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ABSTRACT

The method of activation analysis is extended to the analysis of very large samples (up to 1
kg) of ores and minerals.

The use of such large samples has two advantages : first the sensitivity of the method is
greatly increased and secondly inhomogeneity of distribution and hence sampling problems are
greatly reduced. Samples are used without any kind of treatment and the method 1s non -
destructive.

There are also disadvantages associated with the use of large samples. Absorption effects
(both of neutron and ¥ - rays) become important and as a result the calibration curves are
influenced by the bulk density and composition of the samples. In certain cases, the
calibration curves may also be non - linear.

These effects have been studied in detail for the determination of gold, through the reaction
198Au(n,y)198Au. After irradiating various samples of known concentrations of gold,
calibration curves for gold in gold ore and carbon samples have been established. The effect
of y -ray and neutron absorption has been studied in carbon samples using either thermal or
epithermal neutrons and the optimum sample thickness has been established. In addition, the
curve for the optimum decay time has been obtained for gold in ore samples.

Based on the experimental results, a theoretical model has been applied to study the
variation of the statistical error with the various factors involved, i.e. irradiation, decay,
counting times, source strength and sample size. It has been also used to analyse theoretically
the resuits for the optimum thickness and the variation of the background under the 411.8
keV peak of Au-198.

Further work has been undertaken to investigate whether the method can be used to
determine elements from the platinum group which are much less active than the gold.
Gamma ray peaks from Ir- 192, Au- 199, Pt-199 Rh- 104m and Os-193 could be
identified and possibly from Pd-109. Further work is necessary to study each -element
separately.

In the case of gold, very satisfactory results were obtained. It is too early to state that it
provides a replacement for the fire - essay method for gold, but the potential definitely exists.

1l
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1. INTRODUCTION

1.1 General

Neutron Activation Analysis (N.A A) is a nuclear technique whose usefulness as a multi-
element analytical iool has been clearly demonstrated over the past forty years. Many
publications have described successful applications in the trace analysis of samples for

1

geology, biology, archaeology, chemistry and metallurgy . Significant advances have
been made in the measurement of spectroscopic decay data and in the determination of
decay schemes for most isotopes. Because of improvements in the efficiency and
resolution of detectors and specially Ge(Li) detectors and associated electronics,
determinations can be carried out instrumentally rather than chemically, as was done in
the early years when the elements were separated by chemical methods and radiochemical

purity had to be established before counting.

The ‘sensitivity and multi - element capability of reactor neutron activation analysis has
made it a highly desirable technique for many applications, but reactors are not always a
convenient source of neutrons for activation. Isotopic sources offer a simple and
economical way to use neutron activation analysis in industrial applications. Potential
applications have been discussed and feasibility studies have been described in several
papers i ,' but the routine use of sources remains limited. Today, various neutron
sources are available. Some of them, are described in Chapter 2.

Neutron activation analysis, utilises the fact that neutrons are absorbed by nuclei to
produce radioactive isotopes. The gamma-radiation from these isotopes can be detected
and used to identify and quantify the elemental composition. Since both neutrons and
gamma-rays are highly penetrating radiations, this method can be used in principle to
analyse samples in bulk. The use of large samples has two major advantages. First the
large sample size overcomes inhomogeneity and sampling problems and second it improves
the sensitivity of the method. These characteristics are of particular interest where
inhomogeneity of distribution and hence sampling and sample preparation are of
importance.




1.2 Instrumental techniques and the analysis of large samples

A number of instrumental techniques are used for analysis. Many of these, for example
atomic absorption spectroscopy, require the dissolution of the sample and are therefore
unsuitable for the analysis of large samples.

12]

limited range of the X - Rays, only very small samples can be analysed and the detectors
are highly susceptible to damage due to their thin window.

X - ray fluorescence spectrometry[ can be used non-destructively, but because of the

A number of nuclear techniques such as ion beam analysis (I.B.A)), 14 MeV N.AA.,
reactor N.A.A. and isotope source N.A A, are widely used for analysis. All of these are
non - destructive but I.B.A. in general and specifically particle induced X - ray emission

(P.LXE)), are only capable of analysing small samples.

In a review in 1969, Rhodes[s] pointed out that because of neutron and y - ray
penetration, a sample several inches thick can be analysed by neutron activation analysis.
Thus, errors due to heterogeneity and variable particle size would be reduced as
compared to other analytical methods, X - ray fluorescence for instance. In spite of these
advantages, large sample sizes have not been widely used, undoubtedly because of the
difficulty arising from neutron and y - ray absorption in the sample, as well as the
decrease of the neutron flux with the distance from the source, as a result of both the
inverse square law and neutron absorption.

More recently, research concerning isotope source N.A.A. of large samples, has taken
place using the neutron capture y - ray method, that is by measuring the emitted prompt
gamma rays that immediately follow t e capture of a neutron, i.e. during irradiation. This
method, according to D. Duffey et al. ~, has two potential advantages : a) irradiation and
counting times are not controlled by the decay constants and b) elements can be
determined whether or not they go to stable nuclides or to B emitting radionuclides after
neutron capture.

This method nevertheless has some serious disadvantages. Firstly, capture y - ray spectra

are more complicated than delayed y - ray spectra and secondly the background is very

high because of the neutrons. To obtain the required resolution, it is usually necessary to
2




use Ge detectors, which have a lower efficiency than Nal(Tl) detectors. Neutron damage

to the detectors, must also be taken into consideration and this damage can be costly.

The analysis of large samples is of particular relevance in the mining industry where the
accurate sampling of inhomogeneous materials is a problem. The isotope californium - 252,
offers a neutron source with a large output but yet of a size that can be easily housed
in any analytical laboratory. At the Savannah River Laboratory[”], a 100-mg 252Cf
N.A A. facility has been used routinely for multiclement analysis of small solid and liquid
samples. With the totally automated pneumatic sample transfer system, cyclic irradiation -
decay - counting regimes can be preselected for up to 40 samples and samples can be
analysed with this facility unattended. Over 40 elements can be detected at the sub-ppm
level. Precisions and accuracies of 10% for most elements were demonstrated in the

extensive multielement analysis of standards.

In the present work a nominal one mg 252Cf source was used for the activation analysis
of large samples using the delayed gamma-ray technique. The method has no constraints
regarding detector damage or very high background. Furthermore, a radioactive source
needs no maintenance as does an X -ray tube.

1.3 Scope and objectives of the study

The aim of this project is to investigate the use of isotope - source neutron activation
analysis, using a one mg Cf- 252 neutron source and the delayed y - ray technique, for
the determination of elements of particular interest to the minerals industry. The specific
alm is to investigate the use of large sample sizes, in particular to study the limitations
of sample size and the effects of neutron and gamma-ray absorption in determining this
limitation. The use of different types and shapes of sample holder in extending this range
are of particular interest.

This work could provide the base for a new method for the assay of gold and the
platinum group elements in sample sizes ranging up to several hundred grams, using a
non - destructive technique that would require an absolute minimum of sample preparation
and treatment.




2. THEORETICAL BACKGROUND

2.1 Properties of neutrons

The neutron is a neutral particle (electric charge less than 10-18 ¢) of mass 1.674663 x 10-24

1 . . .
g, or 1.008665 u, spin 5 and magnetic moment —1.913148 NM2. It is not a stable particle

except if it is bound in a nucleus. Because the neutron is 0.840x1073 u heavier than the
hydrogen atom, it is possible for a neutron to undergo a f-decay into a proton and an
electron with a maximum energy of 782 keV. The half - life of the neutron against this f3-
decay 1s 11.7 min. This instability of the free neutrons is of no importance for nuclear
reactors, because from the moment of their production up to the moment of their absorption
inside the reactor, they remain free only for times of the order of muilli-seconds.

2.2 Production of isotopes and radioactivity

A neutron can be captured by a nucleus to form a compound nucleus with a mass number
one unit greater than the target and usually with an excitation energy of several MeV. This
nucleus reverts to its ground state generally by emitting one or more ¥y - rays.

XN 4o, XA vy or XMy, X

We will see later that this is the most probable reaction that occurs with slow neutrons, ie.
with energies up to a few eV. At higher neutron energies the compound nucleus can emit
particles and (n,p) as well as (n,a) and (n,2n) reactions are also useful in neutron activation
analysis. In general the product nucleus has too high a mass/ charge ratio for stability and
decays by emitting a [-particle. The resulting decay is written :

A+] A+l -
2 X 2 X 4P




Generally excited nuclei can emit y-rays and possibly nucleons, in a short time of the order of
10714 sec and decay into a ground state of a new nucleus which can be unstable against
8" or B+ emission. This latter process of decay is a relatively slower process and is known
as radioactivity. The probability of decay is constant for any particular isotope. This constant
1s denoted by A and it is known as the decay constant.

If there are N atoms of a radioactive isotope at a time t, the number decaying in a time dt

is given by :

dN = -ANdt

A

with solution : N =Nge ! where No = the number of atoms at t=0.

The number of atoms initially present, is reduced to one half after a time T1/2 given by :

0.693  1n2
A A

1/2=

and T1/2 is usually known as the half - life of the isotope.
2.3 Activation analysis

In general, the procedure of activation analysis involves the bombardment of a sample with
a flux of particles which, upon interaction, converts the elements in the sample to various
radionuclides. These nuclides decay with the emission of characteristic radiation at a rate that
is well defined for each nuclide. These two parameters, namely the energy emission spectrum
and half-life, permit the identification of the elements originally present in the sample.

When a radioisotope is produced at a constant rate, the rate of accumulation of the isotope
is given by the difference between the rate of production and the rate of decay of the
isotope. The rate of production is characterised by the factor ®c which is the probability
per unit time that a nucleus with cross-section ¢ in a flux & will undergo a transformation.

Say that nuclide A has an absorption cross-section Gabs and an activation cross-section oact
leading to the production of isotope B.
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ie. A+n—B

(g-) B

where o©act 1s the cross-section for the production of B whose activity is to be measured.
B decays to B’ with the decay constant A.

The rate of production of B is

dN
TF = ocact®NA - ANB,

where in general NA and NB are both functions of time, while

dNA
4t~ Oabs®NA.

If NAC is the number of nuclides of A at t=0, then the two above equations can be solved
to give:

0
NB - CEC‘(DNA (e—GabS(Dt _ e—}\.t )
A — Gabs®

If, as is usual, the assumptions are made that oc®<<A and e_c(bt= 1, then this equation
reduces to:

DN
NB — 0'ac: A (1 —e

~At
. )

The rate of disintegration of these radioactive atoms at any time is given by:

dN;
'—d{]i =ANB = O'act(I)NAo (1 —€

—Ati )

The number of activated atoms will approach a saturation value asymptotically.

Figure 2.1, shows a typical growth curve for 197Au. The activity after seven half-lives is
about 99.2% of saturation. Irradiation of a material over a period of seven half-lives, will




only produce twice as much activity than if it was irradiated for only one half-life. It is also
worth noting that for irradiation times shorter than one half-life, the relationship between

induced activity and irradiation time is approximately linear.

1.0
0.8 1_e—7\.t
.j__:: 0.6 -
2
o
(5]
<
0.4 1
ey
0.2
00 t—r>vrrrTrT T T T T T T T T I T T T T T Y
0t 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
days
Figure 2.1 Production and decay of Au-197

In general, the activity will not be determined until a time tq after the irradiation has ended,
so that the radioactive atoms produced will have decayed by a factor e Md The time of
counting tc, will also affect the activity, since during counting the sample will have decayed
by a factor e~Mc Hence the number of decays during the counting time is given by:

n=0oact®NA° (1 - e_)‘ti )e—}‘td (1- e#Mc )

In neutron activation, the radiation detected is directly proportional to the activity of the
radionuclide produced in a neutron flux, which in turn 1s directly proportional to the
amount of the parent isotope. Factors which affect the determination of original quantities
ipclude the irradiation, decay and counting time, the reaction cross-section, neutron flux,
isotopic abundance, radionuclide half-life, atomic mass, decay scheme and detection efficiency.
In terms of all these quantities the neutron activation equation is:

7




_ N mftbeey

— (1-eMiy™Md (j_¢™Mcy (o)

n

In this equation the symbols are defined as follows:

n :the area of a particular gamma - ray peak, i.e. the number of counts that is
detected

No : Avogadro’s number = 6.02486 x 1023 atoms / mole
:mass of the particular element in the sample

: 1sotopic abundance of the isotope

Nomf

m

A :atomic mass of the particular nucleus

f

N =TA the total number of atoms (or nuclei) of a particular species

present in the sample

®  :the neutron flux, measured as ncm-2 g1

G :the cross section

Y : the branching ratio, 1.e. the proportion of beta decays that produce the y - ray

that 1s detected

A :the decay constant of the beta decaying isotope produced by the neutron
“reaction,

A :}r—nj: , where T2 is the half-life of the isotope

£ . the detector efficiency

ti  :the irradiation time, the time that the sample is exposed to the neutron flux

td :the decay time, the time that elapses between the irradiation and the
measurement
tc :the counting time




2.4 Interaction of neutrons with matter
2.4.a Cross-sections

Since the neutron is uncharged there is no nuclear coulomb barrier nor is there any
interaction with the planetary electrons. The interactions between neutrons and nuclei depend
on nuclear reactions through the strong nuclear force and their detail depends on the
neutron energy and the element involved. In Table 1 there is a description of the different
neutron energy regimes. It is possible to consider various energy ranges where one type of
mechanism tends to be more probable than the others. It is important to have some measure
of this probability in numbers so that we can compare it for ditferent materials. The “cross -
section” for a given reaction gives a quantitative measure of the probability of a particular
reaction.

