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ABSTRACT

ENVIRONMENTAL RADIOACTIVITY STUDIES RELEVANT TO THERMOLUMINESCENCE DATING

A. S. Murray, Linacre College. D.Phil. thesis, submitted Hilary term, 1981.

This thesis critically examines assumptions commonly used in deter-
mining dose rates to material suitable for dating by thermoluminescence
(TL); in particular, the influence of radioactive disequilibria and ion
exchange effects is investigated. In obtaining absolute dates for
Peruvian pottery used in studies of geomagnetic field magnitude variations
over the past 2000 years, the existing laboratory beta source calibration
for fine grains of pottery was found to be 15% high. Revised beta
source dose rates are used to evaluate the doses absorbed by variously
encapsulated TL phosphors exposed in a 1 m cube of concrete doped with
uranium ore. Calculated dosimeter (TLD) responses are compared with
those observed and it is shown that observed doses in the preferred
combination of calcium fluoride surrounded by 1.5 mm of copper must be
multiplied by 1.19 to give the infinite matrix dose rate, indicating that
capsule wall attenuation is more important than anticipated. A portable
Nal scintillometer is also developed. Using additional concrete cubes,
the count rate above 0.43 MeV is found to be independent of whether the
gamma rays are from uranium, thorium or potassium, within 1%. Field
tests in Peru show that for dry sites there is generally good agreement

with TLD results; empirical corrections are needed for wet sites.

Activity analyses of the natural decay series, and K-40, using 7 g
samples in an intrinsic germanium well detector, the calibration of which
is detailed, reveals that series disequilibrium is commonplace. It is
also demonstrated for the first time that up to 50% of some isotope
activities may be held on ion exchange sites. Such activity must be
considered potentially mobile, rendering dosimetry calculations suspect.
These analyses also show the hitherto well established techniques of
thick source alpha counting and flame photometry to be unreliable, whereas

beta TLD is found to be accurate and precise.
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1.1

CHAPTER I

THE ANNUAL DOSE RATE TO BURIED MATERIAL

INTRODUCTION

The techniques of thermoluminescence (TL) dating have been
available to archaeologists for some years now. In the course of
the development of these techniques many assumptions have of
necessity been made, and as the approach to the problems involved
becomes more sophisticated, the validity of these assumptions must
be re-examined from both a theoretical and an experimental point of
view. This thesis is concerned with such re-examination of the
methods of determining the annual dose rate to bugied material, with

particular reference to pottery fragments.

1.1 THE DATING OF FIRED MATERIAL BY THERMOLUMINESCENCE

When minerals are heated they give out light, usually in the
visible region of the spectrum, the intensity of which is related
to the amount of energy stored in the lattice structure by electrons
displaced into meta-stable states as a result of exposure to
ionizing radiation. This is the phenomenon of thermoluminescence.
After such a heating process, the crystal lattice again commences to
store energy, as a result of interactions with the natural
environmental radiation field. Over geological periods of time this
storage of energy eventually saturates, but over shorter periods,
such as are of interest to archaeologists, the growth of TL with the
dose absorbed from the environment is often 1linear, or nearly so.

This growth of TL with time can be expressed as

N
dea + X(DB + DY C)

where T is the time elapsed since the last heating which was
sufficient to release all the stored energy,
N is the TL light output from the sample,
Xg is the sensitivity of the growth of TL to irradiation by
alpha particles,
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X is the sensitivity of the growth of TL to irradiation by
beta or gamma rays,

D 1is the alpha particle dose rate,

Q

DB is the beta ray dose rate,

D is the gamma and cosmic ray dose rate.
yY,C

This equation can be rewritten as

_ AD
“kD  +D_ +D
a 8 Y

T
,C

where AD is known as the archaeological dose :-% ’
and k is the ratio of the TL sensitivity to alpha particles to that
X

to beta and gamma rays, i.e. “a.
X

of about 0.1.

This usually takes values

This equation is known as the age equation for fine grains,
because it contains the assumption that the sample has been
uniformly irradiated by each of the three important forms of
ionizing radiation, in particular alpha particles, and it was first
employed by ZIMMERMAN (1970, 1971).

FLEMING (1969) has developed a similar expression which restricts
itself to those grains which have received a negligible alpha dose.
The age equation for this approach, known as the quartz inclusion

technique, is simply

_ AD
DB + Dy,c

T

The assumptions involved in this equation are most nearly satisfied
in the case of sand sized grains of quartz (about 100 um in diameter),
which contain very little internal radioactivity. However the outer
10 um of such grains will usually have received a significant alpha
dose from the surrounding clay minerals and also from surface
impurities, and so this outer shell must be removed by etching in
hydrofluoric acid. In addition there will be some attenuation of the
beta dose across the grain, which must be allowed for. (FLEMING,
19783 BELL, 1979a; MEJDAHL, 1979), FLEMING (1969, 1979) and others

have also developed a technique based on the sensitivity changes in
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the low temperature quartz peak at 110°C with dose history. However,
this approach is not considered as well established as the fine grain
and quartz inclusion techniques, and as the dosimetry is identical
with that of the inclusion technique it will not be considered
further. A review of the application of TL dating to materials other
than ceramics has been given by WINTLE (1980).

1.2 EVALUATING THE ARCHAEOLOGICAL DOSE

We shall consider the fine grain technique as illustrative, as
this is the approach actually employed in chapter 5 of this thesis.
Since Zimmerman's initial work, considerable effort has been expended
in refining this technique, particularly in its application to

pottery.

The first stage in sample preparation is to remove the outer
2 mm of the sherd, to ensure that the beta dose rate to the sherd is
entirely from the fabric of the ceramic. This removes uncertainties
in the beta dose rate arising from differences in the activities of
the sherd and surrounding soil. The interior of the sample is
crushed in a vice and the grain size fraction 2 to 8 um deposited
from suspension in acetone onto 1 cm diameter aluminium discs
0.45 mm thick. Some of these discs are then exposed to various
additional beta irradiations using a calibrated beta source. These
laboratory irradiated discs, along with 4 or 5 which have received
only their natural dose, are then heated to about 500°C at a linear
heating rate of, say, 10° sec-1 in an oxygen free nitrogen
atmosphere, and the TL observed with a photomultiplier tube. The
experimental apparatus used is described by AITKEN et al (1968).
The resulting graph of TL output against temperature is known as a
glow curve. Figure 1.1 shows two illustrative fine grain glow
curve shapes, one arising from a natural dose only, and one from a
subsequent laboratory beta dose. The TL output at selected
temperatures is then plotted against dose, yielding the first glow
growth curves for these temperatures. The intercepts, Q, obtained
by extrapolating these growth curves back to the dose axis are then
plotted against temperature, and the resulting curve examined for a
plateau region, usually from about 350° to 450°C, across which the

value of Q is constant within experimental error. (It should be
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noted that Q@ is sometimes referred to as equivalent dose, ED). This
is then the temperature region from which the date is eventually
calculated. This additive dose procedure is then repeated using
those 4 or 5 discs which had contained only their natural dose
before they were read out for the first glow growth curve. This
second dose and heating cycle gives rise to the second glow growth
curves. Such idealised first and second glow growth curves for a
particular temperature are shown in figure 1.2. By combining the
intercepts Q and E:obtained from these two curves it is then
possible to evaluate the archaeological dose, AD, that the sherd has
received. The assumptions implicit in this approach are discussed
by THOMPSON (1970), FLEMING (1975) and BOWMAN (1975). The quartz
inclusion technique adopts a similar approach to evaluating the
archaeological dose, except that in this case the samples are in

the form of aliquots of quartz grains about 100 uﬁ in diameter that

have been etched in hydrofluoric acid, as already discussed.

Returning to the fine grain technique, an alpha growth curve is
produced in a similar manner to that used to produce the first glow
beta growth curve, by exposing a series of previously unheated discs
to various alpha particle irradiations in order to determine the
number of minutes, y, of alpha source irradiation required to increase
the level of TL to twice that of the natural TL across the plateau
region. As expected theoretically, this has been found to be linear
and pass through the origin, and so no second glow growth curve is
necessary. This alpha growth curve is then used to evaluate the
ratio of the alpha to beta TL sensitivity as described in the next

section.

Finally, mention should be made of the phenomenon of anomalous
fading (WINTLE,. 1973, 1978). Although the plateau test deals
adequately with the thermal fading of low temperature TL peaks, it
is known that in some materials even high temperature TL, which on
kinetic grounds should be stable for millions of years at room
temperature, may fade by as much as 50% after only a few days'
storage following a laboratory irradiation. Fortunately it appears
that such simple storage tests are sufficient to identify the worst
cases at least, although it is difficult to establish the reliability
of these tests.
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1.3 THE ANNUAL DOSE RATE TERM

The annual dose rate to a buried sherd originates mainly from
the decay of the various naturally occurring radionuclides, with a
small contribution from the cosmic ray flux reaching the earth's
surface. The important isotopes in this context are those of the
U-238 (and U-235) decay series, the Th-232 series, and K-40. Rb-87
also contributes typically less than 1% to the total dose rate.
Table 1.1 gives a breakdown of the contributions of these different
sources of dose rate to a buried sherd assuming the radioactive
and major element composition of the sherd and surrounding soil are
identical and homogeneous. This subdivision of dose rate has been
calculated assuming secular equilibrium in the uranium and thorium

decay chains, and the 'typical' isotope activities given in the table.

The most commonly used technique for evaluating the alpha
component of the annual dose rate, which arises entirely from the
uranium and thorium decay chains, is thick source alpha counting
with gas cell analysis (AITKEN and BOWMAN, 1975 ; AITKEN, 1978 b).
The effective alpha dose rate D;, (equal to kD, in equation (2)) is

then calculated from

D' =0.128aa = = === = === 4

2
where o is the alpha count rate ksec—1 from a thick source, 42 mm in
diameter, with an electronic threshold set to reject 15% of the pulses

from a Th-232 source in secular equilibrium (see Appendix E). The
a value (AITKEN and BOWMAN, 1975) is calculated from

Q

a8 = 7300 Sy

where S is the source strength of the alpha source, in um_z min ,
used to determine the number of minutes, y, of irradiation needed to

match the natural TL light level (see section 1.2).

The usual technique for evaluating the beta dose, DB’ is beta TL
dosimetry (BAILIFF, 1976; MEJDAHL, 1978b; BAILIFF and AITKEN, 1980),
and for evaluating the gamma and cosmic dose, EILE, is gamma TL
dosimetry (AITKEN, 1968; MEJDAHL, 1970, 1972, 1978a), although other



Table

1.1

Breakdown of the effective annual dose rate to a 'typical'
buried sherd containing 1 pCi 9-1 U-238 (+U-235), 1 pCi g-1

Th-232 and 15 pCi g | K-40
Alpha Beta Gamma
% of total % of total % of total
U-238 series 15.5 8.4 6.6
U-235 series 0.8 0.2 -
Th-232 series 13.5 5.2 9.1
K-40 - 28.9 8.8
cosmic ray dose - - 3.0
Totals 29.8 42.7 27.5
Total dose rate,
151 216 139

Note:

mrad yr_1

1)
2)

3)

4)

5)

the decay chains are taken to be in equilibrium.

the U-235 contribution was calculated assuming an atomic

ratio of 0.00726; this and other nuclear data are given in
more detail in Appendix E.

the effective. alpha contribution is calculated assuming an
alpha efficiency at producing TL of 0.1 compared with beta and
gamma rays.

dose rates are calculated assuming that the energy released
per gram is equal to the energy absorbed per gram.

the activities given above correspond to 2.9 ppm natural

uranium, 9.1 ppm thorium, and 2.1% KZO'
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analytical techniques such as flame photometry (for potassium
analysis), neutron activation and fission track analysis are used

by some workers.

1.4 SCOPE OF THIS THESIS

The impetus for the first half of this thesis arose during the
fine grain dating programmedescribed in chapter 5, in which dates
were required for material which had been analysed using
archaeomagnetic techniques, in order to derive a curve of variation
of the earth's magnetic field magnitude against time. The field work
for this programme was undertaken in Peru, and so it became
necessary to develop some rapid method of determining the gamma dose
rate contribution 'on site', because the existing approach of gamma
dosimetry could only be applied in a limited number of cases, as
revisiting the majority of these sites was impractical. For the
remainder a portable gamma counter was developed, and calibrated to
give a direct conversion to dose rate. The calibration of this

counter, and the field use in Peru is described in chapter 4.

This gamma counter had been calibrated in terms of dose rate to
a buried TL phosphor; the relationship between this dose rate and
that to a fine grain of pottery or a quartz inclusion had previously
been assumed, and it was decided to investigate this relationship
in some detail to provide a sounder interpretation of the measured
gamma dose rates obtained from both TL dosimetry and from the gamma
counter. This problem is considered from an experimental and a
theoretical point of view in chapter 3, where the results obtained
from exposing a variety of encapsulated. TL phosphors in a concrete
matrix of known uranium series activity are described, and

compared with prediction.

The dosimetry work of chapter 3 required an accurately calibrated
and repeatable laboratory irradiation facility for phosphor grains of
about 100 um diameter. In addition, earlier work by WINTLE and
AITKEN (1977) had cast doubt on the existing fine grain beta source
dose rate, and this discrepancy had to be resolved before the dating
programme of chapter 5 was undertaken. These problems are considered
in chapter 2, where revised beta source dose rates to both grain

sizes of calcium fluoride and obsidian (a phosphor with energy
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absorption characteristics similar to those of quartz) are derived.

In the second half of this thesis disequilibrium in the natural
decay chains, particularly that of U-238, is examined in samples of
pottery and soils and the long term stability of such disequilibrium
patterns considered. The effect of disequilibrium on TL dates is

then discussed.

Chapter 6 considers, briefly, the causes of disequilibrium, and
its possible effects on TL dates. Gamma spectrometry is proposed as
a convenient method of analysing radioisotope concentrations in small
samples, and the design and calibration of a sensitive spectrometer
is described. The problems of sample self attenuation are considered,
and the spectrometer calibrations are confirmed by the analysis of a
variety of counting standards, each of well known activity. Further
tests are carried out to confirm the reliability of the analysis of
low activity samples.

Chapter 7 presents results of such low level analyses. A series
of sherds from around the world is analysed to give an overall
picture of the likely range of sample activities and degrees of
disequilibrium. Preliminary measurement of the degree of grain size
dependence on radioisotope concentrations, and also of the proportion
of activity held on ion exchange sites in both a clay and a pottery
sample are also presented. This latter measurement procedure is
then incorporated in the analysis of samples from 5 archaeological
sites, two from Peru, two from Hong Kong, and one from Guernsey.

The effect of these measurements on derived TL ages is considered.
Finally in chapter 7 all the analyses are collected together to

permit general conclusions to be drawn about the mechanisms which

give rise to the observed disequilibria, particularly escape of Rn-222

in the uranium decay chain.

