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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.



= 15 = 

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



= 46) = 

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
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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.
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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.
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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.