If Ip is the intensity of a neutron beam falling on to a target of thickness x, and I is the
intensity of the beam as it comes out of the target, then:

—O pNox N

I=1Ioe =Ioe ©
where Nis the number of atoms/cm? in the target

No is the number of atoms per unit mass of the material which has a density p (g/cm3)

c is a constant of proportionality, known as the nuclear cross - section for the reaction that
leads to the loss of the neutron.

o is measured in barns. 1 barm = 10-24 cm2.

Usually we use a suffix to denote the mechanism concerned, e.g.
O¢ = capture cross-section

of = fission cross-section

Gs = scattering cross-section

oa = of + o¢ = absorption cross-section
Total cross-section Gtot = oc+6f+os+ ...

The average penetration of the neutron beam into the sample xav, is given by :




o e i

t =the mean free path of the neutron in the material.

—x/t _ X

1= Ioe = Ioe—

where £ =1/t=ANgootot the macroscopic cross-section of the material.

Za=1/ta=ANpoa : macroscopic absorption cross-section.

2s=1/ts=ANpOCs : macroscopic scattering cross-section.

T=t/v=mean free time between two collisions.
1/t=v/t=vZ : the number of collisions per sec.
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TERM

Thermal

Epithermal

Cadmium

Epicadmium

Slow

Resonance

Intermediate
Fast
Ultra-fast
Pile

Fission

TERMS DESCRIBING NEUTRON ENERGIES

DESCRIPTION

Neutrons in thermal
equilibrium with
surroundings

Neutrons of energy
just greater than thermal

Neutrons which are strongly
absorbed by cadmium

Neutrons which are not
strongly absorbed by
cadinium

In pile neutron physics
usually refers to neutrons
which are strongly captured
in the resonances of 238U,
or of a few commonly used
detectors, e.g. In, Au.

Neutrons of energies
between slow and fast

Neutrons of all energies
present in a nuclear reactor

Neutrons formed directly
in fission

TABLE 1

ENERGY REGIONS

Most probable energy at 20°C

Maxwellian distribution at
200C, extends to about

Energies above about

Energies below about

Energics above about

Usually means less than
Occasionally less than

A broad band of energies
extending from about
to about

From
{o

Neutrons of energy
greater than

Neutrons of energy
greater than

From 100 KeV to 15 MeV
Most probable energy
Average energy

11

0.025eV

0.1leV

02eV

04eV

0.6eV

1-10 eV
1 keV

leV

300 eV

afew 100eV

0.5 MeV

0.5 MeV

20 MeV

0.001eV

to 15 MeV

0.8 MeV
2 MeV




2.4.b Variation of the cross-section with energy

A knowledge of the vanation of the partial cross-section with energy enables one to decide
which is the most probable reaction that occurs at a given neutron energy. In Figure 2.2 the
absorption cross-section of 197Au for epithermal neutrons is illustrated. At approximately 5

eV there is a very large resonance and neutrons in this energy region are strongly absorbed
by the gold nuclei.

5.0u0" —

]

{ ||1|1\1

o (b)
-

Lo

Figure 2.2  Absorption cross-section of Au-197 for epithermal neutrons
The following sections describe the general characteristics of the various neutron reactions.

a) Reactions without formation of a compound nucleus (direct reactions), e.g.
scattering,

potential

In this case, kinetic energy and momentum between the two nuclei is conserved. Energy

lost by neutrons appears as kinetic energy of the target nucleus. This is the most
probable

12




reaction at high energies ( greater than 1 MeV), because of the short time the neutron takes

to pass the target nucleus.

b) Reactions involving the formation of a compound nucleus.

When the neutron energy is lower, the interaction time is longer and the probability of
compound nucleus formation increases. Since the compound nucleus 1S formed with an
excitation energy equal to the neutron binding energy plus its kinetic energy, the probability
of resonance reactions will depend on the distribution of energy levels in the compound nucleus
at approximately 8 MeV above the ground state.

The compound nucleus is relatively long lived (more than 10-17 sec) and its decay can

occur in various ways.

(1) A neutron with the same energy as the ornginally captured neutron can be
emitted. This process i1s called compound elastic scattering, or resonance scattering.

(i) The excitation energy of the compound nucleus can be given up by emission of
one or several y-rays. This phenomenon is called radiative capture, or the (n,vy) process. The

resulting nucleus is frequently unstable against ~ decay. An example of a radiative capture
is the reaction 197Au (n, v) 198Au. The resultant nucleus 198Au B~ decays to 198Hg.

(i) For sufficiently high excitation energies, the compound nucleus can emit charged
particles or two neutrons; for example (n,a), (n,p), (nnp) and (n,2n) reactions.

(iv) A neutron with a kinetic energy smaller than that of the incident neutron can
also be emitted and the residual nucleus remains in an excited state which decays by y-ray

emission (inelastic scattering). Finally fission can occur in the heaviest nuclei

13




2.5 The Slowing down of fast neutrons

The most important mechanism for slowing down fast neutrons in the MeV region is elastic
scattering.

2.5.a Number of collisions made by a neutron in a slowing down process

Consider the elastic collision between a fast neutron with initial velocity v, and a free target
nucleus of mass number A, initially at rest. Suppose the centre of mass of the two particles
is at a distance x from A and that the neutron is at distance y from A, as shown in Figure
2.3. Because the elastic scattering of neutrons is isotropic in the C.M. system for the energy
region we are intrested here, we consider the C.M. at rest (Figure 2.4) and we subtract a

velocity of % from both of the particles. Hence,
+

target nucleus

neutron )
>
y 1]
V'a
Figure 2.3 Elastic collision in the Laboratory System.
® 'N
N target nucleus
neutron 4
N WA
o'y
Figure 2.4 Elastic collision in the Centre of Mass System.
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where @, and &, the velocities of the neutron and the nucleus in the C.M. system.

In the C.M. system the speeds are unchanged by the collision; it is the direction of the
VN

velocities which is altered. In the laboratory system, the neutron velocity is ¥} =&} +
A+l

after collision, and it makes an angle © with its original direction (Figure 2.5). Then :

VN/(A+1)

¥ (c.M)~ VN

® (Lab)
>

X

Figure 2.5 Velocities of a neutron after collision in the C.M. and Lab. System.

(Vi)' E, A’+2Acos¥+l

vy)' E, (A+1)?

where E2 is the energy of the neutron after collision and E1 its energy before. The
A-1)°
maximum value of E2 (¥=0)is E;and the minimum (W=n) is E1§A—+1—§-2—=aEl,after collision.

The probability that a neutron will be scattered at an angle between ¥ and ¥ + d'¥ will be
given by

2rsinPd¥Y  —d(cos‘V)
47 - 2

15
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For each scattering angle W we have a particular value of the final energy E2 and the

probability F(E)dE of having a final energy between E and E + dE is given by
F(E)dE = —d(cos'P) B -dE

2 (-wE,

Thus the neutron may have any energy between E] and oE] after the collision, as we have
seen before. The average energy after the collision will be given by

(1+a)E,
av - 2
E 2
thus (-—L)m, =
E2 (I+a)
and after N collisions E—lz[(El Yl

where N is the number of collisions made by a fast neutron in slowing down from some
initial energy Ei to some final energy Ef, therefore

1

The quantity [lnE l,, =&, is the logarithmic energy decrement, ie. the average logarithmic

"
<

energy loss per collision and it can be calculated that

2
_,_ (A-D Atl
=l g

1 E
Thus =—In—
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is the average number of collisions for the neutrons to have passed the energy mark Ef If

Ei =2 MeV which is the mean energy of fission neutrons and Ef= 0.025 eV the energy

. , E;
corresponding to the most probable velocity at 209C, then In—=182.
f

2.5.b The mean cosine of the scattering angle for a single neutron collision.

From Figures 2.3, 2.4 and 2.5, it can be calculated that :

g Al [E2 Al [E
COS - 7 E - E2

As above mentioned, the scattering of neutrons is isotropic in the centre of mass system,
therefore anisotropic in the laboratory system. Hence the mean cosine of the scattering angle
in the lab system is important. It is essential therefore, to weigh the values of cos 6 with
the probabilities of their occurrence and take the average. If the mean cosine of the
scattering angle for a single collision is b, then the well known relation holds:

2.6 Moderators

Consider a source in a scattering medium that emits neutrons with an energy distribution
S(E). These neutrons exchange kinetic energy with the atoms of the scattering substance
through elastic and frequently also inelastic collisions. If the neutrons are emitted with
energies higher than the kinetic energy of the thermal motion of the scattering atoms, they
‘lose energy in successive collisions until they are in equilibrium with the thermal motion of
their surroundings. Their energies then approximate a Maxwell distribution with the
temperature of the scattering medium (Figure 2.6). Neutrons with such energy distribution

are called “thermal neutrons”.
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Figure 2.6 Maxwell distribution of neutron flux and density.

In practice in a good moderator, the neutron energy distribution at the end of the

slowing down process approximates an equilibrium distribution. From Boltzmann’s
distribution and equation of state, it follows that :

3
Eav= 7 kT average energy

2kT .
VT =1\ /—n'l— most probable velocity,

furthermore %mv’l"2 =kT=ET the most probable energy.

18




[f T=2936K (20.4 °C), kT = ET = 0.0253 ¢V, vT = 2200 m/sec = vo while the

average velocity vav is generally :

Vav =

v

Jr

For moderation, great importance is attached to substances which :

(1) have large scattering cross-sections,

(i) have low atomic weight (i.e. moderate neutrons strongly), hence have large

slowing down power,

(iif) absorb neutrons weakly, i.e. have small absorption cross-sections (ca much

smaller than o).

Such substances are good moderators to slow down neutrons. In Table 2

for the most commonly used moderators.

TABLE 2

Moderators[14]

data are given

Moderator Density Slowing down power Moderating ratio
ETs EXs/Ta
H20 1.0 1.35 cm-1 71
D20 1.1 0.176 cm-1 5670
graphite 1.6 0.060 cm-1 192
beryllium 1.85 0.158 cm-1 143

were £ 1s the logarithmic energy decrement described above.
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2.7 Neutron sources
2,7.a Introduction

Because of their short lifetime, free neutrons do not exist in nature and must be artificially
produced. There are a variety of nuclear reactions which lead to neutron production. In such
reactions compound nuclei excited to the sum of the binding energy and kinetic energy (in
the centre of mass system) of the projectiles are formed by bombardment of target nuclei
with o - particles, protons, deuterons, or y - rays. If the excitation energy is larger than the
binding energy of the “last neutron” in the compound nucleus, then a neutron is very likely
to be emitted. The remaining excitation energy is distributed as kinetic energy between the

neutron and the residual nucleus, which can later return to the ground state by 7y - emission.

For neutron production, light nuclei are most important. In many cases they can be thought
of as being composed of o - particles and in this configuration their binding energies are
particularly large. The majority of these nuclei are very stable and an excess neutron added

to such a nucleus is very loosely bound.

2.7;!)/:(«Badioactive (a.n) sources. Ra-Be or Am - Be source

.A;‘str‘dng isotopic neutron source which is nearly constant in time can be produced with the
9Be (at,n)12C reaction if one uses the strong o - activity of natural radium or 24!Am for
example. These neutron sources are frequently found in laboratories working with low
neutron intensities and often serve as standard neutron sources. A disadvantage of the Ra -
Be source is the strong v - radiation accompanying the neutrons. The Am - Be source emits
low energy gamma - rays, a characteristic that makes it more favorable for use than the Ra -
Be source.

2.7.c Radioactive (y,n) sources

In contrast with the radioactive (o,n) sources which emit a continuous spectrum of neutrons,
nearly monoenergetic neutrons can be produced in photoneutron sources by use of
monochromatic y - rays. Since they - energy of radioactive substances rarely exceeds 3 MeV,
only the (y.n) reactions in beryllium (Q = -1.665 MeV) and deuterium (Q = -2.225 MeV)
come into consideration. Disadvantages of photoneutron sources are their small yield and the

20




usually short half-life of the y - emitters. Because of their strong penetrating v - radiation,
work with large photoneutron sources requires special protective measures.

2.7.d Fission neutron sources

Some heavy nuclei decay by spontaneus fission. Since in fission several neutrons are
produced, these heavy nuclei can be used as neutron sources. Table 3 contains useful data
concerning some of the transuranic isotopes that undergo spontaneus fission. With the

exception of Cf- 252, all of the nuclei are strong o - emitters. In practice the Cf-252
source 1s particularly widely used.

TABLE 3
Spontaneous fission neutron sources[14]

Nucleus Half-life a particles n per fission neutrons
(mg'sec!) (mg!sec!)
pu?3® 2.85y 1.3x10° T 19 26
py238 89.4y 5.5x10% 2.0 22
py240 6600y 1.9x107 2.1 1.1
pu242 3.79x10°y 1.9x10° 23 1.7
Cm?242 162.5d 1.6x107 2.3 1.7x10%
cm?44 18.4y 7.6x10° 2.6 9x10°
22 2.7y 2.4x1010 3.5 2.7x10°

The nuclide 252Cf emits neutrons through spontaneous fission decay.