In chapter 8, the anélyses reported in chapter 7 are used to
calculate the values of the various parameters that should have been
observed for the samples under discussion using the existing
techniques of alpha counting and gas cell analysis, beta and gamma TLD,
flame photometry and Po-210 alpha spectrometry. These predictions
are then compared with the experimental results actually obtained
using these methods, and those analytical techniques which appear to

be the most reliable are identified.
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The results presented in the first half of this thesis have
contributed to new knowledge of the history of variations in the
geomagnetic field. Furthermore, the measurement of the infinite
matrix gamma dose rate by gamma TL dosimetry has been put on a
sound basis, and the assumptions previously employed have been
shown to be inaccurate by about 20%. This is of considerable
importance to those dating techniques which depend heavily on the
gamma daose rate contribution, such as the dating of palaeslithic
flints and calcite deposits.

The detailed analysis of radioisotope concentrations by gamma
spectrometry described in the second half of this thesis has
established that disequilibrium in the natural decay series in both
pottery and soil samples is commonplace. In addition it has been
demonstrated for the first time that a significant fraction of this
activity may be held on ion exchange sites, and therefore must be

considered potentially mobile.

These analyses have also revealed that the hitherto well
established dosimetry techniques .of thick source alpha counting and
flame photometry can no longer be considered reliable, in contrast to
beta TL dosimetry which has been found to be an accurate and precise

technique.



2.1

CHAPTER II

BETA SOURCE CALIBRATION

2.1 INTRODUCTION

In making absolute dosimetry measurements with TL phosphors,
an accurate knowledge of the TL sensitivity is required. This is
usually measured by means of a known dose delivered from a beta
irradiation using a Sr-90/Y-90 source, and it is important to ensure
that the irradiation conditions are sufficiently well defined that
the amount of energy absorbed by the phosphor can be accurately
reproduced. The dose rate from the source obtained under these
conditions is derived from a calibration experiment in which compari-
son is made with the TL acquired by the phosphor during an accurately

known exposure from a gamma source.

It was decided to investigate the existing beta source calibra-
tions in some detail, as the work described in chapters 3 and 5 is
very dependent on the accuracy with which doses delivered by labora-
tory irradiations are known. The problems associated with such
irradiations are discussed in sections 2.1 and 2.2, and absolute
dose rates from the new laboratory sub-standard beta source (laboratory
code 8(44)) to both obsidian and calcium fluoride are derived in
section 2.3 for the two ranges of grain size most commonly encount-
ered in TL dating, i.e. 100 um diameter grains and fine grains
of 2 to 8 um diameter. The validity of equating quartz dose rates

with those to obsidian is also discussed.

The existing calibration for fine grains was derived by
ZIMMERMAN (1970). However, after investigating the way in which
a beta dose builds up with penetration depth, WINTLE and AITKEN (1977)
predicted that Zimmerman's calibration ought to be in error by 16%.

The work reported in section 2.3 confirms this.

In addition Zimmerman had made a theoretical calculation which

predicted that the doéé rate to quartz from a beta source would be
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1.05 times higher than that to calcium fluoride, for a given set
of irradiation conditions. This ratio is important since it is
both more convenient and precise to carry out calibrations using
the latter. Ratios derived from the absolute dose rates discussed
above confirm this value for 100 um grains of obsidian, but show
that for fine grains deposited on an aluminium disc, the ratio is

1.10 + 0.015. A possible explanation is suggested.

2.1.1 Previous work

It has been customary in this laboratory to refer all dose
rates to irradiations by a particular 5 mCi Sr-90/Y-90 plaque beta
source (type SIP from the Radiochemical Centre, Amersham; laboratory
reference g8(5)) at a fixed height of 15.7 mm (0.620 inch) above a
phosphor sample of diameter less than 10 mm, resting on a perspex
block. These irradiations are usually referred to as 'off plate',
while irradiations performed with the sample spread directly on
the nichrome heater plate (still constrained to a diameter of less
than 10 mm) are referred to as 'on plate'. Both these irradiation

geometries are illustrated in figure 2.1.1.

The 'off plate' facility was originally calibrated by AITKEN
(private communication) using natural calcium fluoride grains of
about 100 um in diameter which had been given a known exposure in
a Co-60 gamma beam at the Churchill Hospital, Oxford. The TL of
these grains was read out in the usual way, and the light level
matched with that from an 'on plate' irradiation using the beta
source. Then the ratio of 'on plate' to 'off plate' dose rates
was determined by giving the samples an 'off plate' beta irradi-
ation, transferring the grains to the heater plate for measurement,
and then irradiating 'on plate' and measuring again. This ratio of
dose rates is known as the 'on/off' ratio and was used to give the
absolute value of the 'off plate' dose rate to 100 um grains of
calcium fluoride which was then adopted as the laboratory standard.
ZIMMERMAN (1970) converted from this calibration to dose rates in
other phosphors (in particular, quartz) using calculated values of
the appropriate stopping powers. The calculations behind this
conversion were not given in defail, but presumably were based on

a knowledge of the primary beta spectrum from the source, and



Figure 2.1.1 'On plate' and 'off plate' irradiation geometries
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calculated values of the electronic stopping powers. However, as
there is a considerable contribution from the backscattered flux, (the
dose rate to 100 um grains is about 40% more 'on plate' than on
perspex) and as the ratio of the stopping powers is not independent

of energy, it is not clear that this assumption is justified. Nor

is it obvious that the value applicable to 100 um grains will also
apply to fine grains, which will be more uniformly irradiated by the
low energy backscattered flux, making any variation in response at

low energies more important.

In addition, of the various factors likely to affect the repro-
ducibility of laboratory irradiations, only the uniformity of dose
rate across the sample and the effect of the size of the phosphor
grains, were investigated in any detail. The factors likely to affect
this reproducibility are:

(a) the phosphor used, -

(b) the source to sample distance,

(c) the backing material on which the sample is spread,
(d) the uniformity of dose rate across the sample,

(e) the sample thickness,

(f) the size and shape of the phosphor grains.

ZIMMERMAN (1970) found that the dose rate to a TL phosphor
located in the inner 10% of a 10 mm diameter area is about 9% higher
than that to the outer 10%, for a source to sample distance of 15.7 mm.
He also deduced from experiment that the beta dose rate to fine
grains is the same as that to 100 um grains (to better than 1%
when both are irradiated on the same backscattering material,
aluminium. As this conclusion has been questioned by WINTLE and AITKEN
(1977) and proved erroneous by work presented in this chapter, his

experimental procedure will now be described.

He first established that the beta dose rate to 100 um grains
of natural calcium fluoride irradiated on aluminium was 1.18 times
that to the same grains on perspex. This increase was attributed to
enhanced backscattering. He then irradiated 100 um grains on perspex,
crushed them in an agate mortar and deposited the fine grain fraction
(2 to 8 um) onto aluminium discs in the usual manner. The TL from

these grains was then read out and matched with that from a subsequent
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beta irradiation. From these observations he calculated that the
dose rate to fine grains on aluminium was 18% higher than that to

100 ym grains on perspex.

However, WINTLE and AITKEN (1977), in a study of beta dose
variation with depth, showed that the dose rate at first increased
with depth in a 300 um slice of-TL phosphor. This increasing dose
rate was attributed to build up of an isotropic electron flux as
the beta rays penetrated the absorbing material. From this they cal-
culated that the average dose rate to 100 ym grains, when irradiated
on aluminium, should be 1.16 times that to fine grains on aluminium

i.e. 16% more than indicated by Zimmerman's experiments.

This discrepancy clearly had to be resolved before any further
TL dates based on fine grain dose rates were to be attempted. How-
ever, before considering the calibration procedure directly, additional
problems in the reproducibility of the 100 um grain laboratory

dose rates must be described.

2.1.2 Reproducibility of the 'on/off' dose rate ratio

The reproducibility of the 'on/off' ratio for fine grains on
aluminium discs has been found to be excellent (typically better than
1%). Unfortunately the reproducibility of this ratio for loose 100 um
grains is only about + 4%. This is clearly unacceptable, bearing in
mind that this ratio is used initially to derive the standard 'off
plate' dose rate, and again subsequently to derive the 'on plate'
dose rate for other TL sets.

In examining the causes of this spread, it was decided to
investigate the reproducibility of the 'on plate' dose rates directly
using two phosphors, calcium fluoride and obsidian. The relevant
characteristics of obsidian are described in section 2.2.1, those of
calcium fluoride are given in AITKEN (1968). Approximately 500 mg of
each was exposed in glass capsules (3 mm wall thickness) in a Cs-137
gamma beam and given doses of about 100 rads. These two phosphors
were then measured on three different TL sets and the number of
minutes of 'on plate' beta irradiation (known as 'equivalent time')
needed to match the gamma induced TL noted. The usual 'on/off' ratios

were measured at the same time, using the appropriate phosphor.
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These results are listed in table 2.1.1. Note that the spread in
irradiation time for each phosphor when the gamma induced TL was
matched with an 'on plate' irradiation is much less than for the
time needed 'off plate' derived using the measured 'on/off' ratios.
The ratio of irradiation time 'on plate' for calcium fluoride to
that for obsidian, given in table 2.1.1, is also seen to be constant.
As some spread in the 'on plate' dose rates is to be expected as

a result of slight variations in the 'on plate' irradiation distance
(the heater plates tend to warp by as much as 0.5 mm with use) this
ratio is a better indicator of the true spread in dose rates for 'on
plate' irradiation at a fixed height. Thus it seems from these

data that the poor reproducibility in the 'on/off' ratios lies in

the 'off plate' irradiations.

It seemed likely that variations in sample thickness 'off plate'
could cause variations in dose rate and so the 'on/off' ratios were
remeasured using 300 uym thick slices of both CaFZ:Dy and obsidian.
These ratios are listed in table 2.1.2. Note that in this case both
aluminium and perspex were used as a backing material for the 'off
plate' facility. It can be seen that the results are consistent for
a given backing material, reinforcing the suggestion that the reason
for the poor reproducibility lies in variations in the 'off plate’
sémple thickness. Note that there is no evidence that the 'on/off'

ratio varies between the.two phosphors used.

2.1.3 Dependence of dose rate on backing material

To determine the importance of changes in the effective backing
material, the relative dose rates to 100 um grains of calcium
fluoride were measured on four different backscattering materials,
perspex, aluminium, nichrome and lead, all of which were sufficiently
thick to completely absorb the incident beta particles except for
nichrome, which was a standard glow oven heater plate, 0.51 mm (0.02
inch) thick. (The incident beta rays would be stopped by about 3 mm
of nichrome). Approximately 5 mg of 90 to 125 um grains of calcium
fluoride was spread in the usual manner on the various backscattering
materials for irradiation and then transferred to the heater plate
for measurement of the TL. The observed dose rates, riormalised to

that on perspex, are plotted against the atomic number of the back-



Table 2.1.1

Direct investigation of the reproducibility of 'on plate' dose rates

Beta irradiation time

Set Calcium fluoride Obsidian Calcium fluoride
. . Obsidian
min min
3.6 1.41 1.35 1.04
3.7 1.46 1.41 1.04
3.9 1.44 1.38 ‘ 1.04

'on/off' ratios measured simultaneously with above:

3.6 1.30 1.27
3.7 1.28 1.32
3.9 1.40 1.31

Derived beta irradiation time for 'off plate' irradiation:

min min
3.6 1.83 1.71
3.7 1.87 1.87
3.9 ° 2.02 1.81

Note: standard errors derived from at least four individual measurements

of each figure were typically + 1%



Table 2.1.2

'On plate' to 'off plate' dose rate ratios for 300 um slices

of calcium fluoride:Dy and obsidian

Set '0ff plate' Calcium Obsidian
medium fluoride:Dy

3.6 aluminium 1.137 , -
'Perspex' 1.250 -

3.7 aluminium 1.139 1.131
'Perspex’ 1.260 1.258

Note: standard errors based on at least four measurements of each

ratio were typically less than + 1%.
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scattering medium in figure 2.1.2. Note that as already discussed

there will be experimental errors of about + 4% in these dose rates.

It can be seen that even when irradiated on aluminium a
considerable fraction (more than 20%) of the total dose absorbed
by the phosphor comes from backscattered flux. As the electronic
stopping powers of calcium fluoride are very close to those of
aluminium, it is important to determine the depth in thebacking|ﬁaterial
from which this flux originates; if a sample was to be irradiated
on perspex, but not as a single layer of grains, it is possible that
some grains would be irradiated by a different backscattered flux
from others and thus absorb a different dose.

2.1.4 Variation of dose rate with thickness of backscattering
medium

The 'on/off' ratio was measured with calcium fluoride grains,
90 to 150 um in diameter using the perspex 'off plate' facility. This
ratio was then remeasured using various thicknesses of aluminium
foil between the sample and the perspex plate. These data are pre-
sented in figure 2.1.3 as the variation of dose rate with the thick-
ness of aluminium foil, normalised to the dose rate on perspex. This
ratio was also measured using a thick aluminium plate (12.7 mm) which
gave a dose rate 20% higher than that on perspex alone, as would be
expected from figure 2.1.2. The errors on each measurement again

will be about + 4%.

The smooth curve shown in figure 2.1.3 is a best fit to the

equation.
=-AX
D = F(1 -e ) +1 = = = = = = = 1

where x is the foil thickness in microns,
F is the fractional increase in dose rate going from perspex
to a thick aluminium plate,
and D is the observed dose rate normalised to that on perépex alone.
Taking F as 0.2, gives

A = 0.006 um™



Figure 2.1.2
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which in turn gives a characteristic backscattering depth of about

115 ym of aluminium, i.e. 30 mg em™2.
2.1.5 Discussion

From the results presented in section 2.1.2 it was concluded
that the poor reproducibility in the 'on/off' ratios was likely to
be because of variations in the spreading of samples 'off plate’,
giving grains piling on top of one another to varying degrees.

This will affect the dose rate in three ways. Firstly, there will
be a simple height dependent variation; if the sample is, say four
grains thick, then the top layer will absorb about 2.5% more than

the bottom layer, simply because it is closer to the source. (This

neglects any attenuation of the beam passing through the sample).

In addition, there will be a variation due ta the build up of
the isotropic electron flux within the phosphor. According to
WINTLE and AITKEN (1977) the dose delivered to a 300 um thick sample
is 6% higher because of this mechanism than that to a 100 um thick

sample.

Finally there will be a dose rate variation with sample thick-
ness because of the change in the effective backscattering medium
going from the bottom grains in a pile, in contact with perspex, to
those at the top of a pile, which rest on other calcium fluoride
grains. From data presented in BERGER and SELTZER (1964) it is
known that the stopping powers of aluminium and calcium fluoride will
be very similar, within one percent from 10 keV to 1 MeV, and within

% to 3 MeV (see figure 3.3.6, chapter 3) and so the degree of back-
scattering of the incident particle beam is likely to be.éimilar for
these two materials. Thus we can consider the results presented in
section 2.1.4 for aluminium as applicable to calcium fluoride as a
backscattering material. This suggests that the dose rate to a 100 um
grain resting on top of a layer of such grains supported on perspex,

would be about 10% higher than the dose rate to the bottom layer.

