis. Sauvages (1763) 

described a secondary type of arthritis which formed swellings about 

the size of a nut on the fingers. Garred (1859) proposed the name 

rheumatoid arthritis. This was to replace the many aliases under which 

it was then spoken of, such as rheumatic gout, rheumatism and chronic 

rheumatic arthritis and that name became widely adopted. 

Strangeways (1907) under the auspices of the Cambridge Committee 

for the study of special diseases, increased the knowledge of the 

pathology of rheumatoid arthritis. This research reviewed the poss- 

ibility that the change might be due to infection. The so-called 

"Rheumatoid Factors" in the blood of sufferers were described by Rose 

in 1948,>°



1.2 The Treatment of Rheumatoid Arthritis SOME L OSCR AECHTL YAS. 

The treatments for rheumatoid arthritis pain include the 

physical side (exercises, water baths, etc.) and the use of drugs 

according to the stage of the disease; depending on the different 

stages, different drugs are used. 

Aspirin is usually used in the first stage of the treatment 

to which Paracetomal can be added. Anti-inflammatory agents, such 

as Phenylbataz (Batarolidin) and iodocid are useful in some cases. +” 

Forestier's report in 1929 showed that patients treated with gold 

salts showed a marked benefit. The use of the gold therapy was 

based on the knowledge that gold salts could inhibit growth of tub- 

ercle bacilli in vitro and that benefit was reported in tuberculous 

patients treated with gold salts. Because of some clinincal simi- 

larities between rheumatoid arthritis and tuberculosis it seemed 

reasonable that gold salts might help rheumatoid patients. Also it 

is suggested that gold has a general anti-inflammatory effect because 

it inhibits fibrinolysin, the enzyme producing inflammation. Gold is 

still widely used in the treatment of rheumatoid arthritis. 

Sodium aurothiomalate (Myocrisin) which contains fifty per cent 

gold by the weight is the compound most frequently used. Tt is usual 

to give weekly intramuscular injections beginning with 10 mg and to 

increase this by 10 mg every second week up to 40 or 50 mg per injection 

and continue until a total of 0.5 to 1 gram has been given. The formula 

and physical state, etc. are shown in Table 1°



CASE 

Fraser (1945) 7" reported on one hundred and three cases of 

rheumatoid arthritis which were observed over a period of one year. 

Fifty seven received injections of Myocrisin and forty six an 

inactive control substance. Some clinical improvement was observed 

in eighty two per cent of the patients on Myocrisin and in forty five 

per cent of the patients on the control, but the degree of improve- 

ment was more marked in the former group. Toxic reactions occurred 

in seventy five per cent of the patients who received Myocrisin as 

skin, mouth, kidney, alimentary tract and general lesions in various 

percentages. Mostly the skin developed a minor reaction, but the 

majority of these cases were mild. It is of interest to note that 

thirty seven per cent of the patients who were given the control 

substance had 'toxic reactions' mostly of the skin with a few of 

kidney and mouth. 

In Vivo Binding Distribution Studies of Gold to Blood Components 

Blood is the transport medium of the body, and normal blood 

contains trace amounts of various elements. The concentration of 

these elements may reach abnormal levels in the blood due to internal 

reasons such as excretion by the tissues in the body or external 

reasons due to the use of drugs in the treatment of diseases. As 

gold salts are widely used in the treatment of rheumatoid arthritis 

and as the gold has a potential toxicity and the mechanism of its 

therapeutic action is still not understood, it is desirable to study 

the distribution of the gold among the cellular components of the 

blood and its association with plasma proteins. Several such studies 

have been made but the results of these measurements have often been 

conflicting.



  

  

  COO Na       

Table 1 

Gold sodium thiomalate (Myocrisin) 

Formula Solubility in Physical state Gold content 
water % 

COONa 

H- C-S-Au 

H- C-H + Aqueous solution 50 
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For instance, most workers have found the majority of gold 

associated with plasma proteins to be bound to the albumin, but 

J.S. Lawrence (1961) °° in his studies with radioactive gold, aoe es 

in blood from ten rheumatoid arthritis patients found that the gold 

was completely bound to the proteins, especially fibrinogen. While 

E.G. McQueen and P.W. Dybes, in 1969,°° in their studies on the trans- 

port of gold in the body, using the blood of rabbits which were treated 

with intramuscular sodium aurothiomalate, found that there was no fib- 

rinogen binding and the gold was virtually confined to the albumin. 

Nicholas D.H. Balaz's, et. al. (1972) ,29- work on the determination of 

gold in body fluids showed there was no gold bound to fibrinogen. 

Manfred Harth in 1973 see studied two groups of rheumatoid arthritis 

patients during treatment with sodium aurothiomalate (Myocrisin) and 

found that little or no gold was bound to fibrinogen. Also, A. Ooharra, 

et. al. (1974) aoe studied the distribution of gold in vivo using blood 

samples from mature rabbits after having administered radioactive gold 

and estimated that no gold was bound to the fibrinogen, and the gold 

was bound to the serum albumin. 

There is disagreement also about the binding of gold to blood 

cells. J.S. Lawrence (1961) ° showed in the result of his study on 

samples of blood from any patients that the red cell content of gold 

was, on average, about one-quarter of the plasma level on the first day 

after administration, which seemed a high binding, and afterwards it 

fell, but less rapidly than the plasma level, so that by the end of the 

second week it approached, and in some instances exceeded, the latter. 

Also, Patricia M. Smith, et. al. (1973)33- found that gold was localised 

in red blood cells as well as in the serum of some patients with rheuma- 

toid arthritis. H. Kamel and Brown, in 1976, a3 agreed about the
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presence of gold in the blood cells but only at a concentration of 

four per cent of the serum level. While H. Coke (1963) }5- in his 

studies on gold salts, found there was no gold in the blood cells. 

R.H. Freyberg (1966) 7°: also found no gold bound to the blood cells. 

10. The same result was obtained by Nicholas D.H. Balazs, et. al. 

who detected no gold in red cells. 

Uncertainties also exist about the correlation between serum 

and plasma gold levels and the clinical response. F.E. Krusius, 

in 197017" in their studies on blood samples from twenty five patients 

during the treatment of rheumatoid arthritis, showed that there is a 

relationship between plasma gold level and the therapeutic efficacy and 

toxicity. They showed that at lower plasma levels there was poor 

therapeutic response and at high plasma levels toxic reactions appeared. 

A. Lorber, et. al. (1973) 28- found that the serum gold level corr- 

elated to the clinical response. While J.D, Jessop, et. al. (1973)79- 

showed only that a toxic reaction occurred with patients of high serum 

gold level. Also in 197470: Paul Young, et. al. in work on serum 

gold level determinations found that a correlation existed between 

serim gold level and the clinical response. The same result was 

obtained from work done on blood specimens taken from rheumatoid 

arthritis patients by I. Bahous and W. Muller (1976)71- who ,found 

that a positive correlation existed between serum gold level and the 

effect of chrysolterapy, patients with low serum gold level showed 

relapses more often than others who had higher levels, and as the 

gold levels increased side effects were more frequent.



On the other hand, R.H. Freyberg, et. al. (1941) 27° showed that 

toxic reactions were much more frequent in patients receiving larger 

weekly injections of gold but therapeutic results were independent 

8. 
of the gold amounts given. J.S. Lawrence (1961) found there was 

no obvious relationship between the plasma gold level and the activity 

23. 
of the disease. S.S.S.@rensen (1970) in his pharmacodynamic 

studies on patients being treated with gold showed there was no corr- 

elation between serum gold level and the clinical response or side 

effects. R.C. Gerber, et. al. in 1972,74- showed there was no corr- 

erlation between serum gold level and the clinical improvement. Also 

49. : 25. 
J.D. Jessop, et. al. (1973) and Norman L. Gottlie, et. al. (1974) 

26. _ 27 
and D. Schorn, et. al. (1975) and Micha Abeles, et. al. (1977) 

all agreed that there was no correlation between serum gold levels 

and the activity of the disease process. 

There has been interest also in estimating the gold bound to 

the protein fractions such as albumin, prealbumin oe 2 8, Y - globulins 

R. Eberl and H. Altman (1970) 28- in their studies of the bound forms 

of the gold in the blood serum following intravenous or intramuscular 

administrations of various gold salts found the majority of the gold 

was bound to the albumin, but some gold was also bound to the other 

serum protein fractions. §.S.S.@rensen (1970)29* in his studies 

showed that the larger part of the gold was bound to the albumin 

fraction and only an insignificant amount was freely diffusible. A. 

Lorber, et. al. (1972)79- found that albumin contains most of the gold 

in circulation and at high serum gold levels there was increased and 

significant binding to the other protein fractions. Also, A.E.



Finkelstein, et. al. in 1976, °° studied two groups of four patients 

taking oral gold compounds as capsules in the treatment of rheumatoid 

arthritis, they found the gold distributed to the serum protein 

fractions, most to the albumin and the rest to the globulins. In 

19779 H. Kamel, et. al. found that the gold bound to the albumin and 

the other protein fractions as well. Roberta J. Ward, et. al. (1977) 22° 

in their work to determine gold in the plasma and plasma protein fractions 

showed that the gold was mostly bound to the albumin but still sign- 

ificant amounts were associated with the other protein fractions. 

Micha Abeles, et. al. (1977)77- in their studies on gold metabolism 

found that all circulating gold is in the protein fractions of 

plasma, ninety five per cent of which was bound to the albumin fraction 

and the remaining five per cent with the high molecular weight fractions. 

However, N. Simon (1954) 33° studied gold distribution in the 

plasma and plasma protein fractions from a patient who had received 

an intrapleural injection of radioactive colloidal gold, aoe ae 

and found by using a Gerger-Muller detector that the radioactive gold 

was bound to the q and 8 globulin fractions only, no gold being 

bound to y- globulin or albumin. M. Schattenkirchner and Z. Grobenski 

(1977) 34° studied a group of patients undergoing treatment for 

rheumatoid arthritis and they have found that most of the gold was 

bound to albumin fraction but not to the other protein fractions 

except for a little gold associated with a - globulin. 

Summarising, by going through the work done by previous research 

workers, it was noticed that they nearly all agreed on the point 

that the majority of the gold was bound to the albumin fraction, but
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they disagreed upon: 

ane The possibility of the gold being bound to, 

i - The fibrinogen. 

ii - The blood cells. 

2. The correlation of serum gold level and clinical improvement. 

3. The extent of binding to the globulins. 

From this previous work it seemed that the amount of the gold 

present in the plasma of patients is of the order of y g/ml. 

This thesis describes work done on blood samples from a further 

group of patients in an attempt to clear up some of these disagree- 

ments. The patients were all being treated with Myocrisin by 

Mr. J.H.R. Redding, at Fazackerly Hospital, Liverpool. In our exper- 

imental work we studied the gold content in 10uL of blood samples. 

These, therefore, would be expected to contain about ole of gold. 

To observe the presence of one per cent of this on a particular 

protein fraction would require the detection of about 107g of gold. 

Methods of Analysis 

To study trace elements in any subject from medical or other 

fields, there is a need for a method of analysis. There are several 

methods of analysis available, but the matter of choosing the most 

suitable method to serve the aim of the analysis with least errors and 

high sensitivity is the most important step. The well known methods 

are: 

aaa. Atomic Absorption Spectroscopy - this is an analytical
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process in which there is conversion to the atomic state and the 

study of the absorption of radiant energy by those atoms. This 

enables one to do trace element analysis, but still this method 

involves some errors as a result of the dissolving and diluting 

35. 36. 
processes. 

1.4.2 X-ray Fluorescence - which is based on the principle that 

when a material is bombarded with charged particles or photons of 

high energy, inner shell electrons are ejected from different orbitals 

of the atom and the vacancies left are filled with electrons coming 

from the outer shells, and as a result of this replacement x-rays are 

emitted. Measurement of the x-ray characteristic energies and the 

intensities serve as the qualitative and quantitative analysis wanted, 

but the methods of target preparation involved, such as the digestion 

of the sample, are still a major problem which. causes loss of some of 

the element of interest, or in the case of observations of a very low 

concentration this method can be unsuitable. 