Although the neutron flux from radioactive sources is comparatively small, they are
quite useful for specific purposes, due to their extreme simplicity, reliability and
small size. The gamma-radiation which is also present is however a disadvantage.
From this point of view, 252¢f is a very convenient neutron source, but it has a
relatively short half-life compared with some of the other sources.
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2.7.e  Accelerator neutron sources

Another way of obtaining neutron fluxes is through accelerator - induced reactions.
The most common reactions are the deuteron reactions T(d,n)4He and D(d,n)3He.
The reaction 9B_e (d,n)lOB is often used with medium energy accelerators. The
proton reactions ’Li (p,n)’Be and IBe (p,n)9B are also used. Generally the neutron
yield increases with increasing beam energy up to some maximum value of the
latter after which competition from other reaction channels reduces the yield. The
reaction 7Lj (p,n) 7Be is used for the production of monoenergetic neutrons.
Higher neutron yields can be obtained by the reaction 9Be (d,n) 10B.

TABLE 4

COMPARISON BETWEEN ACCELERATOR AND

ISOTOPIC SOURCE NEUTRONS

ACCELERATOR NEUTRONS ISOTOPIC SOURCE NEUTRONS

Neutron energy depends on the energy There is a wide distribution of neutron

of the accelerated particle and can therefore
be controlled to some degree.

Neutron output depends on the beam current.

Neutron output depends on the beam energy.

The neutron beam can be switched off
or pulsed.

Samples have to be transported to
central irradiation sites.
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energies. Suitable absorbers can be used
to modify this distribution.

Neutron flux varies according to
activity and half-life of the source.

Restricted in intensity.
Cannot be switched off.
Portable and convenient for transporting to

different sample sites, at least in the case of
smaller sources. '




3. APPARATUS

3.1 Californium - 252 irradiation facility

The source used in this work consisted of a nominal one mg 252Cf that emitted neutrons
with a typical fission spectrum. The unmoderated fission spectrum is centered at about 2.3
MeV. The emitted y - rays have energies up to 5 MeV. Characteristic nuclear properties of
the source are detailed in Table 5.

TABLE S

NUCLEAR PROPERTIES OF 252Cf NEUTRON SOURCE!!
Effective half-life 2.646 + 0.004 years
Alpha decay half-life 2.731 + 0.007 years
Spontaneus fission half-life 85.5 +0.5 years
Average neutron energy 2.348 MeV
Average alpha particle energy 6.117 MeV i
Gamma emisston rate 1.3 x 1013 photons per sec per gram
Decay heat 38.5 watts per gram

(57.1 % from fission,
48.9 % from alpha decay)

Neutrons per spontaneous fission 3.5 neutrons
Specific neutron activity 4.4 x 109 neutrons per sec per curie
Neutron emission rate 2.7 x 1012 neutrons per sec per gram
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Irradiation position

Concrete
Soil

Storage position

Figure 3.1 Schematic diagram of the irradiation room
and the source transfer system.
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The irradiation facility is shown schematically in Figure 3.1 which illustrates the
arrangement in the irradiation room and the source transfer system. In order to protect
the users from irradiation, the storage position of the source was 2.5m beneath the
ground. An electronically controlled device activated compressed air to shoot the source
up to the irradiation position, through a long steel pipe. This pipe was embedded in a
column of polythene beads. The source was returned pneumatically at the end of the
irradiation[13].

The steel pipe ended up in the middle of a cylindrical tank, where the irradiation site
was. The source tank was filled with water, to take advantage of its rapid slowing-down
power and its low cost, for moderation and also for radiation shielding. The energies of
the moderated neutrons, (see Chapter 2) follow a Maxwellian distribution, centered at
0.0253 eV at 293 K. The water was circulated through a filtration system. Samples inside
polyethylene, perspex or aluminium containers, were introduced to the irradiation site
manually. The tank was surrounded for additional shielding, by a wall of 1 m thickness,
made from a special high density concrete. For safety, an alarm was activated when the
source was transferred to the irradiation position. There was also an interlock on the
access gate.

Different irradiation geometries were used for the various experiments and are described in

the relevant sections.

3.2 Detection equipment

Most activation products are y - ray emitters, therefore emphasis is placed on detecting
these y - rays as efficiently as possible and with the best resolution. Two practical
detector types currently available commercially are Nal(Tl) and Ge(Li). Nal detectors have
higher efficiency and lower resolution than Ge(Li) detectors. Nal(Tl) detectors are
normally used when the y -ray energy is high (greater than 2 MeV, say) or when the
gamma-ray spectrum is simple.

a) Ge(Li) detectors

Two germanium coaxial photon detectors have been used.
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1) The first detector is a lithium-drifted germanium detector manufactured by ORTEC,
mod. GEM-381805. It has a large active volume with a crystal diam. of 57.7 mm and a
length of 72.5 mm with an absorbing layer of 1 mm aluminium. The distance from the
endcap to the crystal is 6 mm, and the efficiency is 36.5 % at 1332.5 keV relative to a
75 mm x 75 mm Nal(Tl) detector at 10 cm, the resolution was 1.72 keV FWHM (full
width at half - maximum) resolution at the same energy. This detector was used in the
initial phase of this research, for the qualtative analysis of the composition of all the
samples.

i) In later work, a second detector was used, also manufactured by ORTEC, mod.
GMX-20200. This is a hyper pure co-axial detector constructed of n-type germanium.
This type of detector is much less susceptible to neutron damage than the normal p-type
detector. The dimensions of the crystal are 52.3 mm diam. by 54.0 mm length. The
absorbing layer is 0.5 mm beryllium and the distance between window and detector is 3.0
mm. The resolution (FWHM) at 1332.5 keV (60Co) is 1.86 keV and the relative efficiency
at 1332.5keV is 25.8%. The active volume of this detector is thus appreciably less than
that of the first detector, but it has the advantage of being portable and thus flexible in
use.

b) Nal(Tl) detectors

A 75 mm x 75 mm Nal(Tl) detector manufactured by BICRON, with 6.5% resolution at
662 keV was also used for detection. Normally for analyses where only one element is
activated and the product emits only one y -ray, the Nal detector provides maximum 7 -
ray detection sensitivity and the lowest possible detection limit. This detector was used in
the case of the gold in activated carbon samples because of their high concentration in
gold. In this case high resolution was not important, because the 411 keV peak from the
198Au was dominant. The same detector was also used for the measurements of the
neutron flux by activation of metal foils.

Figure 3.2, illustrates the variation of the detectors absolute efficiency with the distance

for the 411.8 keV line of the isotope Au-198, as was calculated from data in the
fiteraturel 131,
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During the counting of the irradiated samples, the detectors were surrounded by a lead

shield of thickness 5 cm.
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Figure 3.2 Variation of absolute efficiency of the Nal(Tl) detector

3.3 Multichannel analysers and data reduction

Three multichannel analysers (MCA's) have been used:

a) a Tracor Northern model TN-7200,
b) a CANBERRA series 20 and

c) a CANBERRA series 90.

The Canberra series 90 was used extensively because

it

is

with distance from sample, for the 412 keV line.

a very sophisticated

multichannel analyser, with 16384 channel memory and a variety of time saving functions,

i.e. energy calibration,

smoothing (3 & 5 point),
27
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differentiation, counting errors, group transfers, spectrum stripping, peak search, FWHM,
etc. This MCA was interfaced to a micro-PDP11 computer linked to a HP plotter and
printer.

The gamma - ray spectra from the irradiated samples, were transferred either to a
magnetic tape or a floppy disc. In the first case, the programme Yulel29] was used to
locate, identify and integrate the peaks in the gamma-ray spectra. A list of significant
photopeak energies, integrated areas and their associated statistical errors was produced.
The appropriate neutron activation product(s) were assigned to each photopeak by
comparing peak energies with tabulated gamma - ray energies. In the second case, the
spectra from the floppy discs were processedwith the aid of either an Olivetti P.C. or a
Macintosh microcomputer using computer programmes.
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4. NEUTRON FLUX MEASUREMENTS

4.1 Introduction

At the time of the source's purchase in August 1983, the emission rate was 2.3x109
neutrons per second into 4mw. When these measurements were made the emission rate was
108 neutrons per second. In this work, water was used as moderator and the flux of
thermal neutrons was measured. Figures 4.1 and 4.2, illustrate the results obtained at
Savannah Riverl11] for the neutron flux distribution around a 17 mg Cf- 252 source with an
output of 3.51x1010 ns~1 into 4x.
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Figure 4.1 Change in thermal flux with distance from source.
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Figure 4.2 Change in epithermal flux with distance from source.

4.2 Experimental

The flux from the neutron source was measured on several occasions. The measurements
were performed using standard foils (N.B.S_)[17]_ Manganese and cobalt foils were used.

The foils were irradiated for a set time against the irradiation head of the source transfer
system. After irradiation, they were transferred manually to a 75 mm diameter by 75 mm long
Nal(Tl) detector (see Figure 4.3). The signal from the detector was transferred to a
Canberra (model 20) MCA. The irradiation and counting geometries are shown schematically
in Figure 4.3. The characteristic data for the above foils are given in Table 6.
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IRRADIATION GEOMETRY FOR THE DETERMINATION OF THE NEUTRON FLUX

COUNTING GEOMETRY FOR THE DETERMINATION OF THE NEUTRON FLUX

Foil

g

Polyethylene bottle

AN

Figure 4.3 Irradiation and counting geometry for the determination
of the neutron flux.
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TABLE 6

Foil data for neutron flux calculations

Reaction m | Conc.| f o Ey Y £ Tz | A

() % % barns (keV)
3SMn(n,y)>®Mn | .0501 | 81.3 | 100 | 13.3 847 1.00 | .1564 | 154.56m | 55
39¢o(ny)®0Co | .0634 | 99.89 | 100 | 20 1333 25 | .105 | 10.5m |59

The symbols in the headings of Table 6 are detined as in page 8.
4.3 Results
Equation (2-1) was used for the manganese foil calculations and equation (2-2) for

the cobalt due to its short half-lite in comparison with the irradiation and

counting times. Table 7, shows typical results trom the neutron flux measurements.

TABLE 7

Results for neutron flux determination

Reaction Tj T4 Te counts o)
(min) {min) (sec) (n cm)
55Mn(n,1)56Mn 1114 135 300 398299 1.29%10°
59Co(n,y)60Co 256 2 3600 9128 0.89x10°

The symbols in the headings of Table 7 are defined as in page 8.

4.4 Discussion

On the basis of the results of Bowman and Mac Murdo[U], the thermal flux at
2.5cm from a Cf-252 source emitting 3.5x1010 ns-1 was 4x108 necm=2s=1 at a

distance of 2.5cm in water. This gives a thermalisation constant of 87.5.
- 10’ 61 om—25—1
On the basis of these results the expected flux would have been —aﬂ.lxlo nem 45Tt

The results from the measurements of the flux are in good accord with the predicted value

as can be seen from Table 7.
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5. GAMMA-RAY SPECTROSCOPY OF THE GOLD ORE

AND CARBON SAMPLES

5.1 Introduction

The samples investigated included a Witwatersrand gold ore containing a range of
concentrations of gold as well as activated carbon samples. Details of the samples used,
are given in the Table in Appendix A. The same Table also gives the descriptions of the
samples and the known concentrations of the elements.

The Table in Appendix B, gives the energies in keV of the gamma - ray lines (and their
intensities), which were used to identify the respective isotopes of interest. It also shows
their half-lives and the nuclear reactions that produced these isotopes. The symbol f,
stands for the isotopic abundance and o for the cross-section for thermal neutron capture.

5.2 Experimental

‘In this research one of the most important factors is the geometry of the sample holder.
This should be such as to make the optimum use of the neutrons during irradiation, to
allow a good geometrical efficiency during counting and to minimise the effect of neutron
and gamma-ray self-absorption. This was achieved by the use of annular sample holders in
the form of "Marinelli beakers'[19] ie. cylindrical perspex containers of three different
thicknesses (i.e. 1, 1.5 and 2 cm), having a cylindrical hole on the axis with a diameter
of 82 mm. The geometry of these holders is shown in Figure 5.1.
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Figure 5.1 Marinelli - type perspex sample holders.

The mass of the samples was between 150g and 1200g (large samples). The holders were
filled up as shown in Figure 5.1, then an O-ring and twelve bolts around the lid, made
the sample - holder water - proof. Figure 5.2, illustrates schematically the irradiation and
counting geometry. The samples were attached to a rotator and were placed inside the
pool near the end of the source transfer pipe, fully submerged in the water. During
irradiation, the sample was rotated around its axis as close to the source as possible. All
the different samples from each group were irradiated for sixteen hours at least, each one
separately. After irradiation, they were transferred manually from the irradiation site to the
counting room, where they were counted with different decay and counting regimes with
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the Ge(Li) y-ray detector. An MCA received the signals and the spectra were transterred
automatically to the computer which analysed the spectra. After the end of each count, a

print - out was available with the necessary information concerning the gamma-ray

spectrum.
sample
rotator
Figure 5.2 Irradiation and counting geometry.
5.3 Results

5.3.a. Gold ore samples

The gold peak at 411.8 keV could be clearly seen even in the sample NIM 23/81 with
the smallest concentration (0.5 ppm Au) of gold as shown in Figure 5.3. Under these
circumstances, the L.O.D. for gold was 0.0169 ppm of Au. The spectrum was taken after
an irradiation time of 69h, a decay time of one day and a counting time of 10h.

The composition of all the gold ore samples was similar, except for their gold
concentration. For that reason we shall refer only to the spectrum from NIM 62/69 (11.5

ppm Au), as representative of all the other cases. The spectrum is shown in Figure 5.4.
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time and a 5h count time. All the main peaks from this spectrum, with their statistical
errors and the identified isotopes are tabulated in Table 8. The nuclear reactions which
occur during irradiation are also shown in the table as well as the original elements in
the ore. The peaks due to the background are also identified.