This potential dependence aof dose rate on sample spreading is
clearly unsatisfactory and before attempting an accurate absolute
source calibration, the 100 um grain irradiation geometry must be

more precisely defined.
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2.1.6 A new method of sample preparation for 100 um grains

The excellent reproducibility of the fine grain samples deposited
on aluminium discs suggested an improved irradiation geometry for
larger grain sizes. It proved possible to make a satisfactory form
of coarse grain disc by giving a light spray of silicone o0il to an
aluminium disc, spreading a 100 um grain sample as evenly as possible
across the surface, and then inverting and tapping to remove any
surplus not adhering to the silicone oil. This approach was seen
to give a mono-layer of grains stuck to the disc when viewed under
a microscope, i.e. a reproducible thickness. As well as giving good
reproducibility in the measurement of 'on/off' ratios, this technique
also offers the advantage that the sample is now in a form suitable
for long term storage after irradiation or measurement, which was

not readily achieved with grains placed directly on the heater plate.

Unfortunately the combination of aluminium and silicone o0il was
also shown to give rise tao spurious (non radiation induced) TL,at
any rate after storage in the dark exposed to the atmosphere. This
spurious light level was shown to increase with storage time and
although the intensity was too low to affect the type of work des-
cribed here, it would be sufficient to interfere significantly with
the lower light levels usually found in archaeoclogical quartz; in one
case the spurious signal was found to be as much as four times the
light level from a quartz sample with an archaeological dose of about
400 rads.

Accordingly, similar 10 mm diameter discs were prepared from
0.61 mm (0.024 inch) stainless steel. When samples were prepared on
these discs similar excellent reproducibility in the 'on/off' ratios
was obtained, as can be seen from table 2.1.3, and furthermore, there
was no measurable spurious signal after a storage of one week in air
(under red light only). This sample geometry is now employed for
routine irradiation and measurement of archaeological quartz in this

laboratory.

2.2 THE PROBLEMS ASSOCIATED WITH THE USE OF QUARTZ AS A
CALIBRATION PHOSPHOR

Before considering the absolute calibration procedure, it is



Table 2.1.3

'On plate' to 'off plate' dese rate ratios for 100 um grains of

calcium fluoride and obsidian on 0.61 mm thick stainless steel discs

Date Phosphor
August 1977 calcium fluoride
Sept. 1977 obsidian
June 1978 calcium fluoride
June 1978 cbsidian

'on/of f!'
ratio

1.022 6

1.022 6

1.003 6

1.024 6

Note: errors shown are standard errors derived from at least

four measurements and are in the least significant figures.
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necessary to consider the suitability of the phosphors to be used.
Clearly it is desirable to calibrate a beta source with the phosphor
to be subsequently studied. With phosphors such as calcium fluoride
this is straightforward, but not with quartz. It is well known that
the high temperature region of the quartz glow curve may show unde-
sirable characteristics such as low sensitivity, non-linearity with
dose, and dose dependent sensitivity changes on heating (pre-dose)
which make it difficult to reliably evaluate the dose in a sample

to an accuracy of better than about 5%. However, it is possible to
make accurate measurements using the 110°C peak if certain precautions
are taken. Although the sensitivity of this peak is also dependent

on its irradiation history, FLEMING (1969) has shown that it is
possible to saturate the sensitivity change mechanism. If the material
is given a large dose (Fleming used 108 rads), and is heated to about
500°C, the sensitivity of this peak then remains unchanged by further
dose and heating cycles. In addition, this peak is considerably

more sensitive than the high temperature region, permitting dose

measurements of only a few rads.

Unfortunately, the half life of this peak is about 145 minutes at
19°C, which is reduced to 75 minutes if heavily irradiated before use.
FLEMING (1969) observed a change in trap depth after heavy irradiation
and postulated increasing localisation of luminescence centres and
traps as the changing physical process. This half life is a severe
restriction as the calibrated gamma source used for accurate exposures
is located several miles from the laboratory. It was in fact considered
impractical to make any attempt to calibrate directly using quartz as
a phosphor, although relative measurements are reported in section
2.2.2. Instead attention was turned to the use of obsidian as a quartz

substitute.

2.2.1 TL and dosimetry characteristics of obsidiah

A typical major element composition of obsidian may be taken as
10% A1203, 84% SiO2 with the remainder Na, K and Ca (TAYLOR,1976).
The mass enerqgy absorption characteristics have been calculated for
such a mixture of elements and found to be indistinguishable from
those of pure SiD2 (quartz) at 0.662 MeV (Cs-137). Thus obsidian

and quartz will absorb the same amount of energy from an exposure



in a Cs-137 gamma beam. Similarly the ratio of the stopping powers
of obsidian to quartz are within 0.4% from 25 keV to 2.5 MeV, and so
these two materials will absorb the same amount of energy when exposed

to a beta source.

The material described in the folleowing section is an obsidian
from Obsidian Creek, British Columbia. It has been used in three
forms, as 300 um thick slices, as 90 to 125 um grains and as fine
grains (2 to 8 uym). The solid material was crushed in a steel mortar
and sieved to separate the 90 to 125 um grain fraction, which was
then washed in acetone to remove any residual dust and dried. Fine
grains 2 to 8 um were deposited in the usual manner from the fraction
below 90 um. The slices were cut using a diamond impregnated wire
saw. The TL characteristics described here were abtained from 90 to
125 uym grains, usually handled directly 'on plate'.

The glow curve, with the black body radiation éubtracted, of
a 5 mg sample heated at 10°C ser:-1 after annealing at 550°C and beta
irradiating, is shown in figure 2.2.1. All the behaviour reported
here refers to that of the area of peak III at 305°C integrated from
250°C to 350°C. The emission bands of peaks I, II, and III have been
measured by BAILIFF (private communication) and all three show an
increase of intensity around 480 nm and 580 nm, the limit of Bailiff's

measurements.

It was found that the reproducibility and sensitivity were
dependent on the time spent at the maximum annealing temperature; the
sensitivity decreased by a factor of four when heated at 10°C sec_1
to 700°C rather than 550°C. On the other hand when the sample was
irradiated, read out to 550°C, cooled, and then the cycle repeated,
the light output decreased by 6%. The annealing condition finally
adopted involved heating to 550°C, maintaining this temperature for
1 minute, and then cooling to room temperature, all in an atmosphere
of oxygen free nitrogen. The subsequent maximum heating temperature
was 500°C. After this treatment the sensitivity decreased by less
than 1% for each heating through to 500°C independent of dose given
(up to at least 300 rads).

The linearity of response of this phosphor has not been investi-

gated explicitly because the method used to evaluate a dose in a
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sample, i.e. matching the light level with that from a subsequent
beta irradiation, is not dependent on linearity of response, but
only on an absence of significant sensitivity changes. However, the
response has been measured for one sample at two different levels
covering the dose range of interest, namely 151 rads and one rad. The
light levels observed in each case for a 3 mg sample were 7.11 x 103

rad”! (+ 0.05) and 7.50 x 10° rad” (+ 0.06) respectively.

Of more importance in this context is the presence of non
radiation induced TL, including that induced by visible light. The
TL induced when the phosphor was exposed to a 60 watt light bulb at
a distance of 30 cm for one minute was approximately equal to that
from a one rad dose. However, when exposed to the red fluorescent
light used routinely for TL work, the induced TL was not measurable
(i.e. less than 1% of that induced by a dose of one rad). In addition
there was no measurable TL induced when the sample was scratched

across the heater plate with a spatula.

Finally, the fading characteristics of the material were
investigated by irradiating samples and storing for various periods
of time. They were then read out, irradiated again and read out
immediately. The results of several such measurements are listed in
table 2.2.1. Little or no correlation with storage time or dose can
be seen, although the phenomenon was found to be reproducible within
one set of measurements. Although table 2.2.1 suggests a fading of
(6 + 1)% in the first half hour and none thereafter, it has been
routine practice to monitor the fading appropriate to each experiment,
as described in the next section.

2.2.2 Comparison of the dosimetry response of the 110°C peak in
quartz with that.of the 305°C peak in obsidian

As discussed in section 2.2, it is possible to saturate the
predose effect in the 110°C peak in quartz with a large dose. Thus
if the problem of the short half life can be overcome, it is possible

to compare the dosimetry response of quartz and obsidian directly.

A previously annealed sample of quartz grains (90 to 150 um)
prepared from material supplied by British Drug Houses as 'native
quartz' was given a beta dose of approximately 35 krads, heated up

to 550°C and allowed to cool. The reproducibility of the response



Table 2.2.1

Fading of peak III in the obsidian glow curve

Storage Initial dose Ratio of 'faded'
time rads to 'prompt' TL
0.1 hr 50 1.01 2
0.5 hr 1 0.93 3
1 hr 1 0.88 3
2 hr 1 0.94 2
16 hr 150 0.96 1
7 days 50 0.94 3
42 days 50 0.98 2
42  days 50 0.97 2

Note: 1) errors are standard errors from at least four measurements
on each sample, are are in the least significant figures.

2) the two 42 day measurements were taken at different times.



of this material to doses of about 60 rads was found to be better
than 2% to one standard deviation, with no sign of systematic changes
in sensitivity. About 200 mg of this material was then packed into
glass tubes of 3 mm wall thickness, 3 mm internal diameter and about
15 mm long. A portion of 90 to 125 um grains of recently annealed
obsidian was similarly packed and both capsules were exposed simul-
taneously for 30 seconds in a Cs-137 gamma beam (0.662 MeV). The
dose absorbed (about 60 rads) by both materials from this exposure

should be the same, as discussed in section 2.2.1.

Fading of the obsidian was monitored by giving a sample of the
annealed grains an 'on plate' beta dose. This sample was then packed
into a separate but identical glass capsule about 20 minutes before
the gamma irradiation. The two obsidian capsules were then kept
together (except of course during the irradiationhitself) until the
obsidian grains were read out. The TL from the 'faded' grains was
then compared with that from a subsequent beta dose, read out immedi-
ately, to give a fading correction of (5 + 1)% after about 28 hours.
Employing this correction gave an 'equivalent time' of 0.759 minutes

+ 0.009 for the obsidian irradiation.

The quartz grains were measured as soon as possible after
the gamma irradiation; the 'equivalent times' measured at various
times are shown in figure 2.2.2. These data can be represented by

an equation of the form
M=Me *° = - - =-===-- 2
o]

where M is the 'equivalent time' observed at time t,

M0 is the 'equivalent time' at t = O,

and A is a decay constant.

A best fit to these data gives

M0 0.767 min + 0.010

and A

0.01255 min~' + 0.00018

which corresponds to a half life of 55.0 min + 0.8. This is signifi-
cantly shorter than the figure of 75 minutes obtained by FLEMING (1969)



Figure 2.2.2

Decay of TL from the 110°C peak in quartz after gamma irradiation
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and is probably due to the higher ambient temperature (estimated
at 22°C, rather than Fleming's 19°C).

The beta irradiationtimes for the two materials, quartz and
obsidian, are the same to within the experimental error of less
than 2%. This result confirms that the effective dose delivered by
the beta source is the same for both the 110°C peak in quartz and the

305°C peak in obsidian.

2.2.3 The dosimetry of the high temperature region in the quartz
glow curve

It has been shown that the dosimetry response of the 305°C

peak in the obsidian glow curve is indistinguishable from that of

the 110°C quartz peak, and this suggests that the same will apply

to the high temperature quartz peaks around 350°C. This assumption

is supported by measurements made on a quartz which had been given

a known dose using a gamma beam by PERNICKA and WAGNER (1979).

HUXTABLE (private communication) has analysed this material using the
beta dose rate to 100 ym grains of obsidian derived in the next section,
and she found that the ratio of the measured dose to that given by

the gamma irradiation was 0.96, with an. estimated total uncertainty

in this ratio of 5%.

Nevertheless, the reliability of this assumption can be questioned
because of the transparency effects found in quartz by BELL (1980 a,b)
and BELL and MEJDAHL (1980). As quartz and obsidian are very different
in transparency, and in view of the results of the previous section,
it seems unlikely that this effect is interfering in the present work,
and it should be noted that Bell uses 20 mg samples in platinum cups
without making any attempt to ensure either a monolayer of grains or
a uniform sample thickness from one batch of twenty-four samples to
the next. However, it must also be acknowledged that BELL and MEJDAHL
(1980) have observed marked correlation between apparent beta dose
rate and quartz firing temperature which can be accounted for most
readily in terms of grain transparency changes, and it must be concluded
that the importance of grain transparency in the dosimetry of the high
temperature peaks in quartz is far from understood, and further investi-
gation is needed before the beta dose rate to obsidian grains is

extended to cover the high temperature quartz glow curve.
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2.3 ABSOLUTE CALIBRATION

The absolute calibration of the beta source was undertaken by
comparing the TL induced by a known expogure to gamma rays with that
induced by the beta source. The preceding sections have been solely
concerned with relative dose rates, and it has not been necessary to
discuss in any detail the gamma doses absorbed by the various materials.
However, for the absolute calibration of the laboratory beta source,
the mechanism of dose absorption from gamma rays must be considered,

to allow accurate calculation of the dose delivered to a phaosphor.

Gamma rays interact with matter mainly by the Compton or photo-
electric processes, at least at the energies of interest here. These
interactions produce fast secondary electrons, which then go on to
dissipate their kinetic energy by multiple interactions with other
electrons. The amount of energy transferred per unit mass from the

gamma rays to these secondary electrons, the kerma, K is given by

where F is the gamma ray fluence,

and ("K/) is the mass energy transfer coefficient, a characteristic

dependent on the gamma ray energy and the atomic number of the material

in which the energy is deposited.

If the energy imparted to secondary electrons at a point in the
material of interest, i.e. the kerma, is equal to energy absorbed
from charged particles at that point, then charged particle equilibrium
(CPE) is said to exist, and the dose absorbed can be readily calculated.
This is seldom rigorously true, and care must be taken to ensure that
it is at least closely approximated. For instance some of this energy
will be radiated as Bremsstrahlung photons and thus will escape from
small dosimeter materials; this loss can be taken into account by
replacing the mass energy transfer coefficient with the mass energy

absorption coefficient (Yen/s) . At the energies of interest this is

a negligibly small change ( < 1%).



In practice, gamma ray irradiations are usually calibrated in
terms of exposure rather than fluence. The exposure is a property
of X or gamma radiation at a point and is a measure of the potential
ability of the radiation to produce ionization in air at that point.
As an exposure of one Roentgen delivers a dose of 0.869 rads in dry
air (assuming CPE), if the exposure, X, at a point is known then the
dose, D, in some other material placed at that point, such as a TL

phosphor, can be calculated from

(Men/o)

_ phosphor
D = 0.869 0] X

air

where (“en/b) are the mass energy absorption coefficients.

phosphor, air

This relationship again assumes CPE, and also that the gamma flux
throughout the phosphor is identical with that at the point at which

the exposure would have been measured.