1.4.3 Activation Analysis - is based on the principle that when 

material is irradiated by nuclear particles produced in a nuclear 

reactor, particle accelerator or other suitable source, some of the 

atoms present in the material will interact with the bombarding 

particles and be converted to different isotopes of the same élement 

or isotopes of different elements depending on the nature of the 

bombarding particles. In many cases the isotopes produced are radio— 

active. If each different induced radioactivity can be distinguished 

or separated from all other radioactivities produced, then the amount
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of each radioactivity is a measure of the quantity of the parent 

isotope present in the material. This process will be described in 

more detail in Chapter 2. Activation analysis particularly using 

slow neutrons in a reactor is one of the most sensitive analytical 

methods known and this is why it has wide applications in various 

fields as there are many important problems concerning "trace elements” 

which are present in concentrations low enough to be outside the 

border of most conventional chemical methods. °°- eons: 

The advantages of activation analysis for the determination 

of impurities at p.p.m. and p.p.b. levels are: 

i High sensitivity. 

2. The rapidity of analysis. 

3. The insensitivity to the chemical form of element. 

4. The method is essentially non-destructive. 

5. The equipment requirements may be relatively inexpensive. 

6. The measurement is unaffected by contamination during 

the measurement as far as this happens after the 

irradiation process. 

Vs Independence of distribution with the sample. 

For investigations of the distribution of the gold, especially 

in low molecular weight protein fractions in which the gold content 

is low, a very sensitive method like neutron activation analysis is 

needed. Neutron activation analysis has been found to be very 

sensitive as appeared in the result obtained by Roberta J. Ward, et.al. 

(1977) 32° who compared the two methods of analysis neutron activation 

and atomic absorption spectroscopy. In order to study the gold dis- 

tribution in blood we have made measurements using neutron activation
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analysis on blood samples from a group of twelve patients, all of whom 

have received chrysotherapy for rheumatoid arthritis. The plasma 

protein fractions were separated by electrophoresis, and since the 

gold is classified in the periodic table under the heavy elements an 

has a high cross-section for thermal neutrons, the reaction Ue yoy 

ee was used. The blood samples were irradiated in neutron flux 

2 
of about 10" n/emssec for seven hours and left to stand for five days 

before counting took place. 

This reaction has a cross-section of ninety eight barns. 

a2 eR has a half-life of 2.7 days and decays emitting a gamma- 

ray of 0.412 MeV, so the reaction was followed by measurement 

of the radioactivity by using a NaI (Tl) well type scintillation 

crystal, the signals from the phtomultiplier attached to the crystal 

were fed to a 252 channel multichannel analyser. By using gamma- 

Tay spectroscopy the gold levels bound to plasma, serum, whole blood, 

plasma protein fractions and blood cells were determined.
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CHAPTER 2 

ACTIVATION ANALYSIS AND NEUTRON SOURCES 

Neutron Reactions 

The interaction of nettrons passing through matter is different 

from that of either charged particles or photons. The neutron carries 

no charge, so there is no coulomb repulsion to prevent its interaction 

with nuclei and so it is able to cross the nuclear boundary with very 

low velocity. 

The main interactions of neutrons with nuclei are: 

a - Elastic scattering x(n,n)x - in which the nucleus is unchanged in 

either isotopic composition or internal energy after interaction with 

the neutron. The kinetic energy of the system is conserved and the 

energy level of the target nucleus is the same before and after the 

collision. 

b - Inelastic scattering x(n, n)x - in which the nucleus after re- 

emission of the neutron is left in an excited state and that happens 

when the neutron energy is great enough to raise the nucleus above its 

first level. The excited nucleus may decay to the ground state by the 

emission of one or more gamma-rays and the energy of the emitted neutron 

is given as the difference between its incident energy and the energy 

of the excited level plus the kinetic energy of the nucleus. 

c¢ - Radioactive capture x(n,y) Y - for neutrons below the inelastic 

scatter threshold the only reactions which occur with eaprenianie cross- 

section are elastic scattering and radioactive absorption. The radio- 

active capture process is possible at all neutron energies but is most 

probable at low energies (less than 1 KeV). When a neutron is cap-
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tured by the nucleus the resulting compound nucleus is formed in a 

highly excited state, because the capture neutron brings in to the 

system both the kinetic energy and its binding energy (~ 8 MeV). 

Since the compound nucleus lies above its ground state it decays 

either by the re-emission of a neutron or by emitting one or more 

gamma photons. However, the excitation energy of the compound 

nucleus is shared between its nucleons, and the emission of one of 

these nucleons is not possible until the nucleon gains an energy 

greater than its binding energy in the nucleus. Therefore, when the 

excitation energy is shared among a large number of nucleons, the aver- 

age time for emitting a nucleon is much more than the average time re- 

quired for gamma emission, so the compound nucleus may decay by emitting 

gamma-rays. Neutron capture may also lead to the emission of charged 

particles as in x(n,p)Y, x(nQY reactions. At higher neutron energies 

two or more neutrons may be emitted after it strikes the nucleus, like 

41. . 
(mn ,2n), (n,3n) reactions. " a 

Neutron Sources 

Because of the neutron's short life time, free neutrons do not 

occur in nature and must be artifically produced. There are many 

43. 44. sources available giving neutrons with different fluxes and energies. 

2.2.1 Radioactive Neutron Source 

This kind of source is made up of a target material mixed or 

alloyed with a naturally decaying radioactive component which supplies 

the bombarding radiation for the production of neutrons by a nuclear 

reaction.
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There are several types of radioactive neutron sources, differ- 

entiated both by the nature of the target material and of the radio- 

active nuclide producing the bombarding radiation. Radioactive sources 

are usually of relatively small volume which is one of their main 

advantages. 

1. (%,n) sources. 

ts - Polonium - Beryllium. 

The Po-Be neutron source has historical interest because the reaction 

was used in the discovery of the neutron. The (&,n) reaction by which 

alpha particles release neutrons from beryllium can be represented by 

  

9. 12 a Be + je ect oh + 5.7 MeV 

The neutron yield is about 10° neutron per second per curie (nps/Ci) of 

polonium, with an energy range from 6.7 MeV-10.9 MeV. This source emits 

gamma rays of very low intensity. 

ii - Radium - Beryllium. 

The Ra-Be (&,n) source is a common way to generate neutrons because 

of its easy preparation and the long half-life of radium which is about 

1620 years, its disadvantage is the emission of high energy gamma rad- 

iation. The neutrons produced have average energy about 5 MeV. 

iii - Plutonium - Berylliun. 

A cylindrical source of 2cm in diameter and 3cm height yields about 

10° neutrons per second per curie of plutonium. As the half-life of
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4 
plutonium is about 2,3 x 10 years and the gamma-rays emitted in the 

239. 
radioactive decay of Pu are weak and of low energy, together with 

the low cost of plutonium these make this source more useful. 

iv - Americium - Beryllium. 

Americium has a half-life of about 470 years. Although this 

isotope decays by emitting alpha particles of about 5.4 MeV, these 

particles are followed by gamma-rays of 40 to 60 KeV in the majority 

of the disintegrations. The number of neutrons produced per second 

per curie is about 2.1 x 10° nps/Ci of Americium which is useful for 

rapid activation analysis of many elements in milligram quantities. 

2. Radioactive (Y ,n) sources. 

There are only two nuclides which have thresholds for the (y ,n) 

reaction within the range of energies of gamma-rays emitted by radio- 

active nuclei in their decay processes. They are 2H and Be and 

these can be used as target materials. Radioactive photoneutron 

sources offer the possibility of obtaining monoenergetic neutrons. 

If a radioactive nucleus emits only one gamma-ray with energy above the 

threshold for the ( Y »n) reaction in either beryllium or deuterium the 

neutrons emitted should all be of the same energy, the neutron yield 

4 
per second per curie is about 10 . 

2.2.2 Accelerators as sources of Neutron 

It is obvious that accelerators which can impart energies to 

beams of charged particles in excess of the threshold energy for 

release of neutrons in a target material are adaptable as sources of 

neutrons. As the control of the energy of the charged particles in 

the beams of accelerators has improved along with methods of measuring



=a =: 

the energy of the beam, it has become possible to generate neutrons 

with well defined energies. The main reactions most frequently used 

to produce neutrons are: 

a Neutrons from (q ,n) and (q, 2n) reactions. 

Many accelerators of nuclear charged particles can be used to 

accelerate alpha particles to energies higher than those which can 

be obtained from radioactive sources. For a combination of reasons 

the (%,n) reaction has not been found to be very useful as a source 

of neutrons in accelerators, the chief reason seems to be that the 

production of alpha particle beams is difficult and neutron yields 

are low, for example, even with 30 MeV alpha particles the neutron 

yield is only about 2 x 10? n/sec - y A-sr for beryllium, 

2. Neutrons from (p,n) reaction. 

The (p, n) reaction has been much more popular than the (q ,n) 

reaction as a source of neutrons in acclerators. The lower threshold 

energies and greater yields of neutrons have contributed to this pop- 

ularity, for example, thick target yields in excess of 10°n/sec =p 4 

have been obtained with a 3 MeV Van de Graff accelerator. Up to the 

present time the Ty (Pp, n) Be reaction has been most widely used as a 

source of neutrons with energies in the kilovolt region. 

The equation for the reaction is: 

Ta + oe — Te + at - 1.63 MeV. 

Ss Neutrons from Hydrogen isotopes reactions. 

Now tritium has become more readily available, it is frequently
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used to produce neutrons. One reaction in which tritium may be used 

3 3, 
to generate neutrons is the H(p,n) He reaction. 

The reaction equation may be written 

3 1 1 3 
H+ HH —— He + n - 0.735 MeV 

3 
Another reaction is aa ,»n) He which has been widely used in the 

production of monoenergetic neutrons, one of the convenient character- 

2 
istics of the H(d, 2) He reaction is a high yield of neutrons at deuteron 

energies below 1 MeV. The reaction equation is: 

25 + ve ne + lL + 3.3 MeV. 

The competing reaction 2a (d, DE always occurs along with the (d, n) 

reaction when deutrons are bombarded by deuterons. The fact that 

protons are emitted in numbers nearly equal to those for the neutrons 

is advantageous in helping to estimate the neutron production by meas- 

urement of the protons. 

4, 
The 35 (d, n) He reaction is outstanding among (d, n) reactions 

which have been used for generating mono energetic neutrons for its 

high positive value of Q. The equation of the reaction is: 

3y + es + a + 17.6 MeV. 

This reaction is characterised by an intense production of neutrons 

of high energy, ~ 14 MeV, at beam energies in the 0.1 - 1.0 MeV range. 

2.2.3 Nuclear Reactors as Neutron Source 

Most nuclear reactors consist of a core that contains the reactor
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fuel as well as neutron moderating and cooling materials. Uranium - 

23. 
235 is the most commonly used fuel, although 35 and aoe may be 

also used. The major source of neutrons is the fission of nuclei 

235 235. 
of U. Each U nucleus that undergoes fission emits on the 

average about 2.5 neutrons. 

The reaction taking place in the reactor can be represented by: 

235 1 4 

Bt m——X+Y+2 # 

92 ° 0 

The neutrons produced from the fissions have energies ranging from 

0.1 to about 20 MeV. The most probable energy is about 0.72 MeV 

and the mean energy is about 2.0 MeV. 