There are several strong peaks, but most of them are due to the background. Of all
these peaks, only a few are of interest. At 1368 keV and 1734 keV, there are strong
peaks from Na-24. Sodium, is a major constituent of the ore, as well as potassium, which
1s identified from the peak at 1526.5 keV from the isotope K-42. Peaks from La-140,
Mn-56 and As-76 can also be identified. Peaks from europium, samarium, tantalum and
uranium, were also observed in the spectrum. The peak of interest for the determination
of gold at 411.8 keV 1is strong but of the same order of magnitude as the 352 keV peak

from the natural uranium activity.
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TABLE 8

GAMMA-RAY PEAKS IDENTIFIED IN SPECTRA FROM

GOLD ORE 62/69 (11.5ppm Au)

Ti=18.59h Td=4h:59m:49s Tc=S5h

Pecak Energy Counting Isotope Reaction Element
(keV) Statistics
(Vo)
104 3.38 Sm-153 152Sm(n,y)153Sm . Sm
107 5.52 Np-239 238U(n,y)239U(B-) U
117.5 12.82 Ta-182 181Ta(n,y)182Ta Ta
186.5 5.46 Ra-226 Background
229 7.09 Np-239 238U(n,y)239U(B-) U
239.5 549 Pb-212BG Background
242.5 4.19 Pb214BG Background
250.5 10.04
278 7.79 Np-239 238U(n,7)239U(B-) u
296 1.80 Pb-214BG Background
329.5 6.45 La-140 139La(n,y)140La La
335 22.67 Np-239 238U(n,y)239U(B-) U
339 17.64
345 7.85 Eu-152 151Eu(n,y)152Eu Eu
352.5 1.31 Pb-214BG Background
412.5 0.90 Au-198 197 Au(n,y) 198 Au Au
487.5 3.33 La-140 139La(n,y)140La La
511.5 1.99 Annihilation
559.5 0.84 As-76 T5As(n,y)76As As
583.5 11.18 TI-208BG Background
609.5 1.18 Bi-214BG Background
658 - 4.50 As-76 75As(n,y)76As As
676.5 27.25 Au-198 197 Au(n,y)198Au - Au
744 14.26
752 21.68 La-140 139La(n,y)140La La
769 6.38 Bi-214BG Background
786.5 32.41 Mn-56DE
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TABLE 8 CONT.

Pecak Energy Counting Isotope Reaction Element
keV Statistics %
816.5 5.74 La-140 139La(n,y)140La La
834.5 8.64 Mn-54 54Fe(n,p)5+Mn Mn
842 1.67 Eu-152m I51Eu(n,y)152mgy Eu
847.5 0.32 Mn-56 55Mn(n,y)36Mn Mn
889 13.11 Sc-46
912 11.85 Ac-228BG Background
926 17.85 La-140 139La(n,y)140La La
964 2.48 Eu-152m 151Eu(n,y)152mEu Eu
970 13.76 Ac-228BG Background
1217 10.13 As-76 75As(n,y)70As As
1239 6.40 Bi-214BG Background
1370 0.27 Na-24 23Na(n,y)24Na Na
1379 7.12 Bi-214BG Background .
1409.5 12.58 Eu-152G 151Eu(n,y)152Eu Eu
14.62.5 1.95 K-40BG Background
1511 13.37
1526.5 1.00 K-42 41K(n,y)42K K
1598 1.95 La-140 139La(n,y)140La La
1734 1.95 Na-24DE
1767 2.86 Bi-214BG Background
1813.5 1.23 Mn-56 55Mn(n,y)50Mn Mn
1850 14.33
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S.3.b Activated Carbon samples

The second group of samples are activated carbon loaded with gold. In order to study
the gamma-ray spectrum, sample Carbon 1/78 containing approx. 1020 ppm of Au was
taken as representative. Figure 5.5 shows the spectrum from this sample after a 64h
irradiation, 2.3 days decay time and a 15h counting time. The data obtained from this

spectrum, in the same way as in the case of the gold ores are tabulated in Table 9.
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Figure 5.5 Spectrum from carbon activated sample 1/78 (1015-1081ppm Au)
after Ti=64h, Td=2.3d, Tc=15h.
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TABLE 9

GAMMA-RAY PEAKS IDENTIFIED IN SPECTRA FROM

CARBON 1/78

Ti=64h Td=2d:8h:4m Tc=15h

Peak Energy Counting Isotope Reaction Element

(keV) Statistics

(“0)
239.5 18.94 Pb-212BG Background
246 6.11 Eu-152G 151Eu(n,y)152Eu Eu
296 10.16 Pb-214BG Background
352.5 7.41 Pb-214BG Background
413 0.07 Au-198 197 Au(n,y) 198 Au Au
511.5 3.07 Annihilation
559.5 2.68 As-76 75 As(n,y)76As As
583.5 4.24 T1-208BG Background
609.5 2.30 Bi-214BG Background
658 4.51 As-76 75As(n,y)76As As
676 0.61 Au-198 197 Au(n,y)198An Au
707 20.22 Ag-110m 109Ag(n,y)110mAg Ag
764.5 18.71 Ag-110m 109Ap(n,y)110mAg Ag
885 6.97 Ag-110m 109Ag(n,y)110mAg Ag
911.5 3.65 Ac-228BG Background
938 14.86 Ag-110m 109Ag(n,y)110mAg - Ag
965 15.33 Eu-152G 151Eu(n,y)152Eu Eu
969.5 5.48 Ac-228BG Background
1088.5 1.90 Eu-152G 151Eu(n,y)152Eu Eu
1100 18.10 Fe-59 58Fe(n,y)39Fe Fe
1174 9.03 Ca-60 59Co(n,y)60Co Co
1217 2422 As-76 75As(n,y)76As As
1239 6.73 Bi-214BG Background
1293 22.59 Fe-59 58Fe(n,y)59Fe Fe
1333.5 11.16 Co-60 59Co(n,y)60Co Co
1369.5 1.87 Na-24 23Na(n,y)24Na Na
1378.5 8.62 Bi-214BG Background
1385.5 11.35 Ag-110m 109Ag(n,y)110mAg Ag
1409 12.09 Eu-152G 151Eu(n,y)152Eu Eu
1462 0.62 K-40BG Background
17315 7.87 Na-24DE
1766.5 2.30 Bi-214BG Background
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There 1s a high concentration of gold (1015-1081 ppm) in this sample, and the peak at
411.8 keV, due to Au-198 is dominant. In this spectrum, peaks at 676 and 1088 keV
from the same isotope can be seen, with a statistical error of 0.61% and 1.9%
respectively. The intensities of these two peaks are extremely low in comparison with the
95.5% intensity of the main peak of Au-198, at 411.8 keV (see Table 8). This is the
reason why they were not seen in the gold ore samples. As in the case of the ore, the

411.8 keV line was used as the analytical peak.

It is interesting to note the main peaks from Ag-110m, at 707, 764.5, 885, 938 and
1385.5 keV shown in Figure 5.5, which indicate that the sample contains silver. There are
also peaks from sodium, arsenic, nickel, scandium and iron. Three of the lines, come from
the background (see Table 8). The only additional isotope present at short decay times is
Mn-56. Isotopes with very short decay times (of the order of minutes or less) could not
be investigated because of the distance between the irradiation and counting facilities.

5.4 Discussion

In the spectra from the gold ores, peaks from uranium, samarium, lanthanum, europium,
gold, arsenic, manganese, potassium, and sodium were identified. In the case of carbon
samples, peaks from gold, arsenic, silver, europium, iron, and cobalt were seen.

Very long irradiation and counting times are necessary to obtain peaks that are
comparable with the natural uranium activity in the ores. In the case of the ore most of

the activity originates in the ore itself (not in the room background).

If a vertically mounted detector is available then the sample could surround the detector
during the count, greatly improving the counting efficiency (see Chapter 7).
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6. GAMMA-RAY SPECTROSCOPY OF
THE PLATINUM GROUP ELEMENTS

6.1 Introduction

The platinum group consists of six elements, the three lighter elements: ruthenium,

rhodium and palladium and the three heavier elements: osmium, indium and platinum.

There are seven different neutron capture reactions with the six platinum group elements
that can be used for neutron activation analysis. These are shown in Table 10. The
objective of this section was to determine experimentaily the best reactions and gamma-
ray peaks to use for the present project, i.e. neutron activation analysis with a 232cy

source and a large sample, using different irradiation and counting conditions.

The details of the best conditions and the best reactions depend on the composition of
the sample. In the present case, three different types of sample were used, namely ores,
concentrates and mattes. These are described in detail and their compositions are given
in Appendix A.

Irradiation and counting were performed several times for each sample. In what follows,
we shall refer only to the cases were it was most likely to identify a y-ray peak from
the element under consideration. For convenience, Table 10 gives a summary of the
nuclear data of the most important analytical reactions for platinum group elements.
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TABLE 10

Nuclear data for the P.G.E.'s

Element I* oX* Reaction Reac. T1/2 | Main peak | Intensity
% barn No (keV) %
Ru 316 | 256 | 192Ru(ny)!%3Ru 1 | 3925d | 4971 89.5
Rh 100 | 150 | 'Brumny)!%Rrn | 2 425 555.8 1.99
Rh 100 | 11 | 1Bruey!%mRrh| 3 | 434m 51.4 482
Pd 267 | 12 | 198pd(ny)!%%q 4 | 13.46h 88.0 3 61
Os 41 | 16 | 1P20s(my)!%0s 5 30.5h 138.9 427
Ir. 373 | 300 | ®liny)!%% 6 73.8d 316.5 82.9
Pt 72 | 4 198py(n,y)199pt 7 | 30.8m 543 14.8
Pt 199p4 571992y 8 3.14d 158.4 36.9

* I =the isotopic abundance.

** o = the thermal neutron capture cross - section.
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6.2 Experimental

The samples were irradiated using Marinelli type sample containers as before. The
2571 (see Chapter 4).
During irradiation, the samples surrounded the source and during counting they

estimated average neutron flux was of the order of 108 nem™

surrounded the detector (see Chapter 3), in both cases without rotating. The irradiation

and counting geometry is illustrated in Figure 6.1.

SAMPLE

Sample surrounding
the detector

IDetector

Figure 6.1 Irradiation and counting geometry for P.G.E. samples

Different irradiation, decay and counting times were used for the different elements in
the various samples and the different conditions are given in Table 11.

45




TABLE 11

Experimental conditions for the P.G.E.'s

Sample mass Experimental conditions Elements observed
description (g)
Ti Td Te Element | Concen. | Reaction
ppm
; Platinum 911.45 15h Imonth | 10-15h Ru 18.6 1
f concentrate 16/76 Smin Imin Smin Rh 9
: 2.5h 10min 15min Pt 135 7
Platinum 817.31 3d 4d 10h Os unkn. 5
concentrate 26/78 3d 4d 10h Ir unkn. 6
Platinum mattes 310.46 12h lmonth | 10-15h Ru 76.6 1
5/76 Smin 1min Smin Rh 316 3
13.5h 10min 10h Pd 169 4
12h 3weeks 15h Ir 10 6
2.5h 10min 15min Pt 287 7
Platinum ore 1107.45 4d 3d 24h Os 0.063 5
SARM 7 4d 3d 24h Pt 3.74 8

6.3 Results - general

The four samples were irradiated under the different conditions shown in Table 11 and
twelve spectra were collected. In addition a platinum crucible was irradiated to examine

in detail the gamma -ray spectrum from platinum.