In order to ensure CPE throughout the volume of the irradiated
phosphor, it is usually surrounded by a buffer material, which must be
at least as thick as the range of the most energetic secondary elec-
trons produced by the gamma flux; this is about 1 mm in materials such
as glass or aluminium, at 0.662 MeV. Only if the atomic constituents
of this buffer are identical with, or at least very similar to, those
of the phosphor (e.g. a glass capsule containing quartz) will equation

4 still strictly apply.

For the purposes of source calibration, it was decided to irrad-
iate both calcium fluoride and obsidian in glass capsules of 3 mm
wall thickness, 3 mm internal diameter and length 15 mm; the capsules
were completely filled. As the major constituents of obsidian are
very similar to those of glass, these two materials may be considered
perfectly matched. For calcium fluoride the match is still considered
good; the ratic of the electronic stopping powers and the mass energy
absorption coefficients of calcium fluoride to glass are 0.95 and
1.02, respectively, at 0.662 MeV. The stopping power ratio does not
vary significantly with energy. These small differences, coupled

with the large effective path length to secondary electrons of the
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phosphor itself should ensure that errors arising from the use of
equation 4 are negligible if appropriate allowance for the photon

attenuation through the wall material is made.

2.3.1 Attenuation in capsule wall

ROESCH (1958) showed that the dose deposited at a point in
aluminium irradiated by 0.6 MeV photons is equal to the kerma pro-
duced about 0.3 mm closer to the gamma source, once CPE has been
established. Thus when allowing for attenuation of the gamma beam
in the buffer material surrounding the phosphor, this must be sub-
tracted to give the attenuating thickness of material. This gives
an effective thickness for the glass walled capsule (measured density
2.66 g cm-B) of about 2.7 mm, which will attenuate the 0.662 MeV
gamma beam by 5.5%.

It must also be recognised that the phosphor itself is of finite
thickness. The internal diameter of the glass capsule is 3 mm, and so
the average gamma path length through the phosphor if irradiated
normal to the cylindrical axis will be about 2 mm. If the exposure
is known at the point in air replaced by the centre of the phosphor,
then the average attenuation will be that through 1 mm of phosphor

grains.

The packing density of such grains is dependent on the capsule
internal diameter; an effective density of abaut 2 g cm—3 has been
measured for these capsules. Thus the effective phosphor attenuation
is about 1.5%, which gives a total gamma beam attenuation of about

7%.

2.3.2 Phosphor irradiations

Both calcium fluoride and obsidian 100 uym grains were annealed
and packed into capsules as described above which were then covered
with a light-tight layer of black plastic tape. The obsidian fading
was monitored by giving an 'on plate' beta irradiation to obsidian
grains on stainless steel discs. These grains were then removed and
packed into an identical glass capsule which was stored with the
annealed grains at all times, except during the actual gamma irradi-
ation, when the fading capsule was placed in the same room, but remote

from the gamma beam. The fading was measured in the usual way, at
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the same time as the gamma irradiated samples, as 5% and 2% for two

separate irradiations.

The fine grain calibration was also undertaken using samples
of calcium fluoride and obsidian, crushed in an agate mortar and then
annealed. This dust was then packed into capsules, again sealed with
a single layer of black tape. After being gamma irradiated, the 2 to
8 um grains were deposited on aluminium discs in the usual way. The
obsidian fading was monitored in this case using predeposited obsidian
discs, again given an 'on plate' beta dose, as 2.5% and <1% for two

separate irradiations.

The gamma irradiations were given at the National Radiological
Protection Board, Harwell, using a Cs-137 source in scatter free
geometry which had been standardised by the National Physical Labora-
tory. The experiment was performed on two occasions, six months apart,
and the doses absorbed were about 50 rads and 100 rads. The calcium
fluoride fine grain calibration was also performed a third time. The
'on/off' dose rate ratios were measured each time to give the 'off
plate' dose rates given in table 2.3.1, and the errors shown are
standard errors on the mean of at least four measurements from each
capsule. Note that a new standard source, g(44), has been adopted.

It was felt that the use of a stronger source than g(5) was desirable,
as this made direct irradiation of less sensitive matefials such as
obsidian and quartz practical. The dose rate ratio between these

two sources is 7.74 (standard error 0.09).

It is appropriate here to mention the experiment described in
MURRAY and WINTLE (1979), where the dose rates derived from the above
were compared with those derived using fine grains deposited before
gamma irradiation. It was concluded that a significant difference
existed. This is not now considered to be the case, as no allowance
for the slightly differing electronic stopping powers between alumin-
ium and obsidian or calcium fluoride was made. The uncertainties
associated with such corrections are such that it is no longer possible

to say a discrepancy exists.

The ratio of the beta dose rate to 100 um grains of calcium
fluoride on stainless steel 'on plate' to the dose rate directly

'on plate' has also been measured as 1.047 + 0.010. Combining this



Table 2.3.1

Calibration of laboratory beta source

g(44), 'off plate' dose rates

100 um grains on
stainless steel discs

Calcium fluoride Obsidian
. =1 . =1
rads min rads min
65.3 7 67.8 7
66.0 4 69.1 5
Weighted average:
65.8 3 68.7 4
(69) (72)

Fine grains on
aluminium discs

Calcium fluoride Obsidian
. =1 . =1
rads min rads min
46.9 8 50.7 7
46.0 5 51.0 9
46.0 4
46.1_3 50.8 6
(57) (60)

Note: 1) all dose rates are corrected to the 15th June 1978 using
the Sr-90 half life of 28.0 years.
2) errors shown are in the least significant figures, and are

standard errors derived from at least four measurements.

3) figures in parentheses are the dose rates derived from the

original calibration.

4) the source was 15.7 mm above the base of the sample disc.



figure with the best estimate of the 'on/off' ratio for loose grains
of 1.37 + 0.05, and for fine grains of 1.01 + 0.01, permits the
derivation of the dose rates given in parentheses from the original
calibration of the g (5) dose rate to loose grains of calcium fluoride
'of f plate’.

2.3.3 Systematic errors in the evaluation of the gamma dose

In addition to the experimental errors of table 2.3.1, there are
various sources of systematic error to be considered. It is assumed
that an uncertainty of less than 1% will arise from the assumption
that there is no significant dose deposited by photons previously
scattered within the wall material of the phosphor, i.e. that the
attenuation of the gamma flux is indeed described by the mass attenu-

ation coefficients.

In calculating the absorbed dose knowing the exposure, a ratio
of mass absorption coefficients is taken (equation 4). Although the
errors in the individual values can be as much as 5% (STORM and ISRAEL,
1970), the relative errors between values of (Yen/p) for individual ele-
ments will be small; typical relative uncertainties in the average
values for compounds are taken to be + 2%. There is also a negligibly
small error in the slight corrections to beta source strength between
the two calibrations six months apart, arising from the uncertainties
in the 28.0 year half life of Sr-90.

Finally, the estimated total uncertainty in the exposure used
was 2% (BURGESS, private communication). This gives a total systematic
uncertainty in the absorbed gamma dose of about 3% (errors added in.
quadrature). When this is added to the experimental errors given in
table 2.3.1, typical total uncertainties in source calibrations are

3.5%.
2.3.4 Discussion

Consider first the dose rate to 100 um grains of calcium fluoride
on stainless steel discs. Bearing in mind that the error in the
existing calibration is given as + 5% the revised calibration is con-
sistent with the earlier work, but the associated error, now of about
3.5%, is reduced. The corresponding dose rate to 100 wm grains of

obsidian is also consistent with the earlier quartz dose rate, which
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in that case was not derived directly, but was the product of the
calcium fluoride dose rate with an averaged electronic stopping power
ratio of quartz to calcium fluoride of 1.05 (ZIMMERMAN, 1970). The
corresponding experimentally derived ratio from table 2.3.1 is
1.044 + 0.008.

Now consider the fine grain dose rates. There is a large
difference (24%) between the existing calcium fluoride fine grain
dose rate and the revised figure. As was discussed in section 2.1.1,
Zimmerman deduced a ratio of 1.00 between the dose rate to fine grains
of calcium fluoride on an aluminium disc and that to 100 um grains on
an aluminium disc. From figure 2.1.2, the dose rate to 100 um grains
on nichrome is 1.17 times the dose rate to 100 um grains on aluminium.
Combining these two ratios, it is to be expected Qhat when 100 um
grains are irradiated on nichrome, i.e. 'on plate', they will absorb
1.17 times the dose that a fine grain sample on an aluminium disc
would absorb if it was also irradiated 'on plate'. From section 2.3.2
the ratio of the dose rate to 100 ym grains irradiated on stainless
steel discs to that to 100 ym grains directly 'on plate' is 1.047.
Thus the predicted ratio between the dose rate to 100 um grains on
stainless steel 'on plate' and fine grains on an aluminium disc
'on plate' using Zimmerman's ratio of 1.00 mentioned at the beginning

of the paragraph, is 1.22.

Now consider the same calculation using Wintle and Aitken's ratio
of 1.16 between the dose rate to 100 um grains of calcium fluoride on
aluminium and that to fine grains on aluminium. Here the derived
ratio of the dose rate to 100 ym grains on stainless steel 'on plate'
to that to fine grains on an aluminium disc 'on plate' is now 1.42.

The observed ratio for calcium fluoride from table 2.3.1 is 1.43 + 0.01.
(The 'on/off' ratio for both grain sizes on disc is 1.01). This

confirms the predictions of Wintle and Aitken and shows that Zimmerman's
original derivation was at fault. It is presumed that the disagreement
with the earlier calibration derives from the fact that in the Zimmerman
process, it was necessary to obtain fine grains from the irradiated

100 um grains (see section 2.1.1). This had to be by grinding and it is

now known that such a procedure can induce TL in unirradiated samples.

Finally let us consider the ratio between the fine grain obsidian
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and calcium fluoride dose rates. Zimmerman assumed that the appro-
priate ratio was again 1.05. However, the observed value is 1.102 +
0.015, and reasons why the former ratio should not be expected to
apply can be found by considering the dose deposition process. If the
curve of increasing dose rate to 100 uym grains plotted against the
atomic number of the backscattering medium, shown in figure 2.1.2 is
extrapolated back to give that dose rate when no backscattered flux
is present (i.e. Z = 0), it can be deduced that the backscattered
spectrum deposits approximately 25% of the total dose to these grain
sizes. SNYMAN and CLAYTON (1963) give the backscattered spectrum

for a Sr-90/Y-90 beta spectrum incident on a thick aluminium absorber;
a strong increase in intensity with decreasing energy down to about
100 keV can be seen. Thus, for fine grains the backscattered con-
tribution will be even greater than for 100 um gréins, as a signifi-
cant proportion of the low energy electrons will be completely stopped
within the larger grain sizes. (a 100 keV electron has a range of
less than 70 wm in quartz). In contrast to the dose absorbed from
high electron energies, this dose contribution will not at first
decrease in proportion to grain size. At these low energies the

ratio of the electronic stopping powers of quartz to calcium fluoride
increases above the value of 1.05. It can be calculated from data
presented in BERGER and SELTZER (1964) that this ratio is 1.06 at

200 keV (electrons of this energy would have a range of less than

140 um in quartz) rising to 1.07 and 1.08 at 100 and 33 keV (ranges

of less than 70 um and 10 um respectively in quartz).

It can be seen from the above discussion that the dosimetry
of fine grains on aluminium is a complex subject, and it would be
unwise to place too much emphasis on the numerical values of the
stopping power ratio given above. O0On the other hand it is clear
that the ratio of 1.05, derived for the primary spectrum, is not
applicable to fine grains and so the experimental result is certainly
not inconsistent with theory, which seems to suggest a ratio of
between 1.05 and 1.08. The experimentally observed value is used

throughout the remainder of this thesis.
2.4 SUMMARY

It has been shown that when considering laboratory beta
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irradiations of phosphors, any uncertainties in the backscattering
material such as are found when a phosphor grain is not in contact
with the substrate, but in fact is supported by other phosphor

grains, will give rise to uncertainties in the dose rate to the sample.
A new method of sample preparation for 100 um grains was devised to
avoid these uncertainties. The problems of using quartz as a dosi-
meter were discussed and the TL characteristics of a new phosphor,
obsidian, described. It was shown that the response of the 305°C

peak in the glow curve of this phosphor to beta and gamma irradiation
was the same to within 2% as that of the 110°C peak in quartz. How-
ever, it was acknowledged that extending results obtained using obsid-

ian to include the high temperature region in quartz was an assumption.

The problems of accurately calculating the dose absorbed in a
gamma irradiation were considered and an irradiation procedure pre-
sented which enabled absolute beta dose rates to 100 um grains on
stainless steel discs and to fine grains on aluminium discs to be
calculated for two phosphors, calcium fluoride and obsidian. This
experiment was repeated twice and the total error associated with
the average figures proved significantly less than that of the pre-
vious calibration. These results have resolved two major uncertainties
in source calibration. Firstly, it was demonstrated that the
existing fine grain calibration was in error by 16% and secondly, it
was shown that the dose rate ratio between the two phosphors was not
independent of grain size, as had previously been supposed, but that
in this case the ratio was 5% larger between fine grains of obsidian
and calcium fluoride than between 100 um grains of the two phosphors,

for which the existing ratio of 1.05 was confirmed.

The absolute dose rates derived in this chapter give a firm
foundation for the dosimetry work of chapter 3, and the fine grain

dating programme of chapter 5.
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CHAPTER III

ENVIRONMENTAL GAMMA DOSIMETRY USING TL DOSIMETERS

INTRODUCTION

One of the more difficult problems in TL dating is the reliable
estimation of the environmental gamma dose rate. Because of
difficulties arising from inhomogeneity, changes in radon escape, and
changes in water content, it is not usually sufficiently reliable to
employ laboratory analysis of soil samples. If practical, the
preferred approach is to bury a sensitive TL phosphor, appropriately
encapsulated, in the same or similar surroundings to those from which
the pottery fragments were removed. This 'capsule' is then left in
place for some months, preferably a full year, to average out
seasonal effects, such as changes in water content and radon emanation.
This long time period also permits the assumption that the
disturbance of the soil layers by excavation of the sherds and
subsequent burial of the capsule has had a negligible effect on the
gamma field. This approach has been described in some detail by
several workers, in particular AITKEN (1968, 1969) and MEJDAHL
(1970, 1972, 1978). However, none of these have attempted to test
the absolute response of a particular dosimeter, although
comparisons with alpha counting of associated soil samples have been
made (e.g. HUXTABLE and AITKEN, 1978, described in chapter 7).
However, BOWMAN (1976) did attempt such absolute comparisons using
20 inch cubes of concrete doped respectively with uranium and thorium
ores, a potassium salt and a solution of Zn-65. She found that the
observed dose rates at the centres of these blocks, measured using
calcium fluoride in nylon, aluminium and copper capsules, were much
lower than expected. These results appeared to cast considerable
doubt on the conversion from a known concentration of a gamma emitter

to dose rate, and it was felt necessary to examine this problem afresh.