A few neutrons, however, arise from the fission of oe present 

in natural uranium and some from the interaction of gamma-rays (the 

Y,n reaction) with such materials as deuterium or beryllium that may 

be present. The maximum neutron flux that has been attained in nuclear 

reactors is about 10° °nyem.7 sec. The high energies with which neutrons 

are released in the fission process accounts for the extensive neutron 

moderator which serves to reduce the energies of the fission neutrons to 

thermal energies with a minimum of loss by neutron capture or by escape 

from the moderator. The neutron moderator is a low atomic-mass material 

such as water, heavy water, or graphite. The energetic neutrons result- 

ing from fission collide with the nuclei of the moderator and slow down. 

This results in a more efficient fission process since the fission cross- 

section of aro is larger for moderated neutrons than for unmoderated 

neutrons. Additional moderating material is placed around the core to 

further slow and to reflect escaping neutrons. The core in most reactors 

is surrounded by a heavy thick-walled material or immersed in a deep pool 

of water which serves as a radiation shield.
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Nuclear reactors designed for research are provided with 

facilities to allow samples to be irradiated for analysis and other 

purposes, so a variety of nuclear reactions, useful in activation 

analysis, can be obtained with reactor neutrons. These reactions 

include (n,y), (n, p), (n,a), (m , 2n) and (n ,f). The 

feasibility of using any reaction depends on factors such as the 

type of sample matrix, cross-section, neutron flux, nuclear and 

chemical properties of the reaction product, and possible interferences 

which are discussed in more detail later in this chapter. 

By studying all the neutrons sources mentioned above it seemed 

mote 
that particle accelerators can provide medes thermal neutron fluxes 

by slowing down the fast neutrons of (d,n) and (p,n) reactions. 

However, beam instabilities, target damage problems and the cost of 

utilising an accelerator solely for activation analysis are serious 

limitations. The radioactive sources yield very poor neutron fluxes 

compared with those obtained from the nuclear reactors. Nuclear 

reactors are good sources for intense neutron fluxes especially thermal 

neutrons as shown in Figure 2.1 which makes them the most suitable for 

thermal neutron radioactive analysis. *°" 

Activation Analysis 

Activation analysis is a technique which can be used for the 

quantitative and qualitative determination of many elements, at con- 

centrations well below the limits of traditional analytical methods. 

The technique is different in principle from the other methods of 

chemical analysis such as spectrography, colorimetry, polarography,
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Figure 2.1 Distribution of neutron energies in a reactor (ref. 45)
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etc., which depend on the properties of the electrons in the outer 

parts of the atom, because activation analysis depends on the nuclear 

properties of the atom and relies on the fact that many substances 

become radioactive when bombarded by neutrons, charged particles, such 

as protons or deuterons, or by photons. 

Historical 

Analysis by radioactivation was first suggested by Hevesey and 

Levy (1936) *6- when they used thermal neutrons derived from a 300 mCi 

Ra-Be source to detect dysprosium and europium activities in rare 

earth mixtures, without chemical separation procedures. This original 

experiment detected the Beta-particles emitted with a Geiger-Muller 

counter, Since then this technique has been widely used and extended by 

the use of other incident particles, which were first employed for the 

purpose of micro-analysis of traces of gallium in iron by Seaborg and 

Livingood in (1938) 47° when a sample of iron bombarded with high energy 

deuterons to detect a gallium impurity at a level of six parts per 

million. 

Activation analysis of biological material was first used by Bruce 

and Robertson (1947) 

7 
ee GY x7: oe They used samples of thyroglobulin from thyroid tissue 

to estimate protein-bound iodine by the reaction 

and exposed them to slow neutrons from a reactor for one hour: After | 

removal from the reactor they recorded the activity using an end- 

window Geiger-Muller counter. Tobie and Dunn in (1947) 49° discussed 

the limitations of the radioactive and the micro-chemical methods of 

analysis in the study of the trace elements, and they described the 

principles of activation analysis and its feature of extreme sensitivity
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for quantitative measurements. In chein! experinen tal work they 

irradiated twenty two samples with slow neutrons from the Hanford 

pile, nineteen of them obtained from different organs of a female 

mouse injected with 100 up g of stable gold in form of sodium gold 

thiosulfate salt, the other three samples were 20 ml of blood from a 

leukaemic patient with the samples fractionated into plasma, white 

cells and red cells, all these samples were used to study the gold 

distribution. Since then the technique has been considerably refined 

and extended by the use of other incident particles and emitted radi- 

ations in a wide variety of problems. The rapid growth of the use 

of activation analysis was due in part to: 

Ey The availability of nuclear reactors and particle accelerators. 

The number of irradiation facilities continues to grow. 

2. The development of gamma-ray spectrometry and other counting 

techniques, e.g. NaI (T1) scintillation spectrometry with high 

efficiency, and semi-conductor detectors offering high re- 

solution gamma-ray spectrometry. 

Methods of Activation 

In principle activation analysis may be based on any artificially 

induced nuclear reaction. These may be classified under three main 

headings. °° oe. 

2.5.1 Photon Radioactivation Analysis 

Energy may be given to a nucleus by bombardment with energetic 

gamma-ray quanta promoting emission of nuclear particles or trans- 

lation of nuclei into excited states.
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Photon activation have besriused mainly for the determination of 

those elements that cannot be measured satisfactorily after irradiation 

with reactor neutrons, such as oxygen, nitrogen, carbon, beryllium, etc. 

There is always a threshold energy below which no activation is observed. 

Photon neutron thresholds usually exceed 6 MeV but as the photon energy 

increases nuclear reactions such as (Y,2n), (Y,pm) become more marked. 

Whereas thermal neutron radioactivation analysis relies on the obser- 

vation of neutron-rich isotopes produced by neutron capture, the use of 

high energy photons generally results in neutron deficient isotopes, 

produced by (Y.n) reactions. The radioactive products of these re- 

actions are normally pure positron emitters. 

High photon fluxes with an energy of 25 MeV are available from 

electron linear accelerators. 

Isotopic gamma sources are used in the determination of beryllium 

because the reaction he (yn) “He has a threshold energy of only 1.66 

MeV. 

2.5.2 Charged Particle Radioactivation Analysis 

Charged particles such as protons, deuterons, and other nuclei may 

be accelerated and used to bombard the sample. The activation applications 

of charged-particle techniques have been developed for light elements that 

cannot be conveniently determined by irradiation by reactor neutrons. The 

major advances in this type of activation have taken advantage of its 

sensitivity. Unlike neutron radioactivation analysis, this method 

enables a selected area and depth to be specified for the analysis, this 

can be considered an advantage for some analytical problems where the aim
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of the analysis might be different to that when using neutrons. Also 

it can offer a non-destructive method of analysis of a light element in 

a high atomic number matrix because of the differences in the coulomb 

barriers which depend on the positive charges on the nuclei. On the 

other hand, a disadvantage is the limited range of the charged particles 

in the sample which results in considerable heat dissipation in the 

surface layers, which may abrade the sample. 

Paricle energies of 1 MeV or less can be obtained with a Cockcroft- 

Walton voltage multiplier or by other types of high voltage rectifiers; 

these machines are relatively cheap and can yield high ion currents. 

Van de Graaff generators provide higher accelerating voltages, 

up to approximately 6MeV for a single-stage machine. Higher particle 

energies can be attained with multiple-stage Van de Graaff generators, 

cyclotrons or linear accelerators. 

2.5.3 Fast Neutron Radioactivation Analysis 

The reactions associated with fast neutron radioactivation analysis 

are (i, Dp), (mn, (,/2n)) ete. 

The cross-section of these nuclear reactions are generally lower 

than those of thermal neutron capture and the majority have an assoc- 

iated threshold energy. The threshold for the fast neutron reactions 

is typically between 1 and 12 MeV. 

For some elements fast neutron activation is of interest if the 

(n,Y) capture cross-section is small, for example, nitrogen, oxygen, 

fluorine, lithium.



= 36) = 

2.5.4 Thermal Neutron Radioactivation Analysis 

Thermal neutrons are defined as neutrons with energies comparable 

to the thermal agitation energy of the atoms and molecules of the sub- 

stance through which they are passing. 

At 300 K° these neutrons have energies in the range 0 to~ lev, 

an average velocity of 2200 m pec’ and a mean energy of 0.025 eV. 

The absence of a coulomb barrier for neutrons means that they 

readily enter target nuclei and induce nuclear reactions with cross- 

sections that generally exceed those of reactions with other particles. 

The total reaction cross-section is given approximately by: 

Ce a Gee 

where X - is the de Broglie wavelength of the incident 

neutron in the centre of mass system. 

R - is the sum of the radii of the two reacting particles. 

Figure 2.2 shows the variation of the geometrical cross-section 

(target area presented to a neutron) of the nucleus with mass number 

which shows that most of the heavy elements have high capture cross- 

section for neutrons. . 

Thermal neutron reactions proceed almost entirely through the 

formation of a compound nucleus. Since the excitation energy hardly 

exceeds the binding energy of the captured neutron, this is emitted 

principally as gamma radiation, so the dominant reaction for thermal 

neutrons is the (n,Y) reaction.
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Figure 2.2 Variation of the cross-section for thermal neutrons 
with mass number.
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There is no question that neutrons, especially thermal neutrons, 

have been more widely used for activation than any other type of 

particles. This situation has arisen from: 

1. The small number of interfering nuclear reactions with 

thermal neutrons compared with charged particle reactions. 

2. The majority of elements have relatively high thermal 

neutron capture cross-sections. 

3. Self-shielding effects are less pronounced. 

4. There are greatly relaxed size and shape restrictions, 

and many samples can be irradiated simultaneously. 

5. Very high fluxes of neutrons up to 10°" n fen’. sec 

are available, particularly from reactors. 

Theory of Activation Analysis 

Activation analysis involves the production of radioactive 

nuclides from stable (or sometimes radioactive) elements present 

in the sample under investigation. Each of these radioactive 

nuclides has certain characteristic properties such as the half- 

life and the type and energy of the emitted radiation. These 

characteristics can be identified and measured by relatively simple 

equipment which enables qualitative and quantitative measurements 

to be made. 

Activation analysis consists of two main steps: 

a) Activation of the sample. 

b) Study of the induced radioactivity. 

A further stage, involving chemical treatment of the sample, for 

example, to separate or concentrate a particular element is some- 

times used.



-a7- 

Activation analysis may be defined as an analytical method 

that involves a nuclear change of an isotope brought about by 

charged particles, neutrons or high energy gamma-rays, etc. 

Consider an element that is made radioactive by irradiation 

in a constant homogeneous flux of energetic charged particles, 

photons or neutrons. Let the stable isotope X be transmuted to 

a radioactive product y* which decays with its decay constant A to 

a stable daughter product Z. The scheme of the activation and the 

decay can be represented as: 

(a_,y) (4 yp) etc. ye x z 

% prompt decay 

The net rate of formation of y* is given by: 

Ny 
sa MOS CONG SS NEN 
dt = a 

where Bee represents the number of atoms of X exposed to the 

flux of the bombarding particles or photons. 

Q represents the flux of the bombarding particles. 

Oy represents the cross-section of the reaction. 

N represents the number of atoms of the product y*. 

AN is the rate of disintegration of y* to Z. 

90,.N is the rate of formation of y*. 

On integration over the irradiation period is the number of 

the radioactive atoms present is c (t3)
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  where No Ge = 
1 

The number of disintegrations per second of the y (ts) radio-— 

active atoms is given by: 

This is, therefore, the activity present at the end of the 

irradiation time t;. 

If ty is long compared with the half-life of the product 

-A.t. 
radionuclide e yti o and the maximum activity 7 

is given by: 

If the half-life of the product is long compared with t: then 

oats 
-e x t, and the resulting activity 

oo is given by: 

(ry G5 NC yy ty 

  

The activity that is detected after a stand time, eg after 

the end of irradiation by a detector of efficiency E is given by: 

ay (a) = EGON, (1 - ery ijertys 

The theory outlined above assumes that the irradiation flux is 

constant, no self shielding occurs and the number of atoms of the 

target isotope remains effectively constant during the irradiation 

time.
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Figure 2.3 The growth and decay curve of the activation method.