Figures 6.2 to 6.5 are shown as typical of the gamma-ray spectra obtained. Table 12
| gives a detailled analysis of the peaks observed in the spectrum obtained from the
platinum concentrate 26/78 after an irradiation time of 12 h, a long decay time (3 weeks)
and a counting time of 15 h. Table 13 gives a detailed analysis of the peaks observed
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in the platinum ore SARM 7 after an irradiation time of 4 days, a decay time of 3 days

and a counting time of 10 hours.
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Spectrum from platinum ore SARM 7 (for Pt)
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TABLE 12

y-RAY PEAKS IDENTIFIED IN SPECTRA FROM PLATINUM CONCENTRATE 26/78
Ti=12h, Td=3 weeks, Tc=15h

Peak Energy Counting Isotope Reaction Element
keV Statistics %

75.5 18 Background
85.5 27.71 Background
103.5 18.26 Sm-153 1528 m(n,y)153Sm Sm
136.5 19.66 0s-193 19205(n,7)1930s Os
159 13.32 Au-199 198Pt(n,y)199Pt-199Au Pt
193 8.59 Fe-59 58Fe(n,y)39Fe Fe
209.5 38.23 Au-199 198P((n,y) 199P(-199Au Pt
239 17.5 Pb-212BG Background
296.5 8.73 Ir-192 1911¢(n,y)192Ir I
309 8.72 Ir-192 1911r(n,y)1921r Ir
317 2.98 Ir-192 1911r(n,y)192Ir Ir
320.5 0.86 Cr-51 50Cr(n,y)5ICr Cr
329 28.77 La-140 139La(n,y)140La La
412 0.28 Au-198 197 Au(n,y)198Au Au
468.5 4.51 Ir-192 1911r(n, p) 1 921r Ir
487.5 32.93 La-140 139La(n,y)140La La
511.5 0.15 Background + others
559.5 0.58 As-76 75As(n,y)T6As As
564 2.47 Sb-122 121Sb(n,y)122Sb Sb
583.5 16.92 TI-208BG Background
604.5 12.38 Sb-124 1238b(n,y)124Sb Sb
609.5 10.34 Bi-214BG Background
657.5 3.9 As-76 75As(n,y)76As As
676 17.73 Au-198 197 Au(n,y)198Au Au
811 0.5 Co-58 58Ni(n,p)58Co Ni
835 4.11 Mn-54 53Mn(n,y)54Mn Mn
889.5 1.04 Sc-46 45Sc(n,y)46Sc Sc
1099.5 0.69 Fe-59 58Fe(n,y)39Fe Fe
1116 12.8 Zn-65 64Zn(n,y)05Zn Zn
1121 1.06 Sc-46 45Sc(n,y)46Sc Sc
1174 0.37 Co-60 59Co(n,y)60Co Co
1217 6.07 As-76 75As(n,y)70As As
1229 15.25 As-76 75As(n,y)76As As
1333.5 0.34 Co-60 59Co(n,y)60Co Co
1346.5 3.11 Cu-64 63Cu(n,y)64Cu Cu
1369.5 0.62 Na-24 23Na(n,y)24Na Na
1462 1.39 K-40BG Background
1597 12.10 La-140 139La(n,y)140La La
1693 19.78 Sb-124 1238b(n,y)124Sb Sb
1733.5 5.82 Na-24DE
1766.5 8.88 Bi-214BG Background
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TABLE 13

GAMMA-RAY PEAKS IDENTIFIED IN SPECTRA FROM PLATINUM ORE SARM 7
Ti=4d, Tq=3d, T¢ =16h

Peak Energy Counting Isotope Reaction Element
keV Statistics %

75 2.82 U-239 Background
85 5.89 Tm-170 Background
103.5 11.98 Sm-153 1528 m(n,y)153Sm Sm
159.5 22.49 Au-199 198Pt(n,y)199P1-199Au Pt
192.5 11.94 Fe-59 58Fe(n,y)39Fe Fe
208.5 32.74 Au-199 198Pt(n,y) 199Pt-199Au Pt
238.5 5.65 Pb-212BG Background
242 20.69 Pb-214BG Background
295.5 7.93 Pb-214BG Background
320 0.36 Cr-51 50Cr(n,y)51Cr Cr
328.5 18.61 La-140 139La(n,y)140La La
352 4.18 Pb-214BG Background
412 3.92 Au-198 197 Au(n,y)198Au Au
487 10.62 La-140 139La(n,y)140La La
511 1.26 Background + others
559 13.51 As-76 75As(n,y)76As As
564 8.05 Sb-122 1218b(n,y)1228b Sb
583 42 TI1-208BG Background
609 3.21 Bi-214BG Background
768.5 16.83 Bi-214BG Background
810.5 5.41 Co-58 57Ni(n,p)58Co Ni
815.5 17.04 La-140 139La(n,y)140La La
834.5 9.73 Mn-54 53Mn(n,y)54Mn Mn
889.5 0.81 Sc-46 45Sc(n,y)46Sc Sc
911.5 5.51 Ac-228BG  Background
965 23.21 Fu-152G 151Eu(n,y)152Eu Eu
969 8.81 Ac-228BG Background
1099.5 1.9 Fe-59 58Fe(n,y)39Fe Fe
1121 0.63 Sc-46 458c(n,y)40Sc Sc
1173.5 2.11 Co-60 59Co(n,y)60Co ‘Co
1238.5 15.47 Bi-214BG Background
1292 1.24 Fe-59 58Fe(n,y)59Fe Fe
1333 1.75 Co-60 59Co(n,y)60Co Co
1369.5 0.21 Na-24 23Na(n,y)24Na Na
1378.5 12.84 Bi-214BG Background
1409 18.9 Eu-152G 151Eu(n,y)152Eu Eu
1462 0.63 K-40BG Background
1526 22.5 K-42 41K(n,y)42K K
1597.5 5.47 La-140 139La(n,y)140La La
17335 1.61 Na-24DE Na
1766.5 4.01 Bi-214BG Background
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6.4 Results - individual elements

Ruthenium

The cross - section for the reaction 1O‘zRu(n,y)lmRu is low o= 2.56 barns. In
order to detect the line at 497.1 keV, characteristic for ruthenium, the platinum
concentrate 16/76 and the platinum mattes 5/76 were irradiated for 19h and 12h
respectively. These two samples had the highest concentrations of Ru. The samples
were allowed to decay for one week and counted for periods of 10-15h were
repeated for several times during the following month, but the peak at 497 keV
could not be detected, because of the low cross - section of the above reaction

and the long half-life of the product. The isotopic abundunce of Ru-102, is also
comparatively low.

Rhodium
Natural rhodium is found as

section for the reaction 193Rh(n,y)!®%Rh is high (o = 150 barns), but the half-lite
of Rh-104 is only 42 sec. In this case, as we had to transfer the samples

103gh, 1ts isotopic abundance is 100%. The cross -

manually, it was not convenient to study this reaction. Instead, there is another
reaétion taking place with a cross - section of 11 barns, 103Rh(n,y)lO4mRh. The
half-life of the isomer Rh-104m is 4.34 min and the main gamma - ray peak is at
51.4 keV, with intensity 48.2%. The same two samples as above were irradiated,
for Smin each and after 1min decay time they were counted tor Smin. Figure
6.6.a, shows the region around the 51 keV, of the spectrum from the platinum
mattes 5/76 sample (concentration of Rh : 31.6 ppm). The peak at 52.3 keV,
originates from the Rh-104m isotope. After 16min decay time, a 5min counting
was repeated and the peak at the same region disappeared (Figure 6.6.b) as was
expected. Under the above conditions, the L.O.D. for Rh is 11.9 ppm and the
statistical error of the peak, was 9.6% at a concentration of 31.6ppm.
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Figure 6.6.b Spectrum from platinum mattes sample5/76 (for Rh)

Ti=5m, Tc=5m, Td=22m

Palladium

The isotope 108p4 has an isotopic abundance of 26.7% and the cross - section of the
reaction 108Pd(n,y)logPd, 1s 12 barns. The half-life of the isotope Pd-109 is 13.46h and
the main gamma-ray peak is at 88.0 keV with intensity 3.61%. In this spectral region,
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there are many interferences from X-rays, from the background and from the natural
decay of uranium in the sample, making the detection of palladium complicated. Figure
6.7 shows a representative spectrum from the platinum mattes (concentration of Pd: 169
ppm), with an irradiation time of 13.5h, a decay time of 10m and a counting time of

10h.

PLATINUM MATTES 5/76
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Figure 6.7 Spectrum from platinum mattes sample 5/76 (for Pd)
after Ti=13.5h, Td=10m, Tc=10h.
Osmium

There was one sample with a known concentration of Os, the platinum ore SARM 7
with 0.063 ppm Os. Due to the low concentration of the sample, the osmium was not
detected. However, osmium was detected in the sample platinum concentrate 26/78 (of
unknown concentration in osmium) after an irradiation time of 12 hours, a decay time of
3 weeks and a count time of 15 hours (see Figure 6.2, Table 12).




[lridium

The reaction studied was 191Ixf(n,y)192lr. The cross - section for this reaction is very
high, i.e. 300 b and the half-life of Ir-192 is 73.83 days. The isotopic abundance of Ir-
191 is 37.3%. Due to the long half-life of the product, long irradiations and decay times
were used, as well as long counting times. The long decay time (one week or more),
permitted the background to decay sufficiently, so interferences were greatly reduced.
Figure 6.8, shows the energy region where the main peaks from iridium were identified
in the platinum matte sample. The spectrum was measured after 12h irradiation, three
weeks decay time and 15h counting. The lower level of detection (L.O.D.) under these
circumstances, was 2.56 ppm. Figure 6.2 shows the full spectrum from the platinum
concentrate 26/78 and in Table 12, there is a description of the peaks. The peaks at
296, 308, 317, 468.5 and possibly a portion from the 604.5 keV, come definitely from
Ir-192. These are the most intense lines of this isotope. The spectrum was taken after

3 days irradiation, 4 days decay and 10 hours counting time.
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Figure 6.8 Spectrum from platinum mattes sample 5/76 (for Ir)

after Ti=12h, Td=3 weeks, Tc=15h.
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Platinum

The thermal neutron capture reaction, is 198Pt(n,y)lggp’c. This reaction has a cross -
section of 4.0 barns. The natural isotopic abundance of Pt-198 is 7.2% and the half-life
of Pt-199 is 30.8 min.

The 1sotope Pt-199, undergoes B - decay to Au-199, whichis also radioactive. Au-199,
decays with a half-life of 3.14 days by emitting y - rays mainly at 1584 and 208.2 keV,
with intensities 36.9% and 8.38% respectively.

Initially, the peaks of Au-199 were studied for the detection of Pt-198. Because of the
long half-life of the isotope, long irradiations, decay and count times were used. In
Figure 6.2 and from Table 12, the lines at 158.4 keV and 208.2 keV originate from the
beta - decay of Pt-199, with statistical errors 13.32% and 38.23% respectively. These
peaks were traced in all the samples containing platinum. Figure 6.3, shows the
spectrum from the sample platinum ore SARM 7, after 94.5h irradiation time, 3d decay
and 10h measurement. Table 13, gives the necessary informations obtained from this
spectruri.. The peak at 412 keV from the Au-198 can be seen in the same figure. (The
sample contains 0.32 ppm of gold). Under these conditions, the LOD. for gold in the
platinum ore SARM 7 was calculated to be 21 ppb and the L.O.D. for platinum in the
same samples using the peak at 158.4 keV, was 1.9 ppm.

In order to identify all the gamma-ray peaks that can be used for the determination of
platinum, a platinum crucible (95% Pt and 5% gold), was irradiated for 2.5 h. After 10
min decay time the sample was counted for 15 min. Figure 6.4 shows the spectrum. All
the main peaks of platinum are shown clearly, as well as the peaks from Au-198 (from
gold) and Au-199 (from the B - decay of Pt-199). After 3h decay time, when the peaks
from Pt-199 were decayed, a 15m countipg was repeated and the peak from the Au-199
had increased relative to the background as was expected. In the meantime, the background

was reduced too, so the statistical error of the peak was improved.

The two samples with the highest concentration in platinum, i.e. platinum concentrate
16/76 (135 ppm Pt) and platinum mattes 5/76 (287 ppm Pt) were irradiated. Irradiation,
decay and counting times, were kept the same as for the cup. In the platinum
concentrate the peak at 543 keV (Fig. 6.5) can be hardly seen and has a large error. In
the platinum mattes (see Fig. 6.9), the peak is slightly better but still has a large error.
The statistical error in the latter case is 37%. In both cases, the peak at 158.4 keV
from Au-199 was not visible for these decay and counting conditions.
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Figure 6.9 Spectrum from platinum mattes 5/76 (forPt)

after Ti=2.5h, Tg=10m, T¢=15m

6.5 Discussion

Table 14 gives an overview of the spectra presented, together with the calculated
limits of detection (L.0.D.) based on the formuia:

L.OD.= 3%&@ XcC

were,
B: the background counts under the peak

A: the area counts of the peak under consideration and
c: the known concentration of the element

The elements of the platinum group are much less active in comparison with gold.

Furthermore, the weak neutron flux, which was of the order of 106 n.c;m'2 s'1 , was
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inadequate in order to measure with a satisfactory sensitivity several elements of the
group. However, all elements were detected in different samples, except in the case of
ruthenium. Certainly there is need for more work to study each element of the group
separately.

The sample mass, was in the range of 300g to 1100g. They were placed in “Marineli”
type sample holders. The holders were not filled up to their capacity. In the case of the
sample platinum mattes 5/76, 310g were used, which left 3/4 of the holder empty. In the
rest of the cases, at least 1/4 of the holders was empty, signifying that even larger
masses could have been used, resulting in the same or probably an improved sensitivity.
The use of a stronger source (2 or 3 mg of californium-252), would considerably
decrease the experimental times and increase the sensitivity of the method.

In conclusion, iridium and platinum were detected after long irradiation, decay and count
times, with satisfactory counting statistics down to the level of 2 ppm. Rhodium was
detected with very short irradiation and counting times with a level of detection below
12 ppm. Osmium was detected in the sample platioum concentrate 26/78 of unknown
concentration of osmium. Palladium needs more study, because the main gamma-ray line
at 88 keV interferes with other lines from the room background and the natural activity
of the. sample.

In addition, gold was detected in all the platinum samples. In the case of the sample
SARM 7 (0.32 ppm of gold), after an irradiation time of 4 days, a decay time of 3 days
and a count time of 10h, the level of detection for gold was 21 ppb.
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TABLE 14

Experimental results for the P.G.E.'s

Element Sample description Isotope to be | L.O.D. (ppm) | Figure | Table
detected
Ru Platinum concentrate 16/76 103gy N.D.* - -
Platinum mattes 5/76 103gy N.D. - -
Rh | Platinum concentrate 16/76 104mpy, ™ Det. - -
Rh Platinum mattes 5/76 104mpp 11.9 6.6.a -
Pd Platinum mattes 5/76 109p4 N.D. 6.7 -
Os Platinum ore SARM 7 19305 N.D. - 13
Platinum concentrate 26/78 19305 unkn. conc. 6.2 12
Ir  |Platinum mattes 5/76 192y 26 6.8 -
Platinum concentrate 26/78 192, unkn. conc. 6.2 12
Pt Platinum concentrate 16/76 199p; N.D. 6.5 -
Platinum mates 5/76 199py 337.3 6.9 -
Platinum ore SARM 7 199 Ay 1.9 6.3 13
* N.D.= Not Detected
**Det. = Detected
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7. QUANTITATIVE DETERMINATION OF GOLD

IN ORES AND ACTIVATED CHARCOAL

7.1 Introduction

The aim of this chapter was to establish a relationship between the specific activity and
the concentration of gold in the case of the gold ore and activated charcoal samples.