Accordingly, section 3.1 reports the construction of a larger
(1 metre cgbe) uranium doped concrete block having about 15 times the
activity of that used by Bowman. The results of measurements of the
state of radioactive equilibrium of the concrete mix are also
described, and these measurements are used to calculate an annual

dose rafe to concrete at the centre of the block.
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Section 3.2 discusses the phosphors and encapsulation
materials used to measure the dose rate in this block, and gives
the results of such measurements. Section 3.3 considers the problem
of calculating the response of the phosphor/wall combinations used
and derives calculated calibration factors to be compared with those
found experimentally. Some discrepancies are found, and these are

discussed.

Finally, the calculated calibration factors for these capsules
are derived when exposed to a 'typical' soil containing uranium,
thorium and potassium. The most suitable combination for routine

use is discussed. -

3.1 CONSTRUCTION OF A QUASI-INFINITE MATRIX.OF KNOWN ACTIVITY

In order to make absolute dosimetry measurements which simulate
those made on archaeological sites, there are two main requirements:-
i) the dose rate to a particular material at a given point should

be well known, and
ii) the gamma ray field from which this dose is absorbed should

simulate as closely as possible that found in soil.

Now in the real case, the dose rate to be determined is that to
a 100 um grain of quartz, or a fine grain of indeterminate composition,
but which may be taken as similar to that of bulk pottery (given in
section 6.5.3). Neglecting the perturbing effect of the pottery
matrix on the gamma field, the dose to such small grains is given by
the Bragg-Gray cavity theory, which implies that the ratio of the
dose to a quartz or fine grain, to the dose rate in the surrounding
soil matrix is given by the ratio of the electronic stopping powers.
Even for pure quartz this ratio is within 3% of unity in the energy
region of interest, for pottery the agreement is better still. Thus
this aspect of the problem of measuring the archaeological gamma dose
rate reduces to measuring the dose rate to soil in an infinite soil
matrix. This can be calculated from a knowledge of the radioisotope
concentrations present, their half lives and decay schemes. Then
the gamma energy released by radioactive decay per unit mass of soil
may be calculated; for an infinite (or effectively infinite) matrix,

this must be identically equal to the dose rate.
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Probably the most convenient approach to this problem is that
attempted by BOWMAN (1976) using concrete to simulate the soil
medium. The constituents of concrete are given in table 3.1.1 with
those of a 'typical' soil (taken from section 6.5.3), and it can be
seen that they are very similar. The ratio of the mass attenuation
coefficients of these two mixtures varies by less than 1.5% from
unity from 25 keV to 3 MeV. These similarities should ensure that
the degraded photon spectrum resulting from inelastic scattering of
primary photons emitted from within a concrete absorbing medium will
be very similar to that found in a soil matrix. Thus a large
concrete matrix uniformly doped with appropriate radioisotopes should
fulfil both the requirements, although there remains the question
of the minimum size. Ideally, the block would be of global
dimensions, although it is recognized that a more practical size
will give a good approximation to this 'infinite' matrix spectrum -

this is the quasi-infinite approximation.

For purely practical reasons it was decided to consider the
minimum size of matrix required if the radioisotopes were to be
those of the uranium series (a large quantity of refined uranium ore

was already available).

3.1.1 Minimum size for a quasi-infinite uranium doped concrete

matrix

In calculating the gamma dose rate at the centre of a 20 inch
cube of uranium doped concrete Bowman initially assumed a density of
2.35 g cm-B, which to a first order allowed the assumption that the
effective attenuation path length from the centre of the block to
each of the six faces was great enough to absorb most of the energy
of the highest energy photon emitted from the uranium series. Thus
the dose rate at the centre was assumed to be that found in an
infinite medium of the same specific activity, and was calculated
assuming conservation of energy, as described in the previous section.
However, it was subsequently found that the density of concrete
achieved was only 1.93 g cm-3, and therefore this assumption was
shown to be unjustified at high energies (above 1.5 MeV). The
integrated primary photon spectrum of the U-238 series is given in
figure 3.1.1, and it can be seen that a negligible fraction of the

total energy is carried above 2.2 MeV. However, 5% of U-238 decays



Table 3.1.1

Constituents of 'typical' soil and concrete

Element Soil Concrete

% %

1.0 0.6

52.6 49.8

Na 1.3 1.7

Al 8.3 4.8

Si 28.2 31.7

K 1.5 1.9

Ca 2.5 8.3

Fe 4.6 1.2

Note: 1) percentages are by weight.
2) the data for concrete are taken from EVANS (1968b); 0.2 % Mg
has been included with Al, and 0.1 % S with Si.
3) the data for soil is taken from section 6.5.3; again the Mg
is included with Al in the above, and Ti with Fe.



Figure 3.1.1

Proportion of total spectral energy carried by photons above a given

energy, derived from the uranium series primary spectrum
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will eventually result in 2.20 MeV photons (from the decay of
Bi-214) and it is thus this energy that determines the size of the

infinite matrix.

EVANS (1968a) gives an approximate expression for the dose rate

D rimary’ QUe to interactions with primary photons at the centre of
a sphere of homogeneously distributed activity of radius r cm as
u
) = 21 - ™M _———-
primary - M Ep m (1-e") L

and the corresponding expression for the dose rate, D

secondary’

from secondary (i.e. scattered) photons as

a
) - S - g MT --2
Dsecondary =M P u (1 e (1 + wr)) Z
where ny is the number of decays per second which give rise to photons
of energy E_ MeV, in a gram of material,
Mg is the linear energy absorption coefficient, cm_1,
¥ is the linear attenuation coefficient, cm—1
and oy is the total linear Compton scattering coefficient, cm°1.
Note that these coefficients all refer to the same medium, in this
case concrete.
Now the infinite matrix dose rate, 6m, calculated as described earlier

is

B

=n1 Ep ————————— 3

As r+«, the sum of equations (1) and (2) becomes

4 .

1.
primary * Dsecondary =M Ep :'(ua * Gs)

Combining equations (1), (2) and (3) gives

rimar * Dsecohdar Ha -ur 9g -ur
P Y L2 (1-e™) +201 - +ur)) --4

<o



3.5

Figure 3.1.2 gives the fraction of the infinite matrix dose rate
derived from equation 4, plotted against r, the radius of the sphere,
for two densities, 1.9 g en™> and 2.35 g cm—3, at 2 MeV. For r = 50 cm,
the dose rate at the centre is within 4% of the infinite matrix dose
rate even for the lower density of 1.9 g cm-3. As the 2.2 MeV photon
carries only 7% of the gamma energy of the uranium series decay, a
cube of side 1 metre should be a good approximation to an infinite

matrix, even if the density achieved is low.

3.1.2 Description of uranium ore used, and activity required

In order to increase the range of phosphor sensitivities that
could be usefully exposed in such a matrix, it was decided to use a
considerably higher specific activity than had been employed before.
This has the added advantage of making background:corrections
negligible, which is of great practical importance, as otherwise an

inert concrete matrix of similar dimensions would be required.

Fortunately about 15 kg of high grade uranium ore was made
available to us by the University Museum; this had been collected in
Katanga by the late Professor Soddy of the Geology department at the
University of Oxford. His chemical analysis (of unknown date) is
given in table 3.1.2. The UO3 concentration of 63.8% corresponds to
an activity of 185.5 nCi g-1 (see Appendix E). It was decided to
plan a cube of nominal activity 1 nCi g_1 (about 1000 times natural
levels) which would require about 11 kg of ore added to a cube of
concrete of side one metre, and density about 2 g cm_3. The dose
rate at the centre would be 33 rad yr_1, assuming no disequilibrium
in the uranium chain. This would permit measurements using
insensitive phosphors such as the obsidian described in the previous

chapter.

The geometry adopted was to build the cube from 125 separate
blocks each of side 20 cm, with 5 of these blocks cast with an 8 cm
hole through the centre of two opposing faces. When assembled, this
gives an access channel passing through the centre of the one metre
cube. Cylindrical plugs were also cast which could then be used to
fill this hole. To increase the flexibility of the design, it was
also decided to manufacture a further 50 smaller blocks of 10 by 10



Table 3.1.2

Chemical analysis of uranium ore

% by weight

UU3 63.81
Pb0 11.17
Cu0 0.03
SnD2 0.37
Fe, 0

23 0.73
AlZD3
P205 0.64
H20 5.87
CO2 1.24
insoluble 14.28
Total 98.14

Note: the above analysis was performed at the instigation of the

late Professor Soddy, but the date is unkown.
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by 20 cm. These permit the assembly of a sequence of geometries,
ranging from a 20 cm cube up to a one metre cube, in 20 cm steps. In
addition, a selection of undoped blocks of each of the two sizes was
cast, to permit the effects of inhomogeneity within the matrix to be

examined.

3.1.3 Homogeneity of activity in concrete mix

BOWMAN (1976) was concerned that at least part of her anomaly
lay with inhomogeneous distribution of the uranium ore added during
mixing, and she was obliged to conduct lengthy tests in retrospect to
., test this. In order to forestall some of these problems, the
components of the new block were cast in batches of 6 (for the 20 cm
cubes) and 12 (for the 10 by 10 by 20 cm blocks). Samples of about
200 g were taken from each of these mixes, and aliowed to set in
polystyrene petri dishes, which were then coded by number. In order
to ensure optimum mixing of the finely powdered uranium ore within
each batch, it was dry mixed for 15 minutes with the cement only (in
a cement mixer); sharp sand (screened to less than 5 mm) was then
added and mixed for a further 15 minutes. The mix was also colour
coded at this stage, using a cement based colouring agent, yellow for
the active batches, and black for the undoped, to avoid later
confusion. Finally sufficient water was added to make a thick mix,
and this was transferred to wooden moulds and rammed thoroughly before
being allowed to set. The actual quantities of material used for
each batch of 20 cm cubes are given in table 3.1.3, along with the
estimated uncertainties. The measured density of the resulting blocks
after curing was 2.25 + 0.05 g cm'3. Each set of blocks was number
coded befare removal from the mould, so that blocks from a particular

mix could be identified later if necessary.

After about 2 weeks storage the individual blocks were given a
coat of masonry sealer (a polyurethane based varnish) to stabilise
the surface and to reduce fluctuations in the water content, and two
coats of emulsion paint, yellow for the active blocks and grey for
the inert blocks. The number coding of each block was transferred
to the painted surface. It should be noted that no aggregate was

used in mixing the concrete, and that the cement content is about



Table 3.1.3

Weights of components used in each batch of six 20 cm cubes of

active concrete

kg
sand (<5 mm grain size) 73.9 5
cement 37.0 5
colour 0.72 2
uranium ore 0.7310 5
water 17.522

Note: errors are in the least significant figures.
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28% of the total. This was done to improve the uniformity of the
uranium ore distribution, and to reduce the friability of the
finished blocks. However, the resulting major element concentrations
will be different from those given in table 3.1.1. The effect of

this change will be considered further in section 3.3.

3.1.4 Homogeneity measurements on casting samples

The 24 samples taken in petri dishes during the mixing and
casting of the active blocks were weighed and then counted on a 3 inch
by 3 inch sodium iodide crystal operating in total counting mode. The
counts above a threshold of about 0.25 MeV were recorded for 1000
seconds and a background count subtracted. The standard deviation of
the resulting 24 count rates after weight normalisation was 2.8%. As
every effort was made at the time of mixing to ensure that these
casting samples were representative, it is felt that this spread
accurately reflects the variation in activity in the completely

assembled block.

3.1.5 Calculated and observed activity of the concrete

From the data presented in tables 3.1.2 and 3.1.3, the
concentration of uranium in the wet mix can be calculated as 2990 +
50 ppm (1045 pCi g-1), where the uncertainty is derived only from the
uncertainties in weighing the components. However, the final
concentration will be slightly higher than this, because of water
losses in the casting and curing of the concrete and subsequent drying
out during storage. The water content of the wet mix was 13.4% but
the observed water content of the concrete some weeks after curing was
8.0%. A fraction of this difference will have been éhemically bound
by the curing process, so not all has been lost. If the amount lost
is assumed to be (2.7 + 2.7)% i.e. half the difference, then the
calculated concentration rises to 3079 + 90 ppm uranium. This

corresponds to an activity of 1070 + 30 pCi g—1 natural uranium.

Unfortunately it is unlikely that the U-238 chain is in
equilibrium. Some fraction of the Rn-222 activity is almost certain
to be able to escape from the uranium ore, and most probably also
from the concrete. Thus the calculated uranium activity cannot be
converted directly into dose rate with any degree of confidence,

especially since about 95% of the dose rate is carried by Rn-222
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daughter products. Accordingly one of the casting samples was broken
up, crushed to less than 500 um and analysed by high resolution gamma
spectrometry, as described in chapter 6. The results of this analysis
are given in table 3.1.4. As this sample gave a total gamma count
(section 3.1.5) of 1.022 times the average, the activities shown
should be corrected appropriately to give the best estimate of the
average activities. However, these results could not be relied on to
give a good estimate of the Rn-222 activity in the block, as it seemed
unlikely that the level of escape from a sample crushed to less than
500 um would be the same as that from a solid 20 cm cube, and so
attempts were made to estimate the Rn-222 activity in the solid discs
of concrete taken as casting samples. Nevertheless, it should be
noted that the observed uramium activity is within experimental error

of that calculated earlier.

3.1.6 Activity of Rn-222 in solid concrete

It was decided to determine the Rn-222 activity in the solid
concrete discs by total gamma counting a standard of known Rn-222
activity and comparing. This is straightforward because all the

intense gamma emissions above 0.25 MeV originate with Rn-222 daughters.

An accurately known weight of the U.S. National Bureau of
Standards' uranium ore NBL 42-1 was mixed with cement, sand and water
to produce a wet concrete mix containing 0.9073% of the standard ore.
This mix was allowed to cure in a polystyrene petri dish, the weight
before and after curing being noted, and the uranium activity of the
concrete disc was calculated as equivalent to 131.0 pCi g_1,
normalised to the same weight as was used in section 3.1.4. This
disc was then sealed in the petri dish with polyester resin. However,
spectrometer analysis (see section 6.7) also revealed that this ore
was not in secular equilibrium. The activity of Ra-226, the Rn-222
parent, is 1.046 times that of U-238, and as a loose powder, the
activity of Rn-222 is 0.955 times that of Ra-226. Thus the activity
ratio of Rn-222 to U-238 in the sealed concrete disc could be between
0.998 and 1.046; a value of 1.022 + 0.022 is assumed. This implies
a Rn-222 activity of 133.9 + 3.3 pCi g_1. This sample was then
counted using the total gamma counting system outlined in section 3.1.5

and an average Rn-222 activity of 945 + 35 pCi g-1 calculated for the



Table 3.1.4

Isotope activities of casting sample A102

Isotope Activity
. =1
pCi g
u-238 1068 20
Th-230 1065120
Ra-226 1191 25
Rn-222 986 20
Pb-210 912 20

From total gamma counting:

A102

Average of 24 samples

Activity ratio = 1.022

Note: errors are in the least significant figures.
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24 casting samples. This is within experimental error of the 965 +

33 pCi g-1 derived for the average activity from table 3.1.4, where
the sample was crushed to less than 500 um. Thus there is no evidence
to suggest that the Rn-222 escape from the solid is different from
that of a crushed sample. Nevertheless, it must be acknowledged that
the emanation from a 20 cm cube could be different from that of an

8 cm diameterby 1.5 cm thick disc, and accordingly the calculated error
limits of + 3% are rounded up to 5% when the average Rn-222 activity

of 955 pCi g-1 is used to derive the annual dose rate.