2.7 Comparator Method 

In the comparator or standard method a known weight (same 

size and shape) of the element is irradiated with the sample to be 

analysed for the same time, in the same flux. 

The resultant prompt or delayed radiations from sample and 

standard are detected with the same suitable detector. 

If the radiations emitted by the element in the sample and the 

standard are compared, then provided the irradiation and counting 

conditions are identical, the weight of the element in the sample 

is given by: OS 

(Activity in sample) x (Weight of element in 

Weight of element in sample = standard. 
Activity in standard 

As this is a comparative method between standard and the sample 

which were irradiated in the same flux and detected in the same de- 

tector, the technique avoids the need for a precise knowledge of cross- 

section, flux and efficiency. 

Activation Sensi 

  

ivity 

The sensitivity of activation analysis depends on the amount of 

the induced activity required in the sample and the efficiency with 

which this activity can be assayed. 

The yield of induced activity in a given sample is a function 

of three parameters: 

1 - The neutron flux. 

2 - The irradiation time. 

3 - The cross-section for activation.
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The neutron flux is the number of neutrons crossing an area of 1 cme 

in one second at the position of the sample. The induced activity 

will be proportional to the neutron flux, if the other factors remain 

unchanged. The irradiation time must be chosen in relation to the 

half-life of the desired activity. The cross-section of the target 

element for neutrons or other bombarding particles, is often measured 

in barns where 1 barn = 1077* cn’, 

The general equation governing analysis by activation can be 

written: 

Act x at. wt 
Grams of x present in sample = 

23 - 0.693 
6.02 x 10 ad-e % i 

where 

Act - is the activity at the end of bombardment (dis- 

integration /sec.) 

at. wt - is the atomic weight of isotope activated. 

o - is the flux of neutrons (n/em* » sec). 

‘ 2 
o - is the cross-section (cm) 

t - time of bombardment. 

ei - half-life of isotope produced. 

From this equation it can be seen that the activity for a given 

number of grams of material is directly proportional to the neutron 

flux. Furthermore, the number of grams of a material that gives a 

specified activity is inversely proportional to the flux. Thus the
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higher the neutron flux, the higher the sensitivity for detection of 

a given isotope. W. Wayne Meinke in 1955 eo worked out the sen- 

sitivity limits for various elements, using thermal neutron activation 

with different fluxes and he found that for gold samples irradiated in 

a neutron flux of about 10 n/eme) sec, the sensitivity was 0.00015 u g. 

The same was done by P. Yule (1955) Be and he found that the sen- 

sitivity to detect gold using neutron flux of about 4.3 x 10° nf 

cm’. sec was 0.00007 u g. The results above were obtained on the 

basis of different assumptions about the irradiation and counting 

conditions, such as irradiation time, etc., which accounts for the 

differences in their conclusions. 

In order to estimate the minimum quantity of gold we could 

detect we made the following assumptions: 

1. The reactor flux would be 101? njen?. sec. This is the flux 

available in a typical research reactor. 

2. The samples would be irradiated for seven hours. This is 

largely determined by the convenience of the reactor operation. 

3. A disintegration rate of 10 dis/sec is needed for easy measure- 

ment. 

Under these conditions the minimum quantity of gold which can be 

detected is given by: 

  

s 10 x 197 
Grams of gold = ~ 0.693 x7 

64.8 
6.02 x 107° x 10)" x 98 x 10°°* (a - e ) 

= 4.7x 10729 grams. 

So the quantities of gold expected on our samples should be easily 

detectable.
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Interferences 

A number of types of interferences, e.g. radioactive products 

other than that of interest, are possible in reactor neutron acti- 

vation. The extent of interference in general depends on the sample 

matrix, its constituents, the reactions that are produced, and the 

nature of the neutron flux. 

In addition to the activation reaction which occurs with the 

element being determined, the matrix material and the other impurities 

present are also irradiated and it is possible for the same radio 

element to be produced from these materials. Thus in reactor irrad- 

dations interference may occur due to reactions with slow neutrons 

and with fast neutrons. Interference may occur either directly - 

- 5. 
called primary interferences, or as a second - order interferences. 

The primary interferences happen when reactions take place with 

nuclides originally present in the sample. While the second-order 

interferences are due to reactions with radioactive decay products. 

Interference problems can result also from neutron-flux diff- 

erences such as neutron-flux gradients arising from neutron self- 

shadowing by the sample matrix. Neutron self-shadowing can be con- 

sidered as a neutron flux gradient in which the flux dezibanse towards 

the centre of the sample but this kind of interference would not effect 

our work because the sample container is a polythene cylinder of 2.5 cm 

diameter and 7.5 cm long which calculation shows has a negligible effect 

on the neutron flux.



- 33 - 

It is important in the activation analysis method to study the 

sources of interference expected and to estimate their likely effect 

on the determinations. 

As far as it concerns our work it seemed that the sample matrix 

must be studied. As the plasma contains many elements, such as 

Sodium, Potassium, Magnesium, Calcium, Cholorine, as shown in Table 

ae So the possibility of other activities arising from these 

elements after the blood samples had been irradiated were studied. 

Theoretical calculations were done by using the information available 

about the concentrations, cross-sections, and the expected irradiation 

conditions, for example, an irradiation time of seven hours in neutron 

flux about 2.3 x iar ncaa sec to estimate the activity immediately 

after the irradiation. The calculated results are shown in Table 2.2 

which shows that the elements such as Magnesium, Calcium, Potassium, 

Chlorine and Sodium could effect the gamma-ray spectrum of the irrad- 

iated blood samples. 

It must be remembered that sodium in particular may be present as 

a contaminent of the samples apart from its presence in the blood. 

Because the interfering activities have shorter lives than the gold it 

would be reasonable to allow the samples to stand for a few days before 

counting. The calculated activities after a delay of five days are 

also shown in Table 2.2. The gold activity is then comparable with 

the remaining activities and should be distinguishable by gamma-ray 

spectronmetry.
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Another interesting expected interference comes from the 

mercury. There are several different radioactive isotopes obtained 

by irradiation of mercury but one which may affect the measured gold 

amount arises because atomic number is one place higher than that of 

the gold in the periodic table, this may cause an increase in the 

apparent concentration of the unknown (gold) from the reaction 

40 ie @, Syn) A But, because it is present in blood in only a 

and has only a very low cross section for very low concentration, > 

the reaction, it has no effect as the activity calculation in Table 

2.2. shows.
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Table 2.1 

Elements Mean values of concentration 

in the plasma (g/10 yL) 

-8 
Sodium 3300 x 10 

Chlorine 3660 x 107° 

Potassium 161 x 10° 

-8 
Calcium 95 x 10 

Magnesium 22 x 10°° 

Mercury 0.003 x ior 

Gold 107°      



36 - 

 
 

 
 

  

x 
co" 

x
e
 

n 
sfkepy- 

°: 
eet 

so 
got 

z 
V
e
e
t
 

86 
P
L
S
]
 

g
-
0
F
 

PTOD| 

o
r
)
 

x 
* 

v 
7 

u
r
 

x 
e 

Arno.19) 
Z 

oot 
TOO0000 

V
e
e
t
 

zo 
Tu 

vy 
g
-
0
l
 

€
0
0
°
0
 

mY} 

0197, 
as 

*% 
S
°
L
Z
 

“
l
o
g
 

S
e
t
 

Ta 
S
°
S
 

e
-
0
"
 

xX 
8s 

u
n
t
s
o
u
s
e
y
y
 

o18 
x 

zB 
: 

UTUg 
* 

x 
WN TOTE: 

Z 
cot 

et 
G
p
 

E
L
 

Fug” 
8 

g
-
0
f
 

sé 
F
O
T
B
D
 

oe 
x 

X, 
<T 

“ay 
C
°
?
T
 

x 
U
N
T
S
S
B
I
O
,
 

9
°
I
t
 

eet 
6 

ab 
zc 

aE 
z 

g
-
0
F
 

T9T 
cl 

or18Z 
oot 

x 
8
E
e
 

T
9
¢
6
 

r
o
 

“
u
r
M
g
 
"LE 

g
o
t
 

x 
O
9
9
 

e
u
T
r
o
T
y
D
}
 

18h 
Ot 

¥ 
eat 

v
e
 

£s°O 
“IU 

P
S
T
 

g-Ot 
* 
0
0
 

umtpog 

qonpoad 
9
e
s
/
s
t
p
 

o
e
s
/
s
t
p
 

q
u
e
m
e
y
t
a
 

wD 
O
x
 

qn 
o
1
/
3
 

uoTzetperrt 
19338 

Aep 
uoTJETPeIAT 

1945R 
eATIOR 

. 
O
s
t
 

vusetd 
ut 

UIFTE 
04. 

ye 
AQTATqoy 

|
 

Ato 
eTpoumT 

AZTATIOV 
-oTpey 

u0T}998S-sso19 
-3Tey 

uo0TzB.1zUsDOD 
sjueaTg| 

  
    

    
    

 
 

2
2
 

e
T
q
e
L
,



CHAPTER 3 

GAMMA RAY DETECTORS 

3.1 Gamma Interaction with Matter 

Gamma-rays are electromagnetic radiations of very small wave- 

length and are propagated at the speed of light (2.99793 x 10° cm/sec 

in Vacuo). 

The origins of gamma-rays are: 

ae Gamma-rays produced as a result of the capture of 

an external nuclear particle by a nucleus. 

2. Gamma-rays emitted by a fragment of a nucleus 

due to fission of the latter. 

3. Gamma-rays produced by an inelastic scattering process. 

4, Gamma-rays occurring simultaneously with the emission of 

beta and alpha rays. 

The quantity of energy attributed to a specific quantum is a function 

of the frequency and vice versa, the quantum energy of a wave of 

frequency Y is given by: 

E = ay 

where - h is Plank's constant, the value of which is 4.134 x 107° ev/s. 

The intensity of given radiation is determined by the number of 

quanta emitted per unit time. 

The absorption of gamma-rays by matter differs fundamentally from 

that of charged particles. The latter dissipate their energy continuously
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in a sequence of many ionization and excitation events. Gamma- 

rays, on the other hand, are absorbed or scattered in single events. 

If a narrow collimated beam of gamma-rays is incident on an absorber, 

it undergoes a time exponential attenuation. °°" The most important 

interactions which can occur are: 

(i) the compton effect, 

(ii) the photoelectric effect, 

(iii) the pair production. 

The fraction f of the incident quanta which are absorbed, for 

example, undergo one of these interactions, in their passage through 

a material of thickness (d) cm is: 

f£=1- exp (-%d) 

-1 
where BM - is the linear attenuation coefficient, in cm , which 

indicates the amount of absorportion of the rays on 

passing through 1 cm of the absorber. 

AA is made up of the linear attenuation coefficients corresponding 

to each of the three types of interactions, 0 the compton linear atten- 

uation coefficient, T the photoelectric linear attenuation coefficient 

and x the pair production linear attenuation coefficient, so 

Fa = Go + T + X 

Each of these depends on the energy of the gamma-ray (E), and the
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atomic number of the absorber. At low energy t is the largest 

component, but it decreases rapidly with increasing E , though 

with heavy elements it may still be appreciably up to a few Mev. 9 

decreases steadily with increasing E. X is zero at energies below 

1.02 MeV, and becomes important at high gamma energy. The mass 

attenuation coefficient is more fundamental than the linear atten- 

uation coefficient because it is independent of the density and the 

physical state of the absorber. 

It is given by. 