Four samples of gold ore with concentrations ranging from 0.5 to 12 ppm of gold and
seven charcoal samples with concentrations ranging from 33 to 5059 ppm of gold were
used and they are described in Appendix A.

7.2 Experimental

7.2.a Experimental for the ores

Two series of experiments have been performed, namely series A and series B.

For the series A, annular sample holders like the one shown in Figure 5.1 were used.
The holders were rotating beside the source, with a frequency of three cycles per minute
as is shown in Figure 5.2. The distance between the source and the axis of rotation was
10 cm. The masses of the samples, ranged from 400g to 600g. The irradiation time was
17.5h and after 6.5h decay time, they were counted for 10h with the first Ge(Li)
detector (described in Chapter 3). During counting, the samples were rotated in front of
the detector. As far as possible the same conditions were applied as regards irradiation
and counting times. The irradiation and counting geometry is illustrated in Figure 5.2.

59




Figure 7.1 Sample holder for the experiments in series B

For the experiments in series B, the typical sample holder is illustrated in Figure 7.1.
This time the sample was not rotating, but it surrounded the source. The sample masses
were between 300g and 400g. They were irradiated for 14.5h, left 10h to decay and
counted for 10h from the n-type Germanium detector. During | counting, the samples

surrounded the detector. Irradiation and counting geometry is shown in Figure 7.2.

SAMPLE

SAMPLE

DETECTOR

Figure 7.2 Irradiation and counting geometry for series B
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In both experiments the samples were irradiated one at a time. The experiment A was
performed in order to obtain an even irradiation and the experiment B in order to obtain

greater sensitivity.

7.2.b Experimental for the activated charcoai

The sample suite for this experiment consisted of samples with high concentrations of
gold. Their masses were between 95g and 100g. The carbon as received and without any
treatment was placed in ordinary screw cap polyethylene bottles. They were irradiated for
2h, at the same time, placed symmetrically at the edge of a round base, which rotated
around its axis beside the source. After irradiation, they were counted separately for 15m
each, with a Ge(Li) detector. During counting, they were also rotated in front of the
detector. Figure 7.3 illustrates the irradiation and counting geometry. The experiment

lasted less than four hours.

IRRADIATION GEQMETRY

24— rotator

source —»

TIN METRY

%_‘*‘"- rotator

Figure 7.3 Irradiation and counting geometry for the calibration

detector

of the activated carbon samples
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7.3 Results

7.3.a Results for the ores

The counts per mass of the 412 keV peak were plotted versus the gold
concentration. The results are shown in Figure 7.4. The lower curve corresponds
to the experiment of the series A and the upper curve to the experiment of the

series B. In both cases, the relationship is linear. In the case of the series B, the
specific activity is considerably greater.
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Figure 7.4 Calibration curves for the gold ores
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7.3.b Results for the activated charcoal

The results are illustrated in Figure 7.5, where the very satisfactory linear relationship can
be used as a calibration curve.
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Figure 7.5 Calibration curve for the activated carbon samples

7.4 Discussion

In the case of the calibration curves of the gold ore samples as shownin Figure 7.4, it is
evident that although in the series A the masses of the samples were approximately two
times larger, the specific counts from the series B were approximately seven times greater.
Therefore, the total counts from the series B were approximately three times greater
dispite the lower mass of the samples. This observation could be attributed to the

following factors:
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1) The distance from the source was smaller in the series B, hence the flux was greater.

i) The irradiation time in the series A was 3h more than the one in the series B,
however, the sample was rotating, so the far surface of the sample was receiving little
irradiation in comparison with the surface facing the source, because of its additional

distance from the source and because of the neutron absorption inside the sample.

ii) The counting geometry also influenced the results, as in the series A the detector's
efficiency was different for the surface facing the detector (0.5 cm) and for the surface at
the far end of the sample (11.5 cm). The gamma - ray absorption inside the sample must
be also taken into consideration. Instead, in the series B, the sample holder was
surrounding the detector.

From the above, it is evident that the geometrical efficiency of the experimental
arrangements of the series B was clearly much greater.

In the case of the activated charcoal the calibration curve in Figure 7.5 indicates that

there is no measurable absorption by the gold itself in these experiments. The gold must
be dispersed in a very fine form in these samples.
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8. OPTIMISATION OF THE IRRADIATION, DECAY AND

COUNTING TIMES

8.1 Introduction

The background activity is of great importance in the determination of the statistical error
of a particular photopeak. The optimum decay time depends on the flux level, the sample
size, the irradiation and counting times and the relative concentrations of gold and the
other elements. It is time consuming to investigate all of these parameters experimentally
but a straightforward model can be developed, to show how the optimum decay time and
the L.O.D. will depend on these factors®®?!

effect of irradiation and counting times on sensitivity, as well as the wvariation of the

. The model was also applied to study the
statistical error with different source sizes.

The development of the model involved a comparison procedure, where the general
activation equation was written and soived simultaneously for a known and unknown
conditions of a sample.

8.2 Theory - development of a model

The index that determines if the result from a measurement is reliable or not, i1s the
statistical (%) error. Typically, an error should be less than 20%, for a reliable
determination to be made. The statistical error of a line, is given by a relationship
between the counts of the area and the counts of the background under that area, i.e.

VN + kB

Error % = T x 100 @®-1
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where,
N = Peak area counts
B = Background counts under the peak

k = a constant dependent on the method used to determine the background

The counts varies with every change in the parameters of an experiment. Each time there

is a change in one of the above factors, the statistical error will change [3435] It is

essential to determine the way that the statistical error varies with these factors, in order

to determine the total time that an experiment requires, and thus to obtain reliable resuits.

8.2.a Formula for peak area and statistical error

The relative error in the peak is given by :

\/az(A)
A

Error =

(8-2)

L-R-1?
with GI(A)=T+(__4—)_("L+ﬂR)—(ﬂL+ﬂR) (8'3)

where,
A : is the number of counts of the peak area, (4 =7-5)

R-1 \
A= Zni—(L—R—I)(”—L;—-rE—) (8-4)

i=L+]

T : is the total number of counts between the left and right bounds L+R,
T=2.n, (8- 5)

n; : is the number of counts in the i-th channel of the peak area respectively,

B : is the number of counts of the background under the peak. For k channels it
given by :

66

is




(L R-1 Rtk-1
)<Z 2 (8 -6)

L-k+1

Rtk~1 2
and (B (L R 1) (Z"+ Z )=(L ~R- 1) ®-7)

L-k+1

8.2.b Vanation of standard deviation with the irradiation, decay and counting time

The background under the peak of interest (in this case the 411.8 keV peak from '“*Au),
1s due to interferences from the other prominent elements in the ore, as well as the room
background and the count rate from the natural activity of the ore. Therefore, the total

background is :

B(T,.T,.T,)=B,(I,)+B,(I,)+ 2, B,(T,,T,.T,) (8-8)
j=1

where

B, is the count rate from the room background,

B. is the count rate from the sample natural radioactivity ( B, = b.,mc, for example, with
«b, the specific count rate from U(+Th) in the sample in the 411.8 keV portion) and

B, is the background contribution from the j-th isotope i.e..

N (Dcr E.¥ - 1 -
B,(I,,T;,T,)= €708 (- ¥ya-e e ™% (8-9)
44

Here,

J; 1s the corresponding isotopic abundance,
o; the cross-section,

¢; the concentration of the relevant element,
7 the y-ray intensity of the analytical peak,
A; the atomic mass of the isotope,

A; the decay constant,

67




Error (%)

g the total efficiency of the detector for the analytical peak and
r; the ratio between the analytical peak area for isotope j and the background from that

1sotope under the peak of interest.
8.3 Experimental results

The optimum decay time was determined experimentally in the case of the sample NIM
38/81 gold ore, with 1.82 ppm of gold.

An amount of 500g of the sample was irradiated for 22h rotating beside the source. The
container was as in Fig. 5.1. It was counted at several decay times, for one hour. The
experiment lasted more than one week. A Ge(Li) detector and the Tracor Northem MCA
were used. The sample was also rotated during counting, using the geometry of series A.
Irradiation and counting geometry are as in Figure 5.2.

The counting errors in the peak area were determined as a function of decay time using
the formulas (8 -2)up to (8 -7) and the experimental results.

STATISTICAL ERROR % (SAMPLE NIM 38/81)
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Figure 8.1 Measured statistical error vs decay time
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The results are shown in Figure 8.1 for the sample NIM 38/81 containing 1.8 ppm of
gold. The error decreases with the decay time, up to approximately 23h, indicating that
the background under the peak decays faster than the peak area, then it starts increasing
as the gold peak decays. In the case of this gold ore sample, the optimum decay time is
approximately 23h.

8.4 Measured components of the background

8.4.a General

The results from section 8.3 indicate that the knowledge of the optimum decay time is

essential in order to improve the sensitivity of detection of a particular element.

In previous chapters, several spectra are shown, with most of the peaks originating from
the natural radioactivity of the sample and the room background. There are also peaks,
mainly from sodium and potassium, characteristic of the composition of the samples. In
order to study which would be the optimum decay time for a specific peak, that is when

we expect the minimum statistical error, it is essential to take into consideration the
contribution to the background under that peak, from all the other peaks in the spectrum

plus the contribution of the room background and the natural activity of the ore.

8.4.b Room background and natural activity of the ore

Figure 8.2, shows the spectrum obtained from a !0h measurement of the room
background, ie. the Ge(Li) detector was counting under the same shielding conditions
which were used to count the samples, but with no sample in front of it. Figure 8.3,
refers to a 10h measurement of the gold ore sample NIM 62/69 which was not irradiated.
The difference between the two spectra corresponds to the background coming from the
natural activity of the sample. Figure 8.4 refers to a 10h measurement of the same gold
ore sample after an irradiation time of 14.5 hours and a decay time of 10 hours.

The difference of the spectra in Figures 8.2, 83 and 84, indicate that under the given
conditions, the room activity contributed 1.5% and the background due to the natural

activity of the ore, contributed 22.1% to the total background under the 411.8 keV peak
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in Figure 8.4. Hence, for a decay time of 10 hours, after an irradiation time of 14.5
hours under the given conditions, a total of 23.6% of the background is from these

constant sources.

8.4.c Background contributions from other elements

The remaming 76.4% portion of the background of the 411.8 keV peak ,under these
conditions is due to the interferences from the other elements characteristic of the
composition of the ore. These elements are mainly (see Table 15): sodium, potassium,
lanthanum, manganese and arsenic. Each one of them contributes a different percentage to
the background, depending on the sensitivity and the half-life of the element.

In order to calculate these contributions, a set of experiments was perfomed. For each
case, a spectrum from the irradiation of a pure element, (i.e. an oxide of the specific
element), was needed, in order to calculate the ratio between the counts of its peak area
and the area of the 411.8 keV line on the same spectrum (peak to Compton ratio). When
this ratio was known, the contribution to the gold background in the spectrum from the
ore sample could be calculated. In Table 15, the peak to Compton ratios and the
contributions from each element are tabulated.
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TABLE 15

Contributions to the background under the 411 keV peak

in gold ore
Tin Peak Peak to Compton Contribution
(h) (keV) ratio (%)
Room Background - - - 1.5
Natural Activity - - - 221
Na 15 1369 20.4 37.1
Mn 2.576 847 27.8 6
La 40 487 13.11 3
As 26.5 559 25.82 4
K 12.4 1524 2.73 13.5

From the above Table, it can be seen that the contribution of the sodium is the greatest
37.1%, then the potassium follows with 13.5%. The contribution from the natural activity
of the ore, i1s also high at 22.1%.

The components of the background from these sources decay with different decay
constants depending on the element that they originate from. The behavior of the total
background at different times, is a combination of the way these components decay.

8.5 Application of the model

8.5.a Optimum decay time for the determination of the 411.8 keV photopeak

Consider the case of the sample NIM 62/69 (11.5 ppm Au) and the experimental results
for this sample from experiment B in section 7.2.a. In that experiment 343.17 g of this
sample were irradiated for 14.5h, left for 10h to decay and counted for another 10h,
under specific conditions of irradiation and counting geometry. '
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If N1 is the number of counts in the 411.8 keV peak area and B} is the number of
counts in the background under that peak, then N1 should be given by the general
equation of activation analysts (2-1), with Tj=145h, T¢=10h, Td=10h and T}/ =27
days for the gold.

For a new Td,, with the rest of the varables the same, the new number of the peak

area counts Nj is:

N,= N, MTdi-Td) (8-10)

o L0693
which in the case of gold can be calculated with A = 2.7 days

If the results from (8-10) and (8-8) are replaced to (8-1), the statistical error for the
new decay time Td2 can be calculated. With the aid of a computer program, results for
several different decay times are obtained.

In Figure 8.5, the values of the statistical error from these calculations are plotted versus
the decay time. The curve has a minimum at approx. 22 - 23 h, which agrees with the

experiment.
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Figure 8.5 Calculated statistical error vs decay time
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8.5.b Vanation of the statistical error with the irradiation and counting times

The model described above can be used to investigate the way in which the statistical
error depends on the irradiation and counting times.