3.1.7 Annual dose rate at the centre of the quasi-infinite block

Using the average Rn-222 activity derived from the previous
section, and the activities of the other members of the decay chain
derived from table 3.1.4, the annual gamma dose rate was calculated

from the dose rate data given in Appendix E, as 31.7 + 1.6 rads yr_1.

The errors in the dose rate arise almost entirely from the

uncertainties in the level of Rn-222 escape from the solid concrete.

3.1.8 The doped concrete as a radiological hazard

It is appropriate here to give some consideration to the health
hazard posed by the assembled block. For security reasons, and for
protection from the weather, the finished concrete bricks were
assembled in a small basement room appraoximately 2m by 2m by 2m.

Thus the equilibrium activity of Rn-222 in the atmosphere, assuming
no air movement, would be about 5 x 104 pCi 1_1. The maximum
1 for a 2000 hour working year (ICRP 24,

Radiation protection in uranium and other mines, 1977). Although

recommended level is 30 pCi 1~

there is no need, in this case, for this level of occupancy, it is
clear that the completed blocks pose a considerable health hazard.

In addition, there is the gamma dose rate at the surface of the block
to be considered. At about 3.5 mrad hr—1, this is also slightly

above the maximum permissible dose rate for a 2000 hour working year.

After consultation with the University Radiation Protection
Officer, a ventilation fan was fitted to the room before the blocks
were installed. This vents outside the building, and it is
conservatively calculated that it should give about seven air changes
every hour. Thus the equiiibrium concentration of Rn-222 is now

expected to be about 50 pCi 1-1, which is considered acceptable,
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provided the room is not normally occupied.

3.2

EXPERIMENTALLY OBSERVED DOSE RATES IN THE URANIUM BLOCK

In this section the experimentally observed dose rates in

various phosphor and encapsulating material combinations, expaosed at

the centre of the uranium doped concrete block, are compared with the

calculated infinite matrix dose rate, and experimental calibration

factors for each combination determined.

3.2.1

i)

Phosphors and encapsulating materials used as TL dosimeters

The TL phosphors used were chosen for a variety of reasons:
Calcium fluoride (natural)

This is the phosphor most commonly used in the past in this
laboratory for environmental work, and it is thus important to
determine its absolute response if earlier measurements are to
be interpreted correctly. It also has conéiderable advantages,
in that, unlike most other phosphors, the TL peak III at about
270°C has no detectable (i.e. less than 3%) fading over a five
year period (AITKEN, 1968). It is also very sensitive (with
appropriate care, doses of less than 1 mrad can be measured with
a sample of less than 10 mg). However, it has some
disadvantages, in particular it has an internal dose rate of
10 mrad yr-1 (AITKEN, 1968), which is a limitation when very low
dose rates are being measured. In addition the mass energy
absorption coefficients at low energies are about 3 times those

of quartz, which suggests that a calcium fluoride dosimeter is

likely to be more sensitive to the low energy end of the spectrum

than quartz. These relative absorption coefficients are shown
in figure 3.2.1. They have been calculated from data given by
STORM and ISRAEL (1970), assuming the Bragg additivity rule
applies,

i.e. assuming

(70 =S, Yoy w, - ----- - - 5

where ('/p) is the average mass energy absorption coefficient,

07&1 are the mass energy absorption coefficients of the
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individual components,
and w, are the fractions by weight of the individual
components, which are listed in table 3.2.1.
The supplier of the phosphor used, type Super S, was
MBLE, Brussels, (see SCHAYES et al, 1963).
ii) Obsidian
This phosphor was described in some detail in the last
chapter. Its principal advantage is that it has an almost
identical response to that of quartz (figure 3.2.1). However,
it is insensitive (about 10_3 times natural calcium fluoride),

and the fading must be monitored (section 3.2.2).

iii) Aluminium oxide (doped with Si and/or Na)

Aluminium oxide shows the same advantagés as obsidian, in
that the absorption characteristics are very similar to those of
quartz, (figure 3.2.1) but it has much greater sensitivity (about
0.2 of that of natural calcium fluoride) and on kinetic grounds,
it is not expected to show any thermal fading. However, the
sample used did show some short term fading (about 5% in 24 hours),
which is assumed to be 'anomalous' (WINTLE, 1973, 1978), and thus
fading corrections had to be made as described in section 3.2.2.
This material was kindly supplied by G.Portal, CEA, Fontenay-

sur-Rose, France.

iv) Lithium fluoride
Lithium fluoride is perhaps the best known TL phaosphor in
common use, because of its medical significance. From the point
of view of a quartz like dosimeter it is not very satisfactory
because its absorption coefficients are significantly different,
as can be seen from figure 3.2.1. In addition it is only about
0.02 times as sensitive as calcium fluoride, and it also shows

short term fading. The material used was Harshaw type TLD 100.

With these four different phosphors, four different encapsulations

have been used.

i) Nylon
Prior to the work described in this thesis, nylon was the
routine encapsulation material used in this laboratory. It is

used here because it has a low atomic number which 'matches'
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ii)

iii)

iv)

lithium fluoride. In addition, the results obtained allow
reinterpretation of earlier work, if necessary. The capsules
were cylindrical in shape, with a 4 mm wall thickness and an

internal cavity 5.1 mm diameter by 4.0 mm long.

Aluminium

This was chosen because it has an atomic number close to
the average of that of calcium fluoride, obsidian and aluminium
oxide, and thus will have similar energy attenuation and
absorption characteristics to these materials. It has also been
used as a routine encapsulation. However, most sources of
aluminium have considerable radioactive impurities (see chapter
6) which increases the minimum detectable dose rate to
unsatisfactory levels. The capsules were cylindrical in shape,
with a 1.5 mm wall thickness, and an internal cavity 4.8 mm
diameter by 4.0 mm.

Glass

This was selected because it also provides an excellent
'match' to both aluminium oxide and obsidian. It was used in
the form of a glass tube of wall thickness 3 mm, about 20 mm long.
The internal diameter was 3 mm, and the ends of the tube were
blocked with 'Blu-Tak', an adhesive putty that does not set. The
end effects introduced by this material are reduced by the fact
that a layer of grains adhere to the putty and so they are not
analysed. These are the grains most likely to be affected by the
secondary electron spectrum produced by the photon flux in the
putty; such end effects will be further reduced by the capsule

geometry.

Copper

Copper has been used more recently because of its practical
convenience, as it is possible to anneal the phosphor 'on site'
by heating a preloaded capsule in a portable oven. It also has
the big advantage of being corrosion resistant and can be made
moisture tight by silver soldering. Compared with other ’
encapsulating materials, it has a high atomic number and so a

relatively large photoelectric ceefficient. Thus it can be used

.as an energy filter to selectively attenuate low energy photons.
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The capsules were about 20 mm long, made from copper tube 3 mm
internal diameter and 1.5 mm wall thickness. The ends were

pinched flat and silver soldered.

It is obviously important that the beta dose rate to a phosphor
contained in one of these materials should be a negligible fraction
of the gamma dose rate. Of the four described above, 1.5 mm of
aluminium was calculated to attenuate the beta flux from the U-238
decay chain by more than 97% (EVANS, 1968a); all the others were
more effective than this. The beta dose rate is 1.4 times the gamma
dose rate (for 20% Rn-222 escape) and so about 4% of the phosphor dose
will be from beta particles (neglecting gamma attenuation effects).
However, the beta flux will be further attenuated by passing through
the phosphor, and so a 2% contribution is probably generous. The
other materials, glass, nylon and copper, are predicted to have a

0%, 1% and 0% beta contribution respectively.

All the phosphors were used as grains sieved to 90 to 150 um
diameter. Measurement was by direct comparison of light levels
induced by exposure in the concrete block with those induced by the
beta source described in chapter 2, as sensitivity changes were found
to be negligible in all cases. All the phosphors were beta irradiated
as monolayers on stainless steel discs. The calibration of the beta
source for calcium fluoride and obsidian was described in detail in
chapter 2; the approach used to calibrate for aluminium oxide and
lithium fluoride was identical in all respects, except that lithium

fluoride was gamma irradiated in perspex.

3.2.2 Fading corrections

Fading corrections proved necessary when using obsidian, aluminium
oxide and lithium fluoride. In all cases they were determined by
giving a portion of the phosphor a known beta dose at least two orders
of magnitude greater than the anticipated dose from the concrete block.
This portion was packed into a capsule identical with those used to
determine the block dose rate, placed in the block a few centimetres
from the unirradiated capsule and left throughout the exposure. All
the capsules were withdrawn from the block 24 hours before measurement,
and in the case of the dosed capsules, the loss of TL evaluated by

repeating the known beta dose after measurement of the 'faded' TL.



Initially this regime was more complex in that the fading was
monitored after 24 hours, and then at the end of the exposure, and it
was found that the observed fading after these two periods was the
same, within experimental error, in every case. Thereafter the

simplified procedure was used.

In the case of obsidian it was shown experimentally that this
fading measurement did indeed measure the true fading. A portion of
obsidian 100 um grains was given a known beta dose and then part was
measured after 24 hours, and part after 6 days. The 'faded' to
'prompt' ratio was 0.959 and 0.964 after 24 hours using two discs and
0.963 and 0.970 after 6 days on a further two discs. An additional
disc was exposed continuously over a five day period to a weak beta
source, so that the total dose given was about 13% of the single
known dose used to monitor fading. This disc was then stored for
24 hours before measurement of the TL. The dose was then repeated,
this time over 57 seconds, and the 'faded' to 'prompt' ratio
calculated to be 0.964. (These ratios include corrections for the
slight (1%) change in sensitivity after every heating cycle discussed
in chapter 2). Thus for obsidian at least, the fading measured after

the total storage time agrees well with the true fading.

3.2.3 Weight of phosphor used

If the dimensions of the phosphor are comparable with the path
length of the secondary electrons produced in the encapsulating material
by the photon flux, then the dose in the phosphor may be dependent on
the mass of phosphor used. However, if a large enough mass is
irradiated, the contribution from the dose delivered by wall secondary
electrons to the average dose will be negligible. From a consideration
of the ratios of mass absorptionvcoefficients and electronic stopping
powers given in.section 3.3.3, this will not be an important effect
for aluminium and glass capsules, but it will be significant for nylon

and copper.

This effect should be most obvious in copper, and so this has
been investigated experimentally using calcium fluoride. Five copper
capsules were packed with different amounts of calcium fluoride,
ranging from 20 mg to 500 mg. The observed doses after an exposure

of about five days in the block are shown in figure 3.2.2. It is
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clear that for more than about 80 mg of calcium fluoride, the effective
dose rate will be within 3% of that to 500 mg. In routine use, more-
than 100 mg of each phosphor was used in all capsules. This should
ensure that small variations in phosphor weight do not affect the

reproducibility from one capsule to another.

3.2.4 Experimentally observed quasi-infinite matrix dose rates

The dose rate at the centre of the assembled uranium block has
been measured over a period of about two years, using most of the
possible combinations of phosphors and wall materials. The observed

dose rates are shown in table 3.2.2.

Typically the fading correction applied to the lithium fluoride
and aluminium oxide results was 4% and 6% respectively. That applied
to obsidian varied between 0% and 9%. Irradiation times varied
between about 2 and 50 days. The errors shown are the standard errors
on at least four determinations from each capsule, combined with the
experimental error in the beta source calibration. The average dose
rates derived from table 3.2.2, after removal of the beta dose
contribution (section 3.2.1) and expressed as fractions of the
infinite matrix dose rate derived in section 3.1.7, are given in
table 3.2.3. Here the errors include experimental scatter in the
observed dose rates (or an estimate thereof) and also the 3%
systematic beta source error (see chapter 2) and the 5% uncertainty

in the infinite matrix dose rate (section 3.1.6).

Discussion of these results will be postponed until the end of
section 3.3. It is sufficien£ here to observe that the routine
combinations of calcium fluoride in nylon, aluminium and copper all
appear to underestimate the infinite matrix dose rate, and thus the

gamma dose rate to quartz, by between 10 and 15%.

3.3 CALCULATION OF DOSE ABSORBED BY A TL DOSIMETER PLACED IN
AN INFINITE GAMMA EMITTING MEDIUM

In this section data are presented which permit the calculation
of the dose absorbed by a capsule (i.e. an encapsulated TL dosimeter)

from the infinite matrix gamma spectra derived from a uranium series



Table 3.2.2

Observed dose rates in a 1 m cube of concrete doped with 1 nCi g-1 (nom.)

. . -1
uranium, in mrad yr

calcium aluminium obsidian lithium
fluoride oxide fluoride
Nylon 27.5 2 28.3 7 - 27.8 9
28.6 6 24.910
27 .4 6
aluminium 27.8 3 25.7 5 29.1 9 -
glass 25.9 3 26.0 7 26.5 6 -
28.4 9
copper 27.2 5 27.1 6 32.614 33.310
26.3‘3 36.0 4
27.6 3 35.3 6
27.3 3 32.5 5
27.9 3

Note: errors are in the least significant figures, and are standard
errors derived from at least four measurements from each

capsule.



Table 3.2.3

Observed ratios of capsule dose rates to the infinite matrix dose rate

in the uranium block

calcium aluminium obsidian lithium

fluoride oxide fluoride
Ny lon 0.87 5 0.88 6 - 0.82 6
aluminium 0.86 5 0.79 5 0.90 6 -
glass 0.82 5 0.82 6 0.87 6 -
copper 0.86 6 0.85 6 1.08 P 1.05 8

Note: errors are in the least significant figures, and are total

errors (see text)
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source, a thorium series source and a potassium source. In the case
of the uranium spectrum, the calculated dose rates are compared with
the experimental results of the last section, and finally the
calculated dose rates for all three spectra are used to derive
correction factors to enable routine measurements to be made of

infinite matrix soil dose rates using encapsulated TL dosimeters.