2 
Ayjo= (T/P+0/0 + X/ 0) cm /g 

3 where 9 - is the density (g/cm ) 

The interactions can also be expressed as cross-sections 

per atom 

Ae al EX wee 2) (em*aton) 8: 

If N is Avogadro's number 

A is the atomic weight of the absorber, 

then 4A = 
  

The different interaction processes are considered in more detail in 

the following sections.
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3.1.1 Photoelectric Effect 

The photoelectric effect is the process in which a photon of 

energy hy ejects a bound electron from an atom. Total absorption 

of energy can only occur if the electron is initially bound in the 

atom. The electron kinetic energy is 5E: 

So the kineticenergy nu equals the difference between the 

energy h¥ , of the absorbed gamma quantum and the binding energy 

Th of the ejected elctron. It is necessary in this process for 

the energy of gamma quantum to exceed the binding energy of the 

5 
ejected electron. Bethe has derived an expression for the 

photoelectric absorption cross-section which may be written: 

Th 5 4 
a ey 8 ee ae ieee) em’ /atom 

137 hy 

where > is a convenient unit for measuring the 
0 -25 2 

eross-section and is equal to 6.651 x 10 cm 

Zz is the atomic number of absorber 

hy is the incident photon energy in KeV. : 

Ag is strongly dependent on the atomic number and on the energy of 

the incident photon, it is proportional to 2 and inversely proportional 

to (h® 7% which means that the photoelectric effect is especially 

€
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important in the absorption of low energy photons by heavy elements. 

In the energy region below 0.1MeV the photoelectric absorption is 

complicated by the presence of absorption edges, at which the photo- 

electric cross-section decreases sharply with E, As E becomes less 

than the electron binding energy, then K and L edges appear. 

3.1.2 Compton Effect 

The Compton effect is an elastic collision between a photon 

and free electron. It usually occurs with an outer electron since 

the energy of the photon is then very much higher than the binding energy 

of the electron in the atom. In this process only part of the photon 

energy is transferred to the electron, the remainder is taken away by 

the scattered phton. The electron recoils with energy te. in 

a direction making an angle $with that of the incident photon. The 

recoil electrons have energies from zero to a maximum (Compton edge) 

  

  

given by eee 

Tehecay = 
E eee 

20 

where E = energy of incident photon in MeV. 

cae 
tite? . 

/ 
The scattered photon has a reduced energy E=hy and is scattered 

through an angle 9 from the direction of the incident photon. 

< 

ha 

ny



ha 

  

: mc 
hy = ——2—_., 

1 - cos 6 + T° 
Dy 

The Compton cross-section per electron was derived by 

Klein - Nishia (1929) °8- as 

2, ita | 2(1+o) — Ln(1+2a) , Gn (+20)  _1+30 
2 

g* 2nr 

a 1+20, a 2a (1+20) 
cm? /electron 

where 

  

  

mn 
° 

a is the classicial electron radius = (?/m.¢ = 2.818 x 10° 3em, 

-1 
The Compton scattering per electron is approximately proportional to E 

at energies exceeding 0.5 MeV, and independent of Z. The Compton 

absorption is proportional to the first power of the electron density 

and is independent of‘the Z of the absorber. This independence results 

from the assumption that the orbital electrons involved are free. The 

assumption is acceptable because most Compton processes take place at 

energies which are high compared to the binding energies of the atomic 

electrons. 

3.1.3 Pair Production 

2 
When the energy of the incident photon exceeds 2 mc = 1.02 MeV, 

the pair production interaction becomes possible. In this process, 

which occurs only in the field of a charged particle, normally the 

nucleus, the photon is completely absorbed and its energy is converted
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into the rest mass energy (2m c*) and the kinetic energy 7? of an 
° 

electron - positron pair. The total kinetic energy of the pair is 

5 

Srl fey 
Tome OO es 

The two particles united and two annihilation photons are emitted, 

each with an energy of 0.51 MeV, those gamma quanta are emitted in 

6. 
opposite directions. . 

  

59. The pair production cross-section obtained by Bethe ot 

28 218 2 = = (ee Ene ay ee bee c 
aX cone ae ee an? - 

where a is the absorption coefficient given by 8m —- = eo sn 2 

6.65 x yee em?/electron and a = hy 
2 me 

° 
The pair production cross-section is zero for phton energies less than 

1.02 MeV, for greater energies, it increases at first slowly, then more 

rapidly. It is also proportional to 2. 

Detection Methods 

When a nuclear probe interacts with an atomic nucleus the 

reaction may result in the emission of particles or radiations ‘and 

may lead to a radioactive product. 

Detection of any resulting particles or radiations can be util- 

ised in nuclear methods of analysis. Some of the parameters needed 

to help in the identification of a product nuclide are: 

1. Energy and nature of the emitted radiations.
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Figure 3.1 Relative values of the three attenuation coefficients 

in aluminium (ref. 65).
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2. Presence of coincident radiation. 

3. Half-life. 

4. Intensity of gamma-ray or the particles emitted. 

Most nuclear analytical methods depend on the measurement of the 

gamma-rays emitted by a nucleus returning to its ground state. The 

energy spectrum of the rays is invariably a line spectrum, the pattern 

of which is typical of the particular nuclide. The reason for this 

is that the nucleus can absorb and yield up energy only in specific 

quantities. 

Types of Detectors 

The ionization produced in the medium which a particle or ray 

pass through can be detected by one of several methods. The charge 

may be collected directly by electrical means as it is in the gas 

ionization counter and semiconductor counters, or it may be detected 

by the consequent emission of light quanta as in the scintillation 

counters. 

The purpose of radiation detectors is to convert the ionization 

produced by radiation into electronic signals. 

Three of the oldest types of detectors are the ionization chamber, 

proportional counter and Geiger Muller tube; each of these detectors 

employ gas filled chambers containing two electrodes between which there 

is an electric field. When radiation causes ionization in the gas 

the electrons produced are drawn rapidly to the anode while the heavy 

positive ions move more slowly to the cathode. The result is that



current flows through the circuit and this is used to measure the 

amount of the radiation causing the ionization. 

Semiconductor detectors are also used for gamma-ray detection, 

and their operation principle is similar to that of gas-filled detector 

except that the detecting medium is a solid fabricated from single 

crystals of high purity semiconductor materials, most germinium and 

silicon. This kind of detector has good linearty and high resolution 

which is very necessary in studying complex gamma-ray spectra. 

The scintillation detector is also very good and widely used in 

the detection of gamma-rays. In this detector, ionizing particles 

pass through certain substances and ionized and excited states are 

produced which, during their return to the normal state, emit light. 

This light is picked up by a photo multiplier tube and the resulting 

pulse of current out of the photo multiplier indicates the passage of 

the ionizing radiation through the scintillator. This detector will 

60 
be explained in more detail in the following section. 

Scintillation Counting 

Scintillation counters incorporate a phosphor with the ability to 

convert some fraction of the energy of an incident quantum into a signal. 

When a gamma-ray passes through the phosphor it loses energy to the 

electrons of the phosphor by either the photoelectric effect, Compton 

scattering or pair production (E>1.02 MeV) processes. The excited 

electrons are librated into the phosphor lattice and are soon bound to 

another atom. The vacancy left is filled by another electron, causing
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a quantum of light to be emitted as the electron changes from a higher 

bound state to a lower one. 

The phosphor has the photo cathode of a photo multiplier on one 

side of it, so that electrons will be emitted for light quanta which 

strike this face. 

These electrons will be multiplied by secondary emission from a 

series of dynodes held at increasing potentials. The resulting current 

pulse produces a signal at the input of the preamplifier. The signal 

is finally fed to a multi channel analyzer and then counted. 

The Scintillation Phenomenon 

The impurities and lattice defeats which occur in the energy bands 

of the Nal crystal create centres in the forbidden area between the 

valence and conduction bands. 

The main types of these centres are: 

BNA Luminescence centres from which the captured electrons or 

excitons decay to the ground state accompanied by photon emission. 

2. Quenching centres in which radiation less thermal dissipation 

of excitation energy may occur. 

3. Traps which are metastable energy levels from which electrons 

or excitons may later return to the conduction band by getting 

thermal energy from the lattice vibrations, or fall to the 

valence band by a radiation less transition. 

+ 
The addition of Tl ions to a NaI crystal creates more absorption



centres. The absorption of ionising radiation results in the emission 

of a light photon from a luminescence centre in the following steps: 

da The production of electron-hole pairs, when electrons are 

lifted up to the conduction band and a hole is created in 

the valence band. 

2. Recombination of the electrons and holes to produce an exciton, 

which is a bound electron-hole pair in the exciton band. 

3. Capture of the exciton by aluminescence centre cT1* activator) 

4. Thermal activation by capture of photons from which the 

luminescence emission occurs. 

This is what happens during the absorption and conversion of the 

absorbed energy into luminescent emission, but the scintillation count- 

ing process involves five consecutive etagess” 

- Absorption of the particle or electromagnetic energy by the 
scintillator. 

- Conversion of the absorbed energy into luminescent emission. 

- Collection of the photons on the photosensitive cathode of a 
photo multiplier. 

- Emission of the photoelectrons from the cathode. 

- The electron multiplication process. 

Classification of Scintillators 

Several solids, gases and even some liquids are used as scin- 

tillators, the work of the scintillator depends upon absorption and 

the resulting excitation, which in turn is responsible for the light
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flashes. The phosphors available are: 

1 - Inorganic crystals, such as, NaI activated with thallium. 

2 - Organic crystals, liquids and vapours and also plastic phosphors 

which are polymerised solutions of an organic phospher in styrene. 

Scintillator crystals of inorganic substances are the most satisfactory 

suited for gamma-ray detection as they have high photoelectric detection 

efficiencies because of their high average atomic number. Among the in- 

organic varieties, sodium iodide activated with thallium is the most 

commonly employed but, compared with sodium iodide, the higher density of 

cesium iodide favours better absurption of the gamma-ray, on the other 

hand the light output from this kind of crystal is only one quarter of the 

output of the sodium iodide crystal. The shape and size of the crystal 

also tend to affect the measurements, especially where quantitative analysis 

is concerned. 

Particularly good geometry is obtained by using a well type crystal 

in which a recess, or well, is cut in the crystal parrallel to the axis, 

the source is placed inside it and so it almost completely surrounded by 

the scintillating crystal. 

Plastic and liquid scintillators are rarely used for gamma spectrometry 

since they are prepared mainly from hydrocarbons so the atomic, arice is low 

and then the absorption capacity is very much less than that of the crystal 

scintillators, also they have very small efficiences for the photoelectric 

61. 
effect process so there are no photopeaks . 

Scintillation Efficiency 

Scintillation counting is probably the most widely used technique in
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the determination of absolute gamma-ray disintegration rates, primarily 

because of the reproducibility of the detector efficiency for mono- 

energetic sources. Well-type crystals give a high efficiency, so they 

are very useful in detecting low intensity sources. 

If we have a monoenergetic source with emission rate Ngand the 

photo peak area Ap in counts/sec. is observed for a particular source- 

2 to-crystal geometry, the absolute peak efficiency Bhs will be given by:° 

No = Ap/(£ Exp) 

an alternative form is: 

No = Ap/(£ Ew P) 

where £ - is the fractional transmission of gammas by 

any absorber between the source and crystal. 

EB, - is the absolute peak efficiency (the fraction 

of gammas emitted from the source which inter- 

act with the crystal such that the total source 

energy is transmitted to the crystal.) Esp 

is calculated as the product of the absolute 

total efficiency, Ea and the photofraction P. 

Ar - is the fraction of gammas emitted from source 

that interact at least once with, and deposit 

some energy in the crystal. : 

i - fraction of source gammas that are totally 

absorbed (photo fraction) 

In the present work a 7F8 Harshaw well-type crystal was used. The 

absolute total efficiences for such a crystal at a different height of
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the specimen within the well have been calculated by B.J. Snyder and 

63, 
Geza L. Gyorey (1965) At zero height they give a figure of 0.5031 

for 400 KeV radiation. Our work on the variation of the efficency 

with the height will be explained later, in Chapter 4. 