Considering 343.17 g of the same sample as previously and using a counting time of 10h
and a decay time of 23h (the optimum decay time) and based on the formulas (2-1) and
(8-1), the statistical (%) error can be calculated for different irradiation times. The number
of counts of the 411.8 keV area and its background are calculated separately, taking into
consideration all the interferences in the background. This time, the irradiation time is
varied and the other parameters are kept constant. A

In Figure 8.6, the statistical error of the 411.8 keV is plotted against the irradiation time.
It is a logarithmic curve and it can be noticed that in the first 8 hours approximately,
the error decreases very sharply.

The same calculations are repeated, this time taking values for the error using an
irradiation time of 10h, decay time 23h and varying the counting time. A similar curve is
obtained (see Figure 8.7). Again the error decreases sharply in the first eight hours.

The way that these two curves vary with time, leads to the question what would the
result be if long irradiations and short count times were considered and the opposite.
How the statistical error would be influenced as a function of the way the available time
for irradiation and counting is divided.

In order to calculate all this, the optimum decay time for gold (Td=23h) was taken and
a total time for irradiation and counting of T = 50 hours was considered. All the other
parameters were kept constant and Ti and Tc¢ were varied so that Tj+ T¢c =T. The
counts in the 411.8 keV peak area and the background were calculated as well as the
statistical error. Figure 8.8, shows the relationship between the statistical error and Ti/T.
The curve has a minimum when Ti/T = 0.54, or in the specific case, Ti =27h and T¢=
23h, which is the best way to share the available time T.
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8.5.¢ Variation of the statistical error with source strength

Using the same sample and keeping all the variables the same as previously, the counts
of the gold peak area and background, were calculated as a function of the strength of the

source. The count-rate is directly proportional to the strength of the Cf-252 neutron source.

The source, was considered to be equivalent to 0.5 mg of Cf252 at the time of the

experiment and that gave N =359968 counts for the area and B]1 = 97054 counts for the

. . .. . 1
background. Substituting in formula (8-1), shows that the statistical error varies as —,

\/;,
where s is the source strength. The results are illustrated in Figure 8.9, again for 343g of
sample NIM 62/69 (11.5 ppm gold).
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Figure 8.9 Statistical error vs source strength
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9. NEUTRON AND GAMMA-RAY ABSORPTION

9.1 Introduction

As the sample size increases, the total number of counts increases, but as the
sample size increases, self-absorption should produce non-linearities in the calibration.
As a result of these conflicting factors, there will be an optimum sample thickness.

Large samples have not been widely used, undoubtedly because of the difticulty
arising from neutron and y-ray absorption in the sample, as well as the decrease
of the neutron flux with the distance from the source.

Gamma-ray  absorption is exponential and in a first order approximation, so is
neutron absorption. The effects of gamma-ray and neutron absorption were
determined experimentally.

The aim of this part of the work is to investigate the limitations on the sample
size and the effects of neutron and y-ray absorption in determining this limitation.
This was examined in the specific case of gold in samples of activated carbon,
produced in the "carbon in pulp" method for the extraction of gold. The samples
used are described in detail in Appendix A.

9.2 Theory - Neutron and y-ray absorption coefficients

Neutrons and y-rays can travel a long distance within a sample in comparison with
a charged particle, but after a certain distance (or time) they do get absorbed.

In section 2.4 (Chapter 2), there is a brief description of the interactions of
neutrons with matter. An assumption as a first approximation is that when a
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beam of neutrons or gamma-rays enters a target, its intensity decreases in

accordance with the formula:

I=lge HP? (9-1)
where,
I = the intensity of the beam after travelling a distance t,
Io =the imtial intensity,

p  =the density of the target,
n  =the neutron or y-ray mass absorption coeflicient,
pt = (mass of the target) / (target area perpendicular to the beam) = m/unit area.

9.3 Experimental

In this section two series of simple experiments were performed in order to
establish the mass absorption coefficient for both radiations, as they are essential in
the study for the optimum thickness of a sample. In the experiment, the intensity
is represented by the number of counts.

For the experiments, the carbon sample 1/78 (1015 - 1081 ppm gold), was used.

The experiments were performed using ten identical boxes made from thin (Imm)
aluminium sheet. All had the same thickness (thickness of sample inside each box
=1 cm).

Because of the high concentration in gold of the above sample, a Nal(Tl) detector
was used, which gave higher efficiency during counting. Irradiation and counting
times were also short, in comparison with the times needed for the gold ores.

(a) Experimental investigation of y-ray absorption

Figure 9.1, shows the irradiation and counting geometry. One of the aluminium

boxes was irradiated for two hours and after a certain decay time, 1t was placed

at a fixed distance in front of the Nal detector. A 15 min count was taken and

after that, the other (non irradiated) boxes were placed one after the other beside
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the first one, facing the detector and taking counts for 15 min each time. When
the last box was placed, there was a sample of thickness 9 cm in front of the

irradiated box.

NTIN METRY

IRRADIATION _GEOMETRY

% n
—
,
source smple
(box no 1)
unirradiated boxes
Figure 9.1 Irradiation and counting geometry for the gamma-ray

mass absorption coeflicient of activated carbon

(b) Experimental investigation of neutron absorption

Figure 9.2, represents schematically the irradiation and counting geometry. Nine
boxes were placed one beside the other, at a fixed distance from the neutron
source, so that the neutrons entered from the front surface of the first box and

traversed a 9 cm thick sample.
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Two separate experiments were conducted to investigate the absorption of thermal
and epithermal neutrons

An irradiation time of two hours was used. After a decay time of few hours, the
boxes were counted for 15 min each, with the back surface facing the Nal

detector.

After three weeks, (in order to allow sufficient time for the gold peak to decay),
the experiment was repeated, this time using epi-cadmium neutrons. The irradiation
and counting geometries were kept the same as in Fig. 9.2. The nine boxes were
placed inside cadmium shielding. The thickness of the cadmium sheet was 1 mm.
Cadmium, absorbs the thermal neutrons, hence only neutrons in the epithermal
energy region entered the sample in this case. The irradiation time was 20 h, ie.
much longer, because the neutron flux was decreased and the activity was low.

The counts were carried out the same way as before, 30 min for each box.

IRRADIATION METRY NTIN M
g n
—
= /-
—>
source
e 7
Figure 9.2 Irradiation and counting geometry for the neutron mass

absorption measurement for activated carbon
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(¢c) Combined neutron and gamma-ray absorption - optimum thickness

Finally, nine aluminium boxes were irradiated as shown schematically in Fig. 9.3,
using thermal neutrons. The irradiation time was 2.25 hours. The sample was left
for 5 days to decay. There were two sets of countings. Figures 9.4.a and 9.4.b,
indicate the counting geometries. In the figures, each box is represented by a
number in order to indicate its position during counting. In the first case, the Nal
detector faced the irradiated surface of the sample, in the second case it faced the
opposite surface. The count time was 15 min for each row in the figures.

left right

"

E

source

sample
Figure 9.3 Irradiation geometry for the determination
of the optimum thickness
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a) Detector to the left
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9.4 Results
(a) Results for y-ray absorption
Figure 9.5 illustrates the results which are plotted on a semilog scale. The results

were analysed taking into consideration the effect of the aluminium boxes. Based on

equation (9-1) and from the slope of the graph the mass absorption coefficient for
the y-rays uy can be calculated, since the slope = ~uy . loge, hence uy =-0.167
cmz.g'l.

3.40 —

s y=-0.0723636x + 3.30973

3.00 — -+

2.80 «t
|

»
? -+
| L+
; :
280 ' ! T i f s ' ! ’ |
0.00 2.00 4.00 6.00 8.00 10.00
Thickness (g em-2)
Figure 9.5 Gamma-ray mass absorption for activated carbon

(b) Results for neutron absorption

The graph in Figure 9.6 illustrates the variation of the neutron flux within the
sample. The lower curve corresponds to the thermal radiation and the upper curve
to the epithermal one. Both curves plotted on a semilog scale are with a good
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log N

approximation linear relationships of the counts as a function of the mass per unit

area.

It 1s important to notice that in both cases, the variation of the neutron flux with
the distance from the source during irradiation is included in the results. The
variation of the flux with the distance from the source for thermal and epithermal
irradiation can be seen in the Figures 4.1 and 4.2 respectively. This variation is
quite significant within the length of the sample, which covered a distance from 3
cm up to 14 cm including the thickness of the aluminium containers.

>
o

-
1
1 =3.7851-0.1875x R=1.

3.5 y 1.00

3.0 -
]

2.5
]
; y =3.2736 - 0.1728x R = 1.00

2.0 . : . , . : . - : ,
Q m/area(g/cm*2) 3 ' 4 5

Figure 9.6 Variation of the neutron flux inside the activated

carbon sample

(¢) Combined neutron and gamma-ray absorption - optimum thickness

Both curves, are shown in Figure 9.7. The graph, represents the counts as a
function of the sample thickness. Figure 9.8, shows the variation of the statistical
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error in both cases, as a function of the thickness as well. The lower curve refers

to the measurements with the configuration of Figure 9.4.a., the upper curve refers

to Figure 9.4.b.
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Figure 9.7  Graph of measured counts against sample thickness
after Ti=2.25h, Td=5d, Tc=15m
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Figure 9.8  Graph of measured statistical error against sample thickness
after Ti=2.25h, Td=5d, Tc=15m
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9.5 Discussion

The reason for the small difference between thermal and epithermal flux (Figure
9.6), is probably due to the fact that the epithermal flux is being thermalised
inside the carbon. Hence, the upper curve in Figure 9.6 represents the group that
entered the graphite boxes as epithermal neutrons and have subsequently been
thermalised.

The epithermal flux decreases more dramatically with the distance from the source,
as can be seen in Figure 4.2 in comparison with the flux in Figure 4.1. The level
of activity depends directly on the neutron flux in the sample and this should be
related to the neutron flux in the medium (water) in the absence of the sample.
Figure 9.9 shows the variation of the activity (directly related to the flux in the
sample) and compared to the flux inthe water at the same distance in the absence
of a sample. Figure 9.10, illustrates the same variations in the case of epithermal
neutron flux.

It is interesting to note that the average flux in the carbon sample is higher than
in the water. This effect appears stronger in the case of epithermal neutrons

(Figure 9.10), as the upper and lower curve ditfer more. Overall however, the slope of the

thermal flux inside the sample is slightly less.

The concentration of gold in the sample is high (of the order of 1000 ppm Au).
The macroscopic cross-section X of the sample is (see section 2.4.a):

Z =ocNe + cAuNAu

Where o¢=0.0034 b the absorption cross-section for carbon and cAy=93 b is the
absorption cross-section for gold. Ng and NAy are the number of atoms per unit
volume for carbon and gold respectively. The result for the macroscopic cross-
section of the sample, indicates that similar absorption is expected from both
carbon and gold nuclei.
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The upper curve i Fig. 9.7, represents the counts with the detector facing the
irradiated side (Figure 9.4.a). The detector is not sensitive to the gold activity at
thicknesses greater than 7 cm. This is in effect an infinite thickness as far as this
type of sample is concerned in this irradiation and counting geometry.

The lower curve in Fig. 9.7, is the result obtained from the counting geometry in
Figure 9.4b, 1.e. with the detector facing the back of the samples. The counts
increase as the mass increases up to a thickness of 4 cm and then they decrease.
For the first 3.5 cm of sample thickness, the two curves nearly coincide, indicating
that for such thickness there is little neutron absorption. The upper curve in
Figure 9.8 has a minimum at 4 cm, while the lower one decreases slowly after
about 6 cm.

In conclusion, the maximum depth of sample that can produce some additional
activity 1s at approximately 7 centimeters of sample thickness. There is essentially
no additional activity for the counting geometry of Figure 9.4.a for thicknesses
greater than this. For the counting geometry of Figure 9.4.b the optimum thickness
for the optimum error and hence the minimum L.O.D. is 4 cm.

It is also worth noting, that the best counting geometry is with the detector
counting from the right (Fig. 9.4.b), since for this geometry the sensitivity
distribution along the sample is more even (similar activity from each centimeter).
Both of the results in Figure 9.7 represent the convolution of the neutron flux
distribution in the series of samples and the variation of the detector sensitivity
with distance. In the case of the counting geometry in Fig. 9.4.a, if the sample is
thicker than 4 cm, most of the activity comes from the first centimeters of sample
and very little from the last.

The results of this section, cannot be extrapolated to the case of the ores, as the
neutron and gamma-ray absorption coefficients are completely different. In addition
carbon thermalises neutrons and consequently the optimum thickness is greater in
this case.
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10. CONCLUSIONS

The sensitivity of reactor neutron activation analysis has made 1t a highly desirable
technique for many applications. However, isotopic sources may offer a simple and
economical way to use neutron activation analysis in potential industrial applications
particularly in the mining industry.

In reactor neutron activation analysis, a typical neutron flux is from 10" to 10" ncm™s™

With a typical reactor sample of the order of 300 mg of gold ore for example, the
lower level of detection would then be below 1 ppm for gold. The question is what
would the sensitivity be using a 1000 g sample, which is greater by a factor of 3000,
with the use of an isotopic source of neutrons, like the Cf-252 with a typical flux of 108
ncm?s?. There are some specific analytical problems related with the use of large
samples, which have to be investigated in order to establish what can be measured in
practice and the way this can be optimised. The aim of this work is to examine whether
large samples (of the order of 1kg) can be used to determine gold and the P.GE. in
useful concentrations in real samples (mineral samples) and to assess the effects of sample
size on sensitivity and accuracy, using a 0.5 mg **Cf neutron source.