3.3.1 The infinite matrix spectrum

The photon energies and intensities present in an infinite
matrix gamma spectrum result from a combination of degradation of the
primary photons, mainly by inelastic (Compton) scattering, and
absorption of energy by both Compton scattering and the photoelectric
process. In an infinite absorbing matrix containing a homogeneously
distributed gamma emitter these processes result in an equilibrium
spectral distribution being set up throughout the matrix. It is this
equilibrium secondary spectrum which deposits energy in a TL capsule
inserted in such a medium, and thus a knowledge of this spectral
distribution is essential if any attempt is to be made to calculate
the dose in the phosphor. BOWMAN (1976) presents no such information,
and until recently only MEJDAHL (1970) had considered this problem in
any detail. From a consideration of work published by GUSTAFSON and
BRAR (1964), and from his own experimental data, he suggested that
between 2% and 4% of the total energy was carried by photons of energy
less than 150 keV in a composite uranium, thorium and potassium
infinite matrix spectrum. He also examined the response of calcium
sulphate (doped with dysprosium) in steel tubes when externally
irradiated with gamma and X rays, and concluded that such a dosimeter
would over-respond by less than 2% compared with quartz grains in
a clay tablet exposed to a typical soil spectrum. However, he
neglected consideration of overall attenuation effects. Although there
will clearly have been some attenuation of the external flux before
it interacted with the quartz grains in the clay tablet, in the real
case of a buried sherd the sherd matrix is also radioactive, and is
often similar in activity to the surrounding matrix. Thus the nett
effect is only a second order correction to the secondary gamma flux,

"and so the attenuation through an inactive capsule wall will give rise

to an underestimate of the true dose rate to a small absorbing grain.

More recently JAIN et al (1979) have considered the problem of



calculating the infinite matrix secondary spectrum in some detail,

and have performed these calculations for two media, sandstone and
shale, with a variety of porosities and water contents, assuming an
equilibrium uranium series source homogeneously distributed throughout
the medium, and also an equilibrium thorium source, and a potassium
source. They approached the problem by solving the general transport
equation using the discrete ordinates method, and as a check on their
technique compared the results for a single gamma emitter with those
obtained from a Monte Carlo calculation using the Los Alamos Monte
Carlo code MCP (CASHWELL et al, 1973). The results were in excellent

agreement.

Figure 3.3.1 reproduces the calculated infinite matrix spectra
derived from the three sources in a non porous shale matrix. The
components of this shale are given in table 3.3.1, as are those of
concrete, corrected for the increased calcium content which arose
because the proportion of cement used in the construction of the
quasi-infinite matrix was 28% instead of the typical 15% used in table
3.1.1. The ratio of the mass attenuation coefficients of shale and
of the calcium rich concrete, to those of the 'typical' soil given in
table 3.1.1 are shown in figure 3.3.2. It can be seen that the
characteristics of shale and soil are very similar. Thus the
calculated spectra of figure 3.3.1 should'be very close to those found

in soil.

For comparison, the primary uranium, thorium and potassium spectra
used by Jain et al are shown in figure 3.3.3. Figures 3.3.4 and 3.3.5
show the energy spectra and integrated energy spectra respectively.

These were derived directly from the data of figure 3.3.1.

3.3.2 Attenuation and absorption of energy by a capsule

If the material surrounding the phosphor (the capsule wall) is
sufficiently thick to ensure that charged particle equilibrium is set
up within the wall, then in principle the problem is covered by the
general cavity theory developed by BURLIN (1966). However, his
approach is not immediately relevant here, because he assumed that the
gamma flux was homogeneous throughout the dosimeter, a condition
closely approximated at the energies considered by Burlin and later

workers in testing the general theory. However, in the case of an



Figure 3.3.1

Infinite matrix spectra for shale

Note: derived from Jain et al, (1979)

1.0 4
0.8
uranium series
0.6

0.4

0.2

0.0 : |

0 1000 2000

1.0—1

0.8
thorium series

0.6

0.2

0.0 T T T l

0 1000 2000
1.0 u

Photons per 50 keV Interval, relative units

0.8
potassium

0.6 7

0.4

0.2-

0.0 T l l
0 1000 2000
Photon Energy, keV



Table 3.3.1

Components of shale and calcium rich concrete

Element Shsle Conifete

H 1.34 0.8
C 1.55 -

0 49.77 49.0
Na - 1.5
Al ' 9.79 4.2
Si 27.76 27.6
K 2.74 1.7
Ca 2.26 14.1
Fe 4.79 1.1

Note: 1) the components of concrete are those from table 3.1.1, but
with the cement fraction increased from about 15% to 28% of
the total.

2) the components of shale are taken from JAIN et al (1979).
1.5% Mg has been included with Al.



Figure 3.3.2

Ratio of mass attenuation coefficients of shale and calcium rich

concrete to 'typical' soil

Note: calculated assuming the concentrations given in table 3.3.1
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Figure 3.3.3

Primary spectra used to calculate the infinite matrix spectra of

figure 3.3.1

Note: derived from Jain et al, (1979)

0.2-
uranium series
0.1
g 0.0 Hﬂ-‘ﬂpﬂﬂwﬁp—l , nﬂ
§ 0 1000 2000
© 0.2
>
4
)
(4]
~
Q
~
- thorium series
]
4]
>
~
S 0.1+ -]_
S
>
Qo
X
Q
(Vo
2 N
G [ n
% 0 1000 2000
-QC_ 1.0- -
0.8—
potassium
0.6—
0.4
0.2—
0.0 T |
0 1000 2000

Photon Energy, keV




Figure 3.3.4

Infinite matrix energy spectra for shale

Note: calculated from the data of figure 3.3.1
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Figure 3.3.5

Proportion of the integrated spectral energy carried by photons above a

given energy, for the infinite shale matrix spectra
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infinite matrix spectrum it is likely that a significant fraction of
the total energy absorbed by a phosphor is carried by photons that will
be noticeably attenuated by practical phosphor dimensions (e.g. photon
energies of less than 200 keV, see figure 3.3.8) and so this assumption
is not necessarily valid. Although it should be possible to modify

the general theory to remove this limitation, the simpler approach
adopted here is to assume charged particle equilibrium (CPE) across

the phosphor/wall interface, and to calculate the attenuation due to
the wall material using the appropriate mass attenuation coefficients.
The degree to which this assumption is satisfied by the phosphor/wall
combinations used in the preceding sections will be discussed in
section 3.3.3. The rate of energy absorption from this attenuated
photon spectrum by the phosphor can then be calculated for each energy
interval, and the total dose rate obtained by summation. Consider
first the attenuation of the infinite matrix spectrum by the capsule
wall, such that

I(E) = Io(E) exp( - (Vo)ny, o™ g") === == - 6

where I(E) is the attenuated photon flux in the energy interval E,

I,(E) is the incident photon flux in the energy interval E,

pr)att is the mass attenuation coefficient at that energy,

p is the bulk density,

g is the average path length,
and the superscript w indicates the wall material. This assumes of
course that any photons scattered by the wall are unlikely to undergo
further interactions with the phosphor. The other extreme would be to
use the mass' energy absorption coefficients to give the attenuation;
this would assume that all scattered photons are subsequéntly
available to interact with the phosphor. The true situation will
clearly lie somewhere in between, but from a consideration of the
likely geometries, and of the angular dependence of Compton scattering,
it can be concluded that the mass attenuation coefficients are the
better choice. The resulting attenuated spectrum, ;LEL, then
interacts with the'phosphor, and the energy absorbed is calculated

using the mass energy absorption coefficients. This assumes that the



probability of a photon inelastically scattered in the phosphor
subsequently interacting with the phosphor is negligibly small, and
also that the TL response per rad of the phosphor is independent of
the photon energy, (see section 3.3.4). Thus the energy absorbed

per second, EZ(E), in the phosphor from the attenuated gamma flux I(E)

is given by
) (W )P P P
EZ(E) = I(E) [1 -e (/p)en e g:l Y - 7

where (Wb)en are the mass energy absorption coefficients, and the
superscript p stands for the phosphor. The effective path length
through the wall, gﬁ, in equation (6) is taken to be the radial wall
thickness; that through the phosphor, gE, in equation (7) is taken to
be the average length of randomly oriented chords in a convex body,
given by ICRU 33 (1980) as

where V is the volume of a convex body of surface area S. It should
also be noted that p is the bulk density which may be dependent on
grain size and packing density in the case of the phosphor. Note that
using the radial wall thickness for.gz will tend to underestimate the
true value, because it neglects oblique photon incidence. It is
thought that this simplification is justified because the degree of
obliquity is constrained by the condition that the photon must pass
through the phosphor, and also because the dose at a point is absorbed
from the kerma produced some distance 'upstream' of that point (see
chapter 2). Therefore the geometric path length will always tend to

give rise to an overestimate of the true attenuation.

The absorbed energy per second in equation (7) may then be
expressed as dose rate in the phosphor, bp(E), by dividing by the

phosphor mass, pr, i.e.
. EP(E)

OP(E) = 2— L LoD 9
oPVP

Thus the energy absorbed from the photon flux in a single energy
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interval may be calculated using equations (6) to (9). In this case.
where a broad spectrum of energies is involved, equation (9) must
then be summed with respect to emergy. This has been done for the
phosphors and encapsulations described in section 3.2.1, and is

detailed in the next section.

3.3.3 Calculation of the dose rate recorded by TL capsules

This section sets out the results of the calculations described
above, with the capsules exposed to the infinite matrix spectra
discussed in section 3.3.1. However, the sources of the remaining
input data must first be given, and the degree to which the
assumptions set out in section 3.3.2 are met must be considered

further.

The most important assumption was that of chérged particle
equilibrium across the phosphor/wall interface. This will only be the
case if the two materials are perfectly matched, i.e. if both the
ratios of the electronic stopping powers and of the mass energy‘
absorption coefficients of the phosphor to the wall material are close
to unity across the energy range of interest. Figure 3.3.6 a,b,c,d
gives the ratio of the electronic stopping powers of the four phosphors
used to those of copper, of glass, of aluminium and of nylon
respectively. These curves have been calculated from data presented
in BERGER and SELTZER (1964) assuming the compositions given in table
3.2.1, and that the Bragg additivity rule applies, i.e. that the

average stopping power for a compound is given by

S=%iSiW o mme------- 10

where E:is the average stopping power,

Si is the stopping power of the 'i'th element,

Wi is the fraction by weight of that element.

Similarly figure 3.3.7 a,b,c,d gives the same ratios of the mass
energy absorption coefficients, calculated from data given by STORM
and ISRAEL (1970), using equation (5). Note that here the vertical

scale is logarithmic.

Clearly the best agreement is between aluminium oxide, obsidian



Figure 3.3.6

Ratio of phosphor stopping powers to those of the encapsulating material
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Figure 3.3.6 (continued)

Ratio of phosphor stopping powers to those of the encapsulating material
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Figure 3.3.7

Ratio of phosphor mass absorption coefficients to those of the encapsulating

material
] (a) copper
b ] ey
1.0 - =
-t
calcium fluoride (1.06)
o
-
-+ p-
S obsidian (1.08)
0.1 aluminium oxide (1.06)
N lithium fluoride (1.06)
0 1000 2000
L L 1 1 1 1
Photon Epergy, keV
] (b) glass
calcium fluoride (0.98)
_.*
obsidian (1.00)
.B 1.0 | I I | |
@
a -
aluminium oxide (Q0.99)
—1
- lithium fluoride (0.93)
0.3 ~

Note: values of the ratio at 1 MeV are given in parentheses



Figure 3.3.7 (continued)

Ratio of phosphor mass absorption coefficients to those of the encapsulating

material
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and glass, and it is for these two combinations that equation (9)
should most closely approximate to the experimental situation, no
matter how little phosphor was used in the capsule. The best match to
calcium fluoride is aluminium, and to lithium fluoride, nylon, although
these combinations are not as satisfactory. In practice however, it

is expected that in view of the minimum quantity of 100 mg used,
equation (9) should provide reasonably accurate predictions of the

dose rate in all the phosphors encapsulated in aluminium and glass,

and also of that of lithium fluoride in nylon. Furthermore, it was
shown in section 3.2.3 that, at least for calcium fluoride in copper,
sufficient phosphor was used to ensure that the dose rate was
independent of phosphor mass, up to about 500 mg. This implies that the
effect of any changes in the secondary electron flux across the
phosphor/wall boundary on the average dose rate was small, and so it

is likely that equation (9) will apply in this case. It is less
certain that this should also be true of the remaining combinations,

as the fractional differences in stopping powers and mass absorption
coefficients for these phosphor/wall combinations are greater than

those between calcium fluoride and copper.

It must also be noted here that only the copper capsules are
sufficiently thick to guarantee that all the secondary electron flux
in the wall is generated within the wall material. For iﬁstance, an
electron of energy about 0.8 MeV would just penetrate 1.5 mm of
aluminium, the corresponding figure for 3 mm of glass is about 1.6 MeV,
and for 4 mm of nylon, about 0.9 MeV. Nevertheless, in view of the
similarities in photon absorption characteristics and stopping powers
of concrete, soil, glass and aluminium this will introduce a negligible
error in these cases. Even for nylon capsules the error is not
thought to be significant as it is that material closest to or in
contact with the phosphor that will be the most impértant factor in
determining the electron spectrum entering the phosphor (BURLIN and
CHAN, 1969).

The effective density of the phosphors must now be considered.
All of the phosphors were of the same grain size fraction, and so it
is assumed that the same packing fraction for loosely piled grains
applies to each. This fraction has been investigated for calcium

fluoride directly; for volumes greater than 0.02 cm3 it was found to
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be constant at 0.63 + 0.03. This is the coefficient used to derive
the bulk density, EEJ from the density of the solid phosphor, to be

used in equations (8) and (9).

Finally we must reconsider the spectral data. The emitted photon
intensities used by JAIN et al (1979) for the primary spectra were
relative, and so comparison with the dose rate per unit activity
figures given in Appendix E cannot readily be made. However, the
infinite matrix dose rate for the 'unit source' used by these authors
can be calculated, in two ways. (The 'unit source' is defined as that
concentration of K-40, or of emitters from the uranium or thorium
series, that would give rise to 1 photon sec™! cn™> in the infinite
medium.) The first method is to derive the average energy per photon
for each of the primary spectra, calculated to be 797.4 keV, 843.0 keV
and 1461 keV for the uranium, tharium and potassium spectrum
respectively, and then knowing the density of shale (2.6117 g cm-3)
calculate the infinite matrix dose rate assuming that the energy
absorbed per unit mass equals that emitted. The second approach is to
allow the calculated infinite matrix spectra to interact with a small
unencapsulated shale absorber, using equations (7) to (9). This
calculation has been performed for a variety of absorber sizes (all
with no wall attenuation) and the dose rate has been found to be
constant to within 0.1% for spherical grain sizes less than 10 um
in diameter. Both methods give results within 3% of each other for
each spectrum. It is thought that these small differences arise as
a result of the approximations made in computing the infinite matrix
spectra, as well as from systematic errors in mass energy absorption
coefficients, and so the latter approach of interacting with a shale
absorber is used here when expressing the calculated dose rates as

fractions of the appropriate infinite matrix dose rates.