Advantages of Nal (T1) detector 

Di 

The main advantages of the detector are: oe 

The high density of the NaI (T1) crystal which permits the 

detection of gamma-rays with a much higher efficiency than 

other techniques. 

The fact that the light output of the detector is proportional 

to the gamma-ray energy absorbed provides a tool for the direct 

measurement of the energy of gamma-ray. 

The detector has a relatively fast response to ionising radiation. 

The 1 decay time for the light is 0.25 \sec This makes it possible 
e 

to use the detector in experiments with high counting rates or when 

fast coincidences are to be recorded. 

The light emitted on the absorption of a gamma quantum is a band 

at 4100A° with a width of about 800A°. The refractive index 

of 1.77 is rather high, but when crystals are optically coupled to 

the photomultiplier window having a refractive index of about 1.5 

much of the light is critically reflected into the crystal volume. 

sadvantages of NaI (TI) detector i 

it 

1 

The Nal (T1) detector has some inherent disadvantages which limit 

64 
s use for thermal neutron capture gamma-ray studies. 

- Poor resolution, which is due to 

- the number of photons emitted per scintillation event in 

the crystal (due mainly to competition of quenching events 

with radiative transitions).
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- the number of emitted photons that are incident on the 

photocathode. 

- the number of photo electrons that are collected by 

first dynode. 

- the secondary emission ratio at each succeeding diode. 

The first two phenomena are due to the properties of the crystal 

and the optical coupling. While the remaining two arise from the 

properties of the photomultiplier. 

2 - Temperature dependent effects, not only on the quantum efficiency 

of the detector but also on gain and channel drift which create problems 

in spectrum analysis. 

3 - In capture gamma-ray analysis the spectra are complex and any 

spectrometer used for analysis of such spectra not only needs to have 

high efficiency but also must have high resolution so in cases of 

simple spectra NaI (T1) detector is quite satisfactory but not in more 

complex cases. 

Choice of the Detector 

The right choice of suitable detectors which satisfy the conditions 

and the aims at a specific project is one of the important steps in the 

research. Different factors which influence the choice of gamma 

detector are: 

1. The aim of the research, whether it is qualitative or quantitative. 

2. The resolving power which determines the complexity of the spectrum 

that can conveniently be analysed.
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3. The detection efficiency which dictates the source strength 

necessary for the measurement of the spectrum. 

4. The simplicity of the arrangement and the ease of data 

accumulation. 

5. Secondary factors such as the response linearity, the stability, 

the timing accuracy, etc. 

According to the above factors, it seemed that the biggest drawback to 

the gas filled counters is their low sensitivity and the use limited to 

gamma-rays having ranges within the dimension of the chambers, which leads 

to limitations on the energy of the photon to be detected. Semi- 

conductor detectors have very good resolution but do not have such high 

efficiency as the NaI (Tl) detectors. 

In the present work the activity to be observed is low enough to 

make the high efficiency and sensitivity factor very important. Also 

the gamma-ray spectrum was expected to be fairly simple which meant 

there was not requirement for good resolution. So a NaI (Tl) detector 

was quite satisfactory detector in this particular case. 

Gamma-ray Spectrum 

The pulse height spectrum produced in a detector by a gamma emitter 

will be a reflection of the relative importance of the various absorptive 

processes in the detector, as well as a characteristic of the emissions 

themselves. If we take what happens in the NaI (Tl) scintillator crystal, 

the light scintillations picked up by the photomultiplier tube can only 

come from ionizations and excitations produced by the electrons ejected 

when the photons are absorbed in the crystal.
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In the photoelectric absorption all of the absorbed energy will go 

into kinetic energy of the ejected electron, except for that needed to 

supply the binding energy of the electron. An orbit vacancy resulting 

from a photon absorption will be promptly filled and characteristic x- 

rays will be emitted, but since they are very soft, they are often 

absorbed in the crystal. If all of these processes take place within 

the luminous life time of the phosphor the visible light produced by 

them will add to that produced by the original photo electron. Then the 

total light output for the event will be proportional to the energy of 

the primary photon. This gives the most prominent feature of the gamma- 

ray spectrum, the photo peak or total energy peak. When the soft x- 

rays not absorbed, it will be seen as a slight depression on the low- 

energy side of the photo peak. 

Some of the primary photons will be absorbed by Compton instead of 

photo electric interactions. If the scattered photon is absorbed in 

the crystal the light output will correspond to the total energy of the 

photon, these serve merely to enhance the photo peak, but if the scattered 

photon escapes from the crystal, the light output will correspond only to 

the energy given up to the Compton electron. These electrons form a 

Compton continuum, from zero up to the maximum energy transferrable in 

the Compton event. ‘The larger the crystal, the greater the probability 

that the scattered photon will be absorbed, so the ratio of the Compton 

continuum to the photo peak will vary with the size of the detector. 

A small peak is usually seen near the low-energy end of the con- 

tinuum, resulting from the absorption in the erystal of primary photons 

scattered with the shielding material, this is called the back scatter 

peak.°>*



This explanation of gamma-ray spectra is valid when the gamma- 

ray energy is less than 1.02 MeV. Above this the pair production con- 

tributes the spectra. However, in this project, the gamma-rays 

involved were of too low an energy for this to be a significant effect. 

A typical spectrum for a monoenergetic emitted is shown in Figure 3.2.
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Figure 3.2 Response of a sodium iodide crystal to the 661 KeV 

gamma-ray of 137¢5.
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CHAPTER 4 

EXPERIMENTAL AND RESULTS 

4.1 Preparation of Irradiation Materials 

A - Blood samples: The group studied was made up of twelve 

hospital out-patients, suffering from rheumatoid arthritis, undergoing 

treatment by sodium aurothiomalate (Myocrisin) at the Fazakerley Hos- 

pital, Liverpool. 

The blood was taken from an arm vein, then, typically, ten uL 

of each of whole blood, plasma, serum and washed packed cells, were 

separated and spotted on to 2.5 cm squares of cellulose acetate sheets. 

These sheets were allowed to dry at room temperature, then placed in 

polythene bags which were sealed ready for neutron activation. At the 

same time fractionation of theplasma proteins was carried out by apply- 

ing an electrical potential difference across a strip of cellulose 

acetate bearing ten uL ofPlasma, This causes an ionization of the 

proteins and the charged particles move under the influence of the field. 

From this movement one can carry out separation of individual components 

of the sample which moves at different rates according to their charge 

and mass. This is called the electrophoresis method. In our work, 

Shandon equipment was used with the buffer Tris 1 EDTA acid 1 boric acid 

(60.5 g - 6.0 g - 4.6 g per litre), at a pH of 8.6. The ten uL of 

serum samples were applied to 78 x 150 mm strips of cellulose acetate 

and electrophoresis was carried out for ninety minutes across a gap of 

120 mm at a constant current setting of 0.04mA ae The strips were 

dried, immersed in Ponceau S stain (0.2% in 3% of tricholoroacetic acid) 

for thirty minutes, then washed with 5% acetic acid. The strips were 

dried in air, at room temperature, then cut into fractions corresponding
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to the pre-albumin, albumin, a, 3 a. » 8 and y globulin regions. 

Some of these sections and a spot of whole blood are shown in Figure 

4.1, Specimens of the cathode end and the anode end of the strips 

beyond the protein regions were also taken to check the percentage 

loss of the gold in the process. All sections were individually sealed 

in polythene bags as shown in Figure 4.2. 

B - Standard: As gold is present in the human blood in a con- 

centration of about 0.4 - 4.5 p.p.m., so the amount of the gold required 

in the standard is about iggy Several methods of preparing the 

standard have been described. Using a piece of gold foil is possible 

but this is difficult in practice because the weight needed is very small, 

about 107°s, and if a larger gold foil were used the need to dissolve and 

dilute after irradiation to get the quantity wanted would involve the risk 

and inconvenience of working with the high activity obtained from irrad- 

iating a large piece of gold foil. 

The following method, which was used in our project, was found to be 

convenient in preparing the standard we needed. The standard was made 

by taking 0.1 ml from a standard gold chloride solution retard commercially 

for use in atomic absorption spectroscopy of comentration 1 mg/1ml. This 

was then diluted with distilled water until a concentration 1078¢/10 uL 

was obtained. The standards were then made by dropping 10 uL of this on 

to pieces of filter paper and sealing in polythene envelopes. 

All the samples from each patient were marked and together with a 

standard, were put together in a cylindrical polythene container, after 

being wiped with acetone to remove much of the surface contamination of the 

polythene packets.



  

Figure 4.1 Some of the protein fractions and a spot of whole blood



  

Figure 4.2 The samples sealed in polythene bags ready for irradiation.



4.2 Irradiation Technique 

As already described the blood specimens and the standard were 

sealed separately in small envelopes of thin polythene and were placed 

together in a clean polythene container, 2.5 cm in diameter and 7.5 cm 

long, sealed with a polythene plug. This kind of container is usually 

cleaned with a mixture of suphuric and nitric acids (3:5) followed by 

rinsing with distilled water, or may just be washed with distilled 

water. 

The irradiation process took place in either the London University 

Research Reactor, Ascot or, for the majority, the Universities Research 

Reactor, Risley. The reactors were run at a maximum thermal power of 

100 kw. This power level was preferred because the temperature is 

less than 100°c which allowed us to use polythene rather than metal 

containers. Higher temperatures are reached at higher power levels 

and aluminium instead of polythene containers must be used which leads 

to very high activities of aluminium. This means a long period of 

time must elapse before it can be handled. The thermal neutron flux 

which is available in the vertical tube in the centre of the core is 

about 2.3 x 10? n/em? sec. The polythene capsules were irradiated for 

seven hours. The irradiated samples were left to stand at the reactor 

site for five days until the activity was sufficiently low to ‘make 

transport safe. 

Calibration of the Counting System 

The counting system used included a Nal (Tl) Harshaw well-crystal 

type 7F8 of dimensions, 1} in. high x 2 in. diameter, well 14 in. deep 

x } in. diameter, attached to the photomultiplier tube as shown in



Figure 4.3. The signals were fed into a 252 multichannel analyser 

connected to a printer to print out the counts. The complete count- 

ing system is shown in Figure 4.4. 

Before any measurement took place, calibration of the gamma-ray 

22. 
spectrometer was made by using three standard sources of, Na, a37 C5) 

6009 because the gold gamma-ray of energy 0.412 MeV lies close to the 

range of their gamma-rays energies. So from their pulse height spect- 

rums, the gamma-rays energies could be plotted against the channel 

numbers corresponding to the photo peaks to show in which channel the 

gold gamma-ray of energy 0.412 MeV would be expected. Figures 4.5, 

4.6 show typical calibration curves obtained at different times. As 

an example, the 127Cg pulse height spectrum is shown in Figure 4.7. 

This was used to find the resolution of the counting system, it was 

calculated to be 12.5%. This resolution is not as good as with many 

Nal crystals, possibly because it was a well-crystal. However, in 

this project high sensitivity was more important than high resolution. 

Because the detector used is not efficient 100% and as the samples come 

on strips of cellulose acetate in 2.5 cm squares, the second step to 

consider was the variation of the efficiency with position within the 

crystal well. This efficiency calibration process was done by irrad- 

iating a small piece of gold foil with moderated neutrons from an Am- 

98 
Be source. This gives the same 2 Au activity as obtained in the 

reactor irradiation. Figure 4.8 shows the gold pulse height spectrum 

obtained. 

Then the count rate of the photo peak was measured at different
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specimen heights within the crystal well by placing the irradiated 

gold foil at various positions up to the top of the well. The 

ratio of the photo peak area at different heights, after correction 

for the background, to that at the zero position was plotted 

against the height to obtain the efficiency variation calibration 

curve, as shown in Figure 4.9. Also shown are points corresponding 

to calculations done by B. J. Snyder and Geza L. Gyorey (1965)? 

which seem rather different from our results at some points, 

possibly because of the different assumptions and the conditions 

in their work. This efficiency calibration curve was used as a 

correction factor in our calculation. This was used to correct 

the area under the observed photo peak to estimate the real 

counts belonging to the activity. 