Neutrons and gamma-rays have no charge, therefore they are both highly penetrating
radiations. Their ability to penetrate deeply in to the matter allows the analysis of larger
samples in comparison with other radiations. However, they also get absorbed after some
time and it is essential to determine the upper limit of a practical sample size. The
absorption effects of both neutron and gamma-rays become important in the study of
bulky samples, as they result in non-linearities in the calibration curves. ‘

In the case of gold in samples of activated carbon, produced in the “carbon in pulp”
method for the extraction of gold, the gold content could be easily determined at the
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relatively high concentrations that are of interest in gold extraction. The accuracy achieved
in terms of calibration was very satisfactory. Using seven samples with masses ranging
from 95 to 100g and a total time for irradiation, decay and counting of less than four
hours, a very satisfactory linear relationship between counts per gram and gold
concentration in ppm was obtained (Figure 7.5), indicating that under the specific
conditions of the experiment, the effect of gamma-ray and neutron absorption was
negligible.

The effects of neutron and gamma-ray absorption were investigated in the specific case of
gold in activated charcoal, using the sample carbon 1/78 (1015-1081 ppm gold). Thermal
and epithermal neutron radiation was used for the study of the variation of the neutron
flux inside the sample. There was only a slight difference in the absorption coefficients
(see Figure 9.6), indicating that the bulky carbon sample thermalises the epithermal
neutrons. The optimum sample thickness for the specific sample, for the counting geometry
of Figure 9.4, was determined using thermal neutron radiation and it was found to be 4
centimeters. The maximum depth of sample that can produce some additional activity was
found to be approximately 7 centimeters (see Figure 9.7). Furthermore, the best counting
geometry that ensures a more even sensitivity distribution along the bulk of the sample,
is with the detector facing the side of the sample that was furthest away from the
neutron source during irradiation.

In the case of gold in ore, samples of Witwatersrand gold ore were used, with
concentrations in the range of 0-100 ppm. The mass of the samples was between 150g
and 1200g. The samples were placed inside annular sample holders in the form of
“Marinelli beakers” in order to achieve an optimum use of the neutrons during irradiation
and to allow a good geometrical efficiency during counting. In this range of
concentrations, longer irradiation and count times were needed. Gold was detected in all
the samples with good counting statistics, using a total time of irradiation and count from
one to four days. In the case of the sample NIM 23/81 (0.5 ppm of gold), after an
irradiation time of 6%h, a decay time of 1 day and a counting time of 10h, the L.O.D.
for gold was 0.017ppm. With a neutron source of 108 ns~1, it would be possible to
determine gold in the range of few ppm within a total time of 3 days.

The accuracy achieved in the study of gold in ores in terms of calibration was

satisfactory. Using samples with masses in the range of 300g to 600g and a total time

of irradiation and count of approximately one day per sample, linear calibration curves
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were obtained, indicating that the effect of absorption in this range of masses and under

the specific irradiation and counting geometries (as described in chapter 7), was
negligible.

An important analytical problem arises from the complexity of the gamma-ray spectra. The
background under the Au-198 photopeak is due to interferences from the other prominent
elements in the ore, as well as the room background and the counts from the natural
activity of the ore. As a result, the total background decays with a different decay
constant than that of Au-198, therefore there is an optimum decay time. The determination
of the optimum decay time is essential in order to improve the sensitivity of detection. In
the case of the ores, the optimum decay time was established using the sample NIM 38/81
containing 1.8 ppm of gold, to be approximately 23 h (Figure 8.1). By allowing 23 hours
for the background to decay sufficiently, the statistical error decreases by half in
comparison with statistical errors measured after decay times of the order of one hour. A
mathematical model was developed in order to calculate errors for ranges of other

conditions of the same sample.

The same model was also applied to investigate the way in which the statistical error
depends on the irradiation and count times. These variations follow logarithmic curves,
indicating that there is a sharp decrease of the error for irradiation or count times in the
first 8 hours and that there is practically very little improvement in the counting statistics
using much longer irradiation or count times (Figures 8.6, 8.7). Furthermore, it was found
that for a given span of time, equal portions assigned for irradiation and counting would
give the smallest statistical error (Figure 8.8).

The variation of the error with source strength was determined using the same mathematical
model. Figure 8.9 shows that the statistical error varies with the source strength following the
inverse square law. It can be calculated that 300 g of the sample NIM 62/69 (11.5 ppm
of gold), under the irradiation and counting geometries as shown in Figure 7.2, after a
decay time of 23 h, a total time for irradiation and counting of 1.3 h, using a 0.5 mg
Cf-252 source would produce a statistical error of 5%. The same sample under the same
conditions, using a 10 mg Cf-252 source, would produce the same error in less than 0.3 h
total time for irradiation and counting. Sources of the order of 50 mg or more would be
very impractical and very expensive. A maximum of 3 mg californium-252 neutron source
would probably be feasible and the sensitivity improvement would be great.
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Gold was also detected in all the platinum samples. In the case of the platinum ore

SARM7 (0.31 ppm of gold), after an irradiation time of 3d, a decay time of 3d and a
counting time of 1d, the L.O.D. was 21 ppb (Figure 6.3).

In the case of the P.G.E's, three different types of sample were used, namely ores,
concentrates and mattes. Sample masses ranged approximately from 300 g to 1100 g. The
sample holders were of the “Marinelli” type. The estimated neutron flux during the
experiments was of the order of 10° nem™ s Irradiation and counting geometries are
shown in Figure 6.1. Rhodium, iridium, platinum and osmium were detected (Table 12).
After long irradiation and count times, iridium and platinum were detected with good
counting statistics down to the level of approximately 2 ppm. In the case of 310.5 g of
the sample platinum mattes 5/76, after an irradiation time of 12 h, a decay time of 3
weeks and a counting time of 15h, the L.O.D. for iridium was calculated to be 2.6 ppm.
In the case of 1107 g of the sample platinum ore SARM 7, after an irradiation time of 4
days, a decay time of 3 days and a counting time of 1 day, the L.O.D. for platinum was
1.9 ppm. Rhodium was detected with very short irradiation and count times (of the order
of less than 5 min) in the platinum concentrate 16/76 (9ppm of Rh) and in the platinum
mattes 5/76 (31.6 ppm of Rh), with a L.O.D. below 12 ppm. Osmium was detected in the
sample platinum concentrate 26/78 (of unknown concentration in Os), with a sample mass
of 817 g, after an irradiation time of 3 days, a decay time of 4 days and a counting time
of 10 hours. Palladium interferes with peaks from the background, making its detection
complicated. Ruthenium was not detected due to the low cross-section of the reaction
'2Ru (n,y)'*Ru and the long half-life of the product.

In the case of the platinum group elements, further work 1s necessary to study each
element separately. The method applies with satisfactory results in the case of platinum
and iridium, using long irradiation and count times. Rhodium can be detected with good
counting statistics, using a total time for irradiation and count of the order of 10 minutes.
Under different laboratory facilities, enabling quick transfer of the samples from the
irradiation to the counting site, rhodium could be detected through the reaction
Rh (n,y)'**Rh, thus resulting in great improvement of the sensitivity in much shorter
times.

Using thermal neutron activation analysis and the delayed gamma - ray technique, all

indications are that it can provide an accurate, cost-effective, time saving method for
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the determination of gold, even in low - content ores. For example, it is envisaged
that this method could analyse a 500 g crushed sample of gold ore, without any
further preparation. It could also be used to assay a borehole core for gold non -
destructively, or to determine the gold in a large sample of carbon in less time

than one hour.
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APPENDIX A

TABLE
DESCRIPTION OF SAMPLES
Sample Description Elements Recommended
Identification Value (ppm)
SARM 7 Platinum Ore Pt 3,74
(Merensky Reef) Pd 1,53
Au 0,31
Ag 0,42
Rh 0,24
Ru 0,43
Ir 0,074
Os 0,063
NIM 16/76 Platinum Concentrate Au 9.0
Pd 67,8
Pt 135
Rh 9,0
Ru 18,6
NIM 26/78 Platinum Concentrate Au 6,9
Pd 35,2
Pt 62,9
Rh 3,5
Ru 7.8
NIM 5/76 Platinum Mattes Au 14,8
Ir 10
Pd 169
Pt 287
Rh 31,6
Ru 76,6
NIM 14/75 Platinum Ore Ir (0,38)
Pd (1,3)
Pt (2,8)
Rh 0,47)
Ru (0,96)
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TABLE (continued)

Sample Description Elements Recommended
Identification Value (ppm)
NIM 62/69 Gold Ore Au 11,5
NIM 23/81 Gold Ore Au 0,50
NIM 27/81 Gold Ore Au 0,99
NIM 38/81 Gold Ore Au 1,82

TABLE (continued)

CARBON (ACTIVATED) SAMPLES

SAMPLE Ag Au Ca Fe Ni Si
ppm ppm ppm ppm ppm ppm
2/86 16 121 0.254 0.625 667 0.73
3/86 65 33 0.164 0.276 160 0.87
4/86 92 640 2.76 0.161 2064 0.87
5/86 330 1828 1.60 0.154 2221 1.35
6/86 207 3374 1.88 0.154 1437 2.46
7/86 522 5034 3.27 911 4477 0.352
8/86 735 5059 3.01 1.37 2017 1.13
1/78 630 1015-1081 1.78% 522 4427-4816 3610
2/78 195-200 63-71 1.37%  1818-1830  3863-3957 1.32%
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APPENDIX B

TABLE

NUCLEAR DATA AND REACTIONS FOR THE DETERMINATION OF
GOLD AND THE pPGE!9-22]

Element Reaction f . c T1R Peak Intensity
% barn (keV) %
ar Taunp!®an 100 9ss 274 68.9 Hg Kop X-Ray 081

70.8 Hg Ka] X-Ray 1.38
80.2 Au Kf2 X-Ray 0.47
82.5 Hg K2 X-Ray 0.13

4118 95.5
675.9 1.06
1087.7 0.23

. Bpap!®ee 72 40 308m 670 Au Koz X-Ray 117
68.8 Au Ko X-Ray 2
77.2 L5

779 Pt Kp2 X-Ray  0.69
80.2 Au KP2 X-Ray  0.19

185 8 3.26
191.7 238
219.4 0.39
225.9 0.17
240 0.18
246.5 2.16
317 4.87
323.6 0.25
417.6 0.39
425.3 0.17
465.8 0.93
468.1 1.0
4747 1.15
493.8 5.73
543 14.8
714.5 1.86
791.7 1.07
968.3 1.10

199 (34197 a4 314d 498 0.33

68.9 Hg Koz X-Ray 4.47
70.8 Hg Ka] X-Ray 7.59
80.2 Au Kf2 X-Ray 2.62
82.5 Hg Kp2 X-Ray 0.72
158.4 36.9
208.2 8.38

96




TABLE CONT.

Elcment Reaction f o T12 Peak Inteansity
% barn (keV) %

r o PluapPr 373 300 7383d 615 Os Kag X-Ray 126
63.0 Os Ka] X-Ray 2.17

65.1 Pt Kag X-Ray 271

668 Pt Kal X-Ray  4.65

713 Os KB1 X-Ray  0.75

734 Os KBz X-Ray  0.19

757 Pt KB X-Ray  1.59

779 Pt KBy X-Ray 042

136.3 0.18

2013 0.46

205.8 3.20

283.3 0.26

295.9 287

308.4 297

316.5 82.9

374.4 0.73

416.5 0.67

468.1 48.1

484.6 3.16

189.1 0.40

588.6 4.58

604.4 8.33

612.4 5.43

884.5 0.30

Pd 1pgn1%%y 267 12 1346h 221 Ag Ka] X-Ray 285
250 Ag K| X-Ray  6.02

88.0 D 3.61

311.4 0.032

6473 0.024
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TABLE CONT.

Element Reaction f (4 T12 Peak Intensity
% barn (keV) %
os  PPoswp'®os 41 16 30.5h 633 Ir Koo X-Ray  3.74
64.9 Ir Kau] X-Ra 6.46
73.0 : 32
73.5 Ir KB2 X-Ray 2.22
75.6 Ir Kp2 X-Ray 0.57
96.8 0.10
107.0 0.64
138.9 427
180.0 0.18
181.8 0.19
219.1 0.28
251.6 0.22
280.4 1.24
288.8 0.14
298.8 0.19
321.6 1.28
361.8 0.30
387.5 1.26
, 4203 0.17
'''' 460.5 3.95
- 484.2 0.17
R 557.4 1.30
559.3 0.49
R 102 103 .
u Ru(n,y)' PRu 316  2.56 3925d  20.1 RhKog X-Ray  7.11
22.8 Rh KB1 X-Ray 147
53.3 0.38
295.0 0.25
443 8 0.32
497.1 89.5
557.0 0.832
610.3 5.64
Rh 103ppn 104
(n,y)"""'Rh 100 139 423 s 192 Ru Ka2 X-Ray 0.24
217 Ru KBl X-Ray  0.050
358.1 2 0.016
555.8 1.99
1237.0 0.066
104mpy, 11 434m 192 Ru Koy X-Ray 028

20.2 Rh Ko} X-Ray  55.1
228 Rh Kpj X-Ray 114

51.4 48.2
71.5 2.07
97.1 3.00
5558 D 2.38
767.8 0.10
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