Equation (9) has been summed with respect to energy for each of
the phosphor/wall combinations discussed, using each of the three
source spectra, uranium, thorium and potassium, as input data, and
the results are given in table 3.3.2, with the dose rates expressed

as fractions of the appropriate infinite matrix dose rate.
3.3.4 Discussioﬁ

Before considering the calculated results for the thorium and



Table 3.3.2

Calculated ratios of capsule dose rates to the infinite matrix dose rates

calcium aluminium obsidian lithium
fluoride oxide fluoride

Uranium spectrum:

Nylon 1.01 0.86 0.89 0.79
aluminium 1.01 0.87 0.90 0.79
glass 0.97 0.84 0.87 0.76
copper 0.83 0.76 0.78 0.7

Thorium spectrum:

Nylon 1.01 0.87 0.90 0.79
aluminium 1.01 0.87 0.90 0.79
glass 0.98 0.84 0.87 0.77
copper 0.84 0.77 0.79 0.72

Potassium spectrum:

Ny lon 0.98 0.90 0.92 0.83
aluminium 0.98 0.88 0.93 0.84
glass 0.95 0.88 0.90 0.81
copper 0.86 0.83 - 0.84 0.77

Note: calculated as described in text using infinite matrix spectra
given by JAIN et al (1979).



3.23

and potassium spectra, the experimental calibration factors taken

from section 3.2 must be compared with the calculated values derived
using the uranium spectrum. This is done in table 3.3.3. As expected
obsidian and aluminium oxide in both aluminium and glass capsules give
good agreement with the calculated response, as does lithium fluoride
in nylon. However, the calcium fluofide results for these three
encapsulations appear significantly discrepant. This is unexpected,
at least in the case of calcium fluoride in aluminium, and it is
thought that two effects combine to produce this discrepancy. The
first arises from the differences between the composition of shale and
the calcium rich concrete in the block. Figure 3.3.2 shows that at
low energies the mass attenuation coefficients of the block are
greater than those of shale, which implies that the actual photon flux
at these low energies will be less than that calculated for shale.
Aluminium oxide, obsidian amd lithium fluoride are not expected to be
sensitive to such low energy discrepancies; as can be seen in figure
3.3.8(a) less than 6% of the total dose to aluminium oxide in glass
is delivered by photons of energy less than 100 keV, whereas calcium
fluoride in nylon, aluminium and. glass (figure 3.3.8(b))absorbs about
14% of the total dose from such low energy photons. Calcium fluoride
in copper.(figure 3.3.8(c)) again absorbs less than 5% from this
region because of the large attenuation coefficient of copper at low
energies. Clearly calcium fluoride in nylon, aluminium and glass will
be much more sensitive to discrepancies between the calculated and
true low energy flux than any of the other combinations. Secondly it
is possible, although unlikely, that insufficient phosphor was used to
ensure that the effects arising from the failure of charged particle
equilibrium across the phosphor/wall boundary were reduced to

negligible proportions.

It is worth noting at this point that another possible
explanation for these discrepancies would arise if the TL response
per rad was not independent of energy, i.e. if the variation of TL
response with energy was not given by the mass energy absorption
coefficients. However, ALMOND et al (1968) have measured the relative
response of calcium fluoride and found that it agrees well with the

calculated response in the energy range of interest here.



Table 3.3.3

Ratio of observed capsule response in uranium concrete block to

calculated response

calcium aluminium obsidian lithium

fluoride oxide fluoride
Nylon 0.86 5 1.02 7 - 1.04 8
aluminium 0.85 5 0.91 6 1.00 7 -
glass 0.85 5 0.98 7 1.00 7 -
copper 1.04 7 1.12 8 1.3810 1.4911

Note: errors are in the least significant figures, and arise from
errors in the observed results only. They include the total
error in beta source calibration and in the block dose rate.

Note that the beta source was calibrated for each phosphor

used. When comparing the results from different phosphors

a large fraction of the normally systematic error in this
calibration will in this case no longer be necessarily systematic
in the same direction, and in general separation of the total
errors given into systematic and random components is complex.
However it is estimated that on average these two components

contribute approximately equally to the total error.



Figure 3.3.8

Absorbed dose plotted against photon energy for three phosphor/wall

combinations when exposed to the infinite matrix uranium spectrum

(a) aluminium oxide
in a glass capsule

0 T T T T
0 1000 . 2000

F (b) calcium fluoride
in a glass capsule

10

0 1 T T
0 1000 2000

(¢) calcium fluoride

in a copper capsule
10 -

% of Total Dose Rate Absorbed in each 50 keV Interval
(V]
|

0 ] | | ] !
0 1000 2000
Photon Energy, keV



We shall now consider the other major.discrepancies between the
calculated and observed responses, those of lithium fluoride and
obsidian in copper. The most likely cause of this disagreement is
that a significant proportion of the total dose to these phosphors is
in fact derived from the secondary electron flux generated in the wall
material. This is possible in these cases, because the fractional
differences between the mass energy absorption coefficients and
stopping powers of, say, obsidian and those of copper are greater
than the differences between those of calcium fluoride and of copper.
Thus the results of section 3.2.3, where the variation of dose rate
with mass of calcium fluoride in copper was investigated, would not
necessarily apply to these combinations. However, it must be
acknowledged that this explanation does not account for the observed
difference in the response of aluminium oxide and.obsidian in copper.
Both the mass energy absorption characteristics and the electronic
stopping powers of these two phosphors are very similar, and so it is
thought that the difference found is an experimental artefact. (The
aluminium oxide result is based on only one measurement). Another
important contribution in these circumstances is likely to arise from
electron backscattering effects at the phosphor/wall interface such
as have been observed, albeit in planar geometry, by DUTREIX and
BERNARD (1966) and by OGUNLEYE et al (1980).

Despite the discrepancies discussed above, it is felt that the
results of table 3.3.3 show that for those phosphor/wall combinations
where the assumption of charged particle equilibrium is valid the
calculations of section 3.3.3 do provide good estimates of the true
response. Furthermore, this conclusion can be extended to those cases
where we can be sure that any discontinuity that does exist contributes
little to the average dose rate. The particular example of importance
here is that of calcium Fluoride in copper for which it has been
experimentally demonstrated that sufficient phosphor was used to
ensure that this condition was fulfilled. It is now considered valid
to use the calculated response of the combinations discussed above,
when allowed to interact with the thorium and potassium spectra, to
calculate average calibration factors for use when exposed to a typicél

composite spectrum.



3.25

3.3.5 Variation of relative response of capsules with energy

compared with a small unencapsulated shale absorber

It is instructive to consider variations in the relative response
of some of the phosphor/wall combinations with energy, when compared
with the response of the infinite matrix medium. This has been done
for aluminium oxide in glass, and calcium fluoride in glass and copper,
by dividing the proportion of energy absorbed from the incident photon
flux by these capsules, by that absorbed by a small (<10 um diameter)
unencapsulated shale absorber for each energy interval. This variation
in response is shown in figure 3.3.9(a). The dose absorbed from each
energy interval by the shale absorber from the uranium spectrum is
also shown (figure 3.3.9(b)) as is the integrated dose absorbed above
each energy interval (figure 3.3.9(c)).

The response of the combination of calcium fluoride in copper is
seen to be constant within + 3% from about 100 keV to 2.5 MeV, in
contrast to that of calcium fluoride and aluminium oxide in glass,
which varies rapidly below about 250 keV. This relatively flat
response of calcium fluoride in copper is the combined result of the
large increase in energy absorption at low energies of calcium fluoride,
with the correspondingly large attenuation of low energy photons by
the copper capsule. Over the higher energy range of the spectrum
calcium fluoride in copper under-responds by about 11% on average, the
other two combinations by about 8%. Unfortunately, about 25% of the
infinite matrix dose is absorbed from photons of energy less than
250 keV, only 10% from photons less than 100 keV. Clearly calcium
fluoride in copper will be much less sensitive to variations in
spectral shape when the relative response compared with that of the
infinite matrix is considered. Thus the calibration factor of (1/0.83)
derived from table 3.3.2 is likely to be less dependent on small
variations in the composition of the infinite matrix, for instance due
to water content fluctuations, than are the calibration factors

appropriate to other potentially useful combinations.

3.3.6 Calculated average response of capsules exposed to a

composite infinite matrix spectrum

Table 3.3.4 gives the averaged response of these various

phosphor/wall combinations when exposed to a composite spectrum



Figure 3.3.9
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Table 3.3.4

Calculated average ratio of capsule dose rates to a composite

infinite

matrix dose rate

Nylon
aluminium
glass

copper

Note: 1)

2)

3)

4)

calcium aluminium obsidian lithium
fluoride oxide fluoride
1.01 1 0.89 5 0.92 2 0.82 3
1.03 2 0.90 3 0.94 4 0.83 5
0.97 2 0.85 2 0.88 2 0.78 3
0.84 2 0.79 4 0.81 3 0.74 3

the above ratios have been calculated assuming a contribution
of 27%, 37.2% and 35.8% from uranium, thorium and potassium
These are the ratios that would arise from
U-238 ( + U-235), 1 pCi g~

respectively.
'typical' activities of 1 pCi g—1
Th-232 and 15 pCi 9-1 of K-40.

an average correction of 3.4% and 1.5% for the beta dose
contribution, in the aluminium and nylon capsules respectively,
is also included.

the uncertainties given, in the least significant figures, are
estimates of the degree of isotope dependence ( see text)

the dose rate to quartz inclusions or pottery fine grains is

expected to be within 3% of the infinite matrix soil dose rate.
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corresponding to that from 1 pCi g-1 of uranium and thorium in
secular equilibrium with their daughter products, and 15 pCi g-1 of
K-40, i.e. 'typical' soil concentrations. The possible errors that
might result if the true activity was entirely from one source are
also given. The recommended combination for routine field use is
calcium fluoride in copper. This has been shown to be insensitive to
variations in the amount of material in the capsule, and as discussed
in section 3.2.3, this phosphor is sensitive, fading is negligible,
the measurement procedure is straightforward and the encapsulation is
robust; all of these characteristics are important in a routine field
dosimeter. As the attenuation characteristics of 'typical' soil are
almost identical with those of shale, the ratio derived in this
section should be directly applicable to environmental measurements
'on site' Furthermore, it was shown in the preceding section that
this ratio should be insensitive to variations in spectral quality

and thus to variations in soil composition.

Finally, the uncertainties on the correction factor of 1.19
derived from table 3.3.4 for the recommended combination of calcium
fluoride in copper must be considered. Firstly there is a
contribution of about 2.5% to allow for variation in the proportion
of the three contributing sources to the composite spectrum. However,
this figure covers the extreme possibilities of only one such source
being in fact present; this is very unlikely in practice, and an
uncertainty of about 1.5% is considered more realistic. Secondly,
there is a component arising from the conversion from the infinite
matrix dose rate to the dose rate in a 100 um quartz grain or pottery
fine grain. As discussed in section 3.1, this is likely to be less
than 3%. There is also uncertainty arising from the variation in the
infinite matrix spectral shape due to the range of soil compositions
likely to be encountered. This is difficult to quantify, but it is
not expected to be larger than the errors already discussed, and so

total uncertainties of + 5% are considered realistic.

3.4 CONCLUSION

The first part of this chapter described the design and
construction of a 1 m cube of uranium doped concrete, built up from

individual 20 cm cubes. The observed density was 2.25 g cm-3_i 0.05,
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and it is calculated that this is sufficient to allow the assumption
that the energy absorbed per gram equals the energy released per gram
(to better than 2%) to be used to calculate the dose rate at the

centre of the block. Homogeneity tests suggest that the activity is
uniform from one batch of approximately six 20 cm cubes to another,
with a standard deviation of 2.8%. Gamma spectrometry measurements
confirm the calculated uranium activity, but indicate that Ra-226 is

in excess by 12%, and that there is 17% escape of Rn-222, at least from
a sample crushed to less than 500 um, and from a 1.5 cm thick solid
disc. From these activities a dose rate to concrete at the centre of

the 1 m concrete cube of 31.7 + 1.6 rads yr-1 has been calculated.

Using this block it has been possible for the first time to
make accurate absolute dosimetry measurements using a variety of
phosphors and encapsulations. The dose rates in these various
combinations were then predicted using published calculations of the
infinite matrix uranium spectrum in shale, and when compared with the
experimental results, these calculated responses gave agreement within
experimental error for most of the combinations used. In particular,
the ratio of the experimentally observed response of calcium fluoride
in copper to that calculated is 1.04 + 0.07, and this gives
confidence that the approach used to calculate the phosphor/wall
response is valid. In the course of these calculations it has become
clear that the attenuation of the infinite matrix spectrum through a
few millimetres of glass is not trivial; the calculated response of
aluminium oxide or obsidian, both shale-like absdrbers, in a glass
capsule of 3 mm wall thickness, is about 13% below the infinite
matrix dose rate. This suggests that care must be taken when
estimating gamma dose rates to sherds of very different activity to
that of the surrounding soil, especially when it is remembered that
the outer 2 mm of a sherd is routinely removed to simplify the

beta dosimetry.

Similar dosimeter response calculations have been performed using
published infinite shale matrix thorium and potassium spectra, and
the average reéﬁonse of a calcium fluoride in copper dosimeter to
a 'typical' composite uranium, thorium and potassium spectrum

evaluated. For this dosimeter ecombination, a correction factor of
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1.19 must be applied to the observed dose rate to give the true
infinite matrix dose rate, and thus the dose rate to a quartz
inclusionor a pottery fine grain. Estimated uncertainties of 5%
are associated with this figure, which has been previously assumed
to be unity in the literature. This correction has been applied to

all gamma TL dosimetry results described in subsequent chapters.
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CHAPTER IV

DIRECT MEASUREMENT OF GAMMA DOSE RATES USING A SODIUM IODIDE DETECTOR

4.1 INTRODUCTION

On many occasions it is impractical to leave a dosimeter buried
'on site' for even a few weeks, and so a rapid means of measuring
the gamma dose rate becomes a necessity.” Such a technique has the
further advantage of giving a means of surveying a site for radio-
active inhomogeneity without having to wait for perhaps several months,
as is necessary with a TL dosimeter, thus reducing the risk of mis-
directed effort.

This approach has been developed using a Nal(Tl) detector with
portable scaler, and field tested against the standard TL dosimeter,
calcium fluoride in copper capsules. It is found that for dry sites
(soil water contents less than about 10%) the agreement is good, but
that for wet sites there is a systematic discrepancy which shows some

increase with increasing soil water content.

4.1.1 Conversion of detector count rate to phosphor dose rate

There are three possible approaches to the measurement of the
environmental gamma dose rate using a sodium iodide crystal as detector.
Two of these (see, for example, DEANS, 1964; ADAMS, 1964) involve some
form of spectral analysis and often complex calculations to reduce the
data to isotope concentrations and thus to dose rates. The third
approach is the most readily applied to field studies. It assumes
that there is an energy threshold above which the number of photons
counted by the detector is proportional to the dose rate in the appro-
priate medium. Such a system is briefly described