Methods of Determining Induced Activities 

To determine the induced activities, the area under the 

photopeak of each spectrum has to be calculated. The method of 

choice for determination of the peak area depends on whether the 

gamma spectrum is complex, with many peaks, or the spectra 

contains no peaks other than from the activity of interest. In 

the first case of multicomponent gamma-ray spectra methods such 

as spectrum stripping and curve fitting are used. 

In the second case another method of peak area determination 

was described by D. F. Covell (1959) °"- He divided the area P 

by a line connecting the ordinate values of a, and ae as in 

Figure 4.10. Here the response of the channel containing the 

greatest number of counts is defined as aoe and succeeding channel 

responses, progressing down the low amplitude side of the peak,
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Figure 4.10 Method of Covell, N is the total counts contained 
in the peak channel, a and n channels on either side.
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as ay, ay» ag, see8e Similarly, channel responses on the high 

1’ Bos b> oie amplitude side of the peak are defined as b 

If the contributions from the a, channel and the n channels on 

either side are added, the sum is a value representing the total 

counts contained in these channels; this value is graphically 

represented as the area P and is divided by a line connecting 

the ordinate values of ay and by: The area above this line can 

be defined as 

N = P-Q 

From the graphical representation, expressions for P and Q can 

be written as follows: 

n n 
Pus a ed a+ Ib, 

° 1 y i 

and Q = (n + 4) (a, +d) 

n n 

therefore N = a +f + ~ ‘0: ’ i. 4 abs (a + 4) (a, + b) 

There are obvious limitations in the use of this method, 

particularly in determining the optimum selection of n and the 

interest area N, which comes from the total counts contained in 

peak channel, a, and n channels on either side. 

As this method seems more complicated than a simple base 

line subtraction method because of the need to be very careful 

in the choice of the n channels which lead to the estimate of 

N accurately, a simpler method was preferred. As we have simple 

gamma-ray spectrums with no indication that the background on
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which the gold photopeak sits is not smooth, so the background 

under each photopeak could be estimated from the spectrum on 

either side of it. Then by subtracting the average of the 

counts in, say, three channels to both left and right of the 

peak from each channel of the peak, the background could be 

eliminated. The selection of the photopeak boundary channels, 

between which the channel counts were summed to obtain the 

area under the photopeak must be constant for a given gamma 

energy in all spectra which are compared. After background 

elimination, the counts in the channels belonging to the peak 

were added together and the following calculations were made: 

1. The counts were corrected for decay corresponding 

to the time difference between counting each sample and counting 

the standard. 

2. Corrections were made for the effect of different 

sample positions in the well of the crystal. 

3. The observed count rates were converted to the masses 

of gold by comparison with the count rate of the standard. 

4. The statistical errors were calculated. 

All these calculations were computed by using the computer 

programme described in the appendix. 

In general the accuracy of a measurement refers to the 

closeness of the measurement to the actual value or the real 

value of the physical quantity, and it becomes high as the 

errors become small. In the present work two sources of errors 

are possible, the statistical error which may be calculated 

from the numbers of counts observed and the errors which arise
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from the cutting of the electrophoresis strip into its sections. 

This is less easy to assess, but it has been estimated that 

it may cause an error of about a few percent. 

Counting Procedure 

After the calibration was done, the background was counted. 

The spectrum of the counts against channel number is given in 

Figure 4.11 which shows no obvious peaks appeared in it. The 

sources of the background are: 

i. External radiations, for example, cosmic rays, 

radioactivity in building materials etc. 

ii. Noise occurring in electronic devices, including the 

photomultipliers and amplifiers. 

iii. Natural activity in the materials used for the 

construction of the counter. 

After the background had been counted, the irradiated 

standard and each sample were counted for 50 minutes. This 

was after they had been left to cool down for about five days 

at the reactor to allow interfering activities, particularly 

oan usually present in the blood and also as a contaminant, 

to decay to a low level. 

4.5.1 Qualitative Analysis of the Gamma-ray Spectrum 

Figure 4.12 shows a pulse height spectrum from one ‘of 

standards. The large peak in channel number 26 corresponds 

to 0.412MeV radiation. By following the decay of this activity 

the helf-life was found to be approximately 2.7 days which 

together with the energy identified it as the gold activity. 

The very small peak at channel number 63 corresponds to an
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energy of 1.28 MeV which was identified to be due to aes 

which has a gamma-ray of energy 1.28 MeV and a half-life of 

15 hours. This was assumed to come from a small residual 

contamination. 

As an example the pulse height spectrum of each sample 

from patient number five obtained by plotting the couts 

against the channel numbers are shown in the Figures 4.13 - 

4.22. All the Figures show a clear peak belonging to the gold 

activity, gamma-ray energy 0.412 MeV, at channel number 26. 

Also a very small peak corresponding to an energy 1.28 MeV 

belonging to the 248 activity. Figures 4.14 and 4.15 show 

that the serum and plasma have nearly the same counts under 

the gold peak, while Figure 4.13 shows the pulse height spectrum 

of whole blood which seems to have a gold peak equal to about 

# of the plasma gold peak. Figures 4.16, 4.17, 4.18, 4.19, 

4.20 and 4.21 which show the pulse height spectrums of the 

various protein fractions, show that the albumin fraction has 

the largest gold peak, and each of the others has a relatively 

small gold peak. Figure 4.22 shows the pulse height spectrum 

of the blood cells, which again shows a small gold peak. 

Figures 4.23 and 4.24 are the pulse height spectrums of the 

cathode and anode ends of the electrophoresis strip. They 

show a significant amount of gold. As a check on reproducibility 

measurements were duplicated on different plasma samples from 

one patient. The pulse height spectrums in Figures 4.25 and 

4.26 show an example of how well they agree with each other.
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4.5.2 Contaminations in Some Samples 

Figure 4.27 shows the pulse height spectrum of the 

prealbumin plus anode end from patient number 21. It shows a 

very clear, large peak at channel number 54 corresponding to 

an energy of 1.1 MeV. By studying the activity one week, two 

and three weeks later, no difference in the observed peak 

was found which means that this activity has a long half-life. 

Similar observations were found with patients number 20 and 22. 

Figure 4.28 shows the pulse height spectrum of a blood 

sample from patient number 1. It shows two peaks at channel 

numbers 33 and 41 corresponding to gamma energies of 0.58 MeV 

and 0.77 MeV respectively. The decay of these peaks was 

followed for a few days and the half-life calculated to be 

about 36 hours. These unknown activities are discussed later 

in chapter 5. 

4.5.3 Quantitative Results 

The results obtained for the gold bound to the blood 

samples taken from twelve patients, are all shown in Tables 

4.1 and 4.2 and 4.3. For the first nine patients, Table 4.1 

gives the ratio of gold content in each serum, whole blood, 

and blood cells specimen to that in the plasma, and also in 

the total protein fractions to that in serum. While Table 4.2 

shows the gold content in the total protein fractions and 

the concentration ratio of the gold content in each protein 

fraction and in the anode and cathode ends to that in the 

total protein fractions.



ges 

The results for patient number 20, 21 and 22 are given 

in a separate table (Table 4.3) because the globulins came 

together in one section for each of them. The significance 

of the results is discussed in the next chapter.
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Table 4.3 

Gold content in the total protein fractions and the concentration 

ratios of gold content of individual protein fractions as a 

proportion of the total protein-bound gold 

  

  

  

Patient number 20 21 22 

i oeie Saas eae (4.554 .04)10°® |¢.79+ .08)10°° | (2.68+ .07)10°° 

Prealbumin plus anode 
end: T.F zero zero zero 

Albumin : T.F .87 4.07 ul .82 +.12 

sao wit came .12 £.01 zero .17 £.02 

Concentration ratios 

Whole blood : plasma 177 £,32 .73 +.09 .54£,17 

Cells : plasma 31 $.11 .76 +.11 .007 +.001 

T.F : plasma .81 4.13 46 +.05 41 4.21         

The errors quoted are the statistical errors



  

eal ‘Counts x 100. 

aa
n 

100 

90 

80 

Xx 

AY
 

T 
T 

> 

  

> 

<<
 

20 30 40 5 OQ oy
 => 

Channel number. 

4.13 Pulse height spectrum of the whole blood specimen from 
patient number five showing the gold activity in channel 
number 26, 
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Figure 4.14 Pulse height spectrum of the serum specimen from 

patient number five showing the gold activity in 

channel number 26.
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channel number 26.
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Figure 4.16 Pulse height spectrum of the albumin region from 

patient number five showing the gold activity in 
channel number 26.
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Figure 4.19 Pulse height spectrum of the a,-globulin region from 

patient number five showing the gold activity in 

channel number 26.
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Figure 4.20 Pulse height spectrum of the 3-globulin region from 
= patient number five showing the gold activity in 

channel number 26.
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Figure 4.22 Pulse height spectrum of the blood cells from patient 

number five showing the gold activity in channel number 26.
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Figure 4.24 Pulse height spectrum of an anode-end specimen. 
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Figure 4.25 Pulse height spectrum of the gold activity in a plasma 
specimen from patient number 21.
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

Neutron activation analysis has been successfully applied 

to measurements on twelve patients with rheumatoid arthritis, 

undergoing treatment with the gold salt sodium aurothiomalate 

(Myocrisin), to study the gold distribution in the blood. The 

results obtained are summarised in Tables 4.1, 4.2 and 4.3. 

Gold Content of Fibrinogen 

In Table 4.1 the ratio of the plasma gold content to the 

serum gold content lies between 0.92 to 1.1 with a mean of 

1.002 and standard deviation 4.07. This result shows that the 

gold level in serum is about the same as in the plasma which 

means that there is little, if any, binding to the fibrinogen, 

because the difference between the serum and the plasma is 

the fibrinogen as the serum is plasma without it. This agrees 

with the majority of other workers like E. G. McQueen and 

P. W. Dybes (1969)?, Nicholas D, H. Balazs et.al. (1972)7°, 

Manfred Harth (a97a)7?, A Oohara et.al. (1974)2?, but disagrees 

with J. S. Lawrence (1961) 8. 

There does not now seem to be much doubt that fibrinogen 

does not bind gold to any significant extent. For this reason, 

the measurements on plasma/serum ratios were not continued on 

the later patients. 

Gold Content of the Cellular Fraction 

The results given in Table 4.1 and 4.3 on this point 

show that there is a gold content in the cellular fraction. 

In the five patients, 1 to 5, it seems, as would be expected,
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‘that the ratio of gold content in blood cells to that in plasma 

inecréases as the ratio of the whole blood gold level to that 

of plasma increases, 

The cells/plasma ratio lies in the range 0.7% to 8% with 

an average of nearly 4%, except for patients number 4, 20 and 

21 who show high gold levels in the blood cells of 20%, 31% 

and 76% respectively. Cell samples were not available for 

patients number 7, 8, 9 and 10, but the high whole blood to 

Plasma levels in some of these patients implies a high cell 

level of gold. 

Our average value of 4% agrees with the findings of 

H. Kamel et. al. (1976)?4, and with J. S. Lawrence ag61) 8, 

as his results lie in the range .8% to 4%. Also the high gold 

level found in some patients from the group we studied agrees 

with the high gold content found by Patricia M. Smith et. al. 

ag973)?3 which range from 1% to 38%. We disagree with those 

who detected no gold in the blood cells. These include 

H. Coke (1963)35, and R. H. Freyberg (age6)?5 who used chemical 

methods which are not very sensitive for detecting the small 

amount of the gold present in the blood cells. Also 

Nicholas D. H. Balazs et. al. (1972)7° used the atomic 

absorption spectroscopy’ method which even if it is used . 

successfully for this kind of analysis, it may be that in the 

cases studied by them the amount of the gold associated with 

the blood cells was too small to be detected. 

Thus it seems that while many patients have cells/plasma
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ratios of a few percent, some do have higher values. The 

reason for this is not clear. 

Gold Content of the Albumin Fraction 

Our results in Tables 4.2 and 4.3 agree with the majority 

of other workers in finding the greater part of the protein 

bound gold to be associated with the albumin. We found that 

with the exceptions of patients number 4 and 21, the gold bound 

to albumin is in the range between 69% and 96% of the total 

protein fractions level with an average of 83%. This range 

agrees reasonably with the albumin gold levels obtained by 

H. Kamel et.al. (1977) 32 whose values lie in range 45% to 76%, 

and the higher gold levels in our range agree with the range 

from 87.7% to 93.4% obtained by Roberta J. Ward et.al. (1977) 37, 

Also the higher figures in our results seem to agree with that 

found by Micha Abeles et.al. (1977) 27 which shows 95% of the 

gold associated with the albumin fraction. The average obtained 

in the present work nearly agrees with that found by 

A. E, Finkelstein et.al (1976) 2° which was 81.8%. We disagree 

with N. Simon (1984) 23 in that he found no gold bound to the 

albumin. 

The results on patient number 21 show that 100% of the 

gold was bound to the albumin fraction and no gold was bound 

to the other protein fractions which seems unreasonable 

because we believe that there is gold associated with the 

other protein fractions as the result of the other eleven of 

the twelve patients used for this study show. A possible 

reason is that the pulse height spectrum of the other fractions
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should show a small gold peak but the high contamination 

background masks this peak. The low level obtained from 

patient number four is unusual. A possible reason is discussed 

in section 5.5. 

Gold Content of a, q, 1? %> 8, y globulins 
  

Our figures appear to vary in a range from 2% to 9% but 

still prove that there is a significant amount of gold in these 

protein fractions which agrees generally with most other 

workers who differ somewhat in the range from one to another. 

But this disagrees with Dr. M. Schattenkirchner and Z. Grobenski 

KIO 7) ee who reported that no gold was bound to these other 

protein fractions except for a little gold associated with 

&, globulin. Again our work taken with that of other workers 

shows beyond much doubt that there is a small but significant 

of gold associated with the globulins. 

The Correlation Between Serum Gold Level and the Clinical Response 

Unfortunately our results do not provide much evidence 

on this question because all the patients available during the 

period of the investigation showed good response to gold 

therapy and the clinicians were unable to class any of them 

as non-responders. 

However, two patients numbers 4 and 8 had toxic reactions, 

notably patient number 4, who had marked nephrotic symptoms. 

This may well be associated with some of the unusual findings, 

for example, the low albumin content, found in this patient. cS
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It is surprising that the toxic reactions in patient 

number 4 are associated with a low gold level, because other 

workers found toxic reactions are associated with higher levels. 

Zinc in the Prealbumin Fraction from Patients Number 20, 21 & 22 

Figure 4.27 is an example of one of the prealbumin pulse 

height spectrums which show a very clear large peak at channel 

number 54 corresponding to an energy of 1.1 MeV. By studying 

the activity decay at one week, two, and three weeks later, no 

difference was found in the observed peak which means that this 

activity has a long half-life. As the sample was prealbumin 

plus the anode end, the only source of contamination expected 

is from the electrophoresis method and the materials used for 

it. The electrode is usually made from material containing 

zinc so it is suggested that this activity belongs to the ee 

of half-life 245 days formed by the reaction he yO zHe 

This kind of contamination appeared only in the prealbumin 

from the group of patients numbers 20, 21 and 22, and because 

we received the blood samples of patients as batches at 

different times, it may be that at the time of preparing the 

protein fraction from this particular group of patients, some 

chemical reaction happened between the buffer and the electrode 

which caused this contamination. 

The radioactive oa decay includes positron emission 

but our spectra do not show peaks corresponding to the 0.511 MeV 

annihilation radiation as the electron capture process dominates 

(a* 1.7% EC 98.3%). The 1.1 MeV gamma-ray arises in’ 49% of 

decays,
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Bromine in Patient Number One 

Figure 4.28 shows the pulse height spectrum of the whole 

blood sample from patient number one, two peaks appeared, one 

at channel number 33 corresponding to an energy of 0.58 MeV, 

and the other at channel number 41 belonging to an energy of 

0.77 MeV. Those peaks were seen in all the spectrums of the 

blood specimens from this particular patient. By following 

its decay for a few days these were identified to be due to 

ae with a half-life of 36 hours, formed by the reaction 

oor y) ear. This possibly came from bromine containing 

drugs that had been taken by this patient. 

Radioactive oa decays by beta emission to a number of 

different excited states giving principle gamma-rays 0.77 MeV, 

0.55 MeV and 0.62 MeV peaks appeared in Figure 4.2.8. The 

larger peak corresponds to an energy of 0.58 MeV and is the 

result of mixing two peaks, one of 0.62 MeV and the other of 

0.55 MeV. This is caused by the poor resolution of the well 

type crystal of the sodium iodide detector used. 

Gold in the Cathode and Anode Ends 

There was a percentage loss of gold in the cathode and 

anode ends beyond the protein region. It was found to range 

from 4% to 10% in the cathode end and from 3% to 10% in the 

anode end. This partly explains why the concentration ratio 

of the gold content of the total fractions to that in the 

serum was less than one in all the patients as shown in 

Tables 4.1 and 4.3. The percentage loss may mean that there 

is unbound gold freely diffusible in the blood, or that the 

electrophoresis process itself dissociates some of the bound gold.
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Conclusion 

As is well known, a major problem in the activation 

analysis method is contamination, which may arise through the 

process of sampling, the fractionation of the plasma protein 

and how far the containers of the samples have perfectly clean 

surfaces. From this point of view much care is needed to 

avoid such things causing an error in the quantitative 

calculations. 

There are four suggestions I would like to make for 

future work: 

1. I think it is much better if a project like this is 

carried out at the hospital itself to allow the investigator 

to be more in touch with the work of preparing the blood samples, 

the situation of the patients, and to obtain all the information 

needed from the hospital. 

2, It seems to me that it is necessary to study three 

groups of the patients: the responers, non-responders and 

those who develop toxic reactions to cover all the needs of 

section 5.5. 

3. I think it is worthwhile to complete this work by 

studying the relation of the gold level in the blood with that 

excreted through the urine and how much this is associated 

with the clinical improvement of the patients. 

4. Also, I suggest to carry on this work in the feature 

by using other methods of analysis besides the method followed 

here for comparison purposes. It would also be useful to
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consider other methods of fractionation of the proteins in 

order to investigate further the question of unbound gold.
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Appendix 

An Algol 68 computer program was used to estimate the gold 

level in the blood and the protein fractions. The program 

includes all the calculation steps which were mentioned in 

section 4.4. The identifiers used in the program and the flow 

chart are described as follows. 

  

  

Identifiers Description 

Activity Sum of peak counts - average of background 

x peak number. a 

A Activity after correction for time and 

efficiency = (Activity x Exp (Landa x 

Time))/Eff. 

Time Time between first counting (standard) and 

the second (sample). 

Eff The ratio of the area under the peak at a 

certain position to that at zero position, 

see Figure 4.9. 

AA Activity error after correction to time and 

efficiency = Error of (activity x Exp 

(Landa x Time) /Eff 
where 
Error = (Sum of peak counts + sum of back- 

ground counts). 

Ae 5. For the standard. 

AA = BB For the standard. 

Weight = 4/B x 10°. 

Fractional error   (AA/A + BB/B)10°.



Compute procedure 

Entry from calling environments 

1 and 2 

  

  | Sum of back ground counts = 0 
  

  

Read Time and Efficiency 
    
  

Read counts of back ground       

  

  
  

  Add counts of back ground (I) to the sum of back ground counts 

a 

    

    
Peer al 

Calculate the average of back ground counts = sum/6 

Read counts of the peak 

  

      

  

      

  

     

  

    

    

Yes peak number 

   

    

  

  Add peak counts (J) to the sum of peak counts 

Co 

Calculate activity 

Calculate A and AA 

Standard, ? 

  

       Store B and BB 
  

calling environment 2



Flow chart of the program 

Start 

  

| Read number of experiments 
    

[k= 0 
  

K = number of experiments 

  

Yes   

  

  

Calling environment 1 compute proc with 

respect to standard reading of current 

experiment 

Read samples Zumbers | 

ia iG ee L = number of samples 

      

    
To Ge 

Read and print sample name E 

  

Calling environment 2 compute proc with 

| respect to sample readings of the current 

  experiment   ——— 
Calculate weight 

  

| Calculate fractional error 

Print B, A, weight, fractional error  



CCOUNTS 

   

BEGIN’ 
"INT® EXPNO; 

"REAL" A, 
AA, 
8, 
BB; 

"PROC® PRINT HEADER =C*INT* EXP NUMSER) *VOID': 
"SEGING 
PRINT CCNEWLINE ,NEWLINE,” EXPERIMENT", 

“C",EXP NUMEER, “)",NEWLINE,NEWLINE)); 
PRINTC(™ STANDARACOUNT SAMPLECOUNT ‘ta 

e WEIGHT ERROR" ,NEWLINE)) 
"ENDS? 
*PROC® COMPUTE =(*SO00L* STANDARD) "VOID": 
"SEGIN' 
Ci:6] "INT" COUNTSOFBG; 

"INT *SUMOFBGCOUNTS :=0; 
"REAL ‘AVGEOFBGCOUNTS; 

“INT *PEAKNO;READ( (PEAKNO,NEWLINE)); 

C1zPEAKNOJ*INT* COUNTSOFPEAK; 

"INT'SUMGFPEAK COUNTS :=0; 
"REAL® ACTIVITY, 

ERROROFACTIVITY, 

LAMDAz=0 693/64 .8, 
TEBE, 
GEPS 

READ CCEFF, TIME NEWLINE) ); 
READ ((COUNTSOF8G,NEWLINE)) > 

PEOR SLE *TORES 
*D0* SUMOFBGCOUNTS "PLUS* COUNTSOFBGCII; 
AVGEOFSGCOUNTS <=SUMOFBGCOUNTS/6; 
READ CCCOUNTSOFPEAK ,NEWLINE)) ; 
"FOR® J *TO* PEAKNO 

"DO* SUMOFPEAKCOUNTS *PLUS' COUNTSOFPEAK(J]; 
ACTIVITY 2=SUMOFPEAKCOUNTS—AVGEOFSGCOUNTS *PEAKNO; 
ERROROFACTIVITY:=SaQ2T CSUMOFPEAK COUNTS +SUMOFSGCOUNTS) > 
A CTIVITY*EXPCLAMDA*TIME) JEFF? 
AAZ=ERROROFACTIVITY*EXP(LAMDA*TIME) JEFF; 
"IF*® STANDARD 

*THEN® 8 . 

  

  

  

  

  

vere 

"END*; 
READ( CEXPNO,NEWLINE)) > 

MFOR® Ko FTOSPEKPNO DO 

"SEGIN* 

“GOCE S TD) =" TRUE eS 

"INT® SAMPLESNO; 
PRINT HEADER (K) > 

COMPUTE CSTD) > 

Boece oamEte SNO NEWLINE) ) > 

FEORE © =r SAMPLE SNO °D 

eeegint 

*SCOL*® SAMPLE F 
TREAL” Bea 
"STRING® SA 

DEAD CCSAMPLE 

PR ERTC (GANPLENA 
COMPUTE (SAMP 

WEIGHTS=A/ (541048) 5 

FOEACTIONALERRS=(AA/A+85 PEI NES ITD 8's 

PRINT((B,” on, © 
WEIGHT,” 7FRACTIONALERR, NEWLIN, 

    

    

  

mn z ° 

“END * 
*FINISH® 
fee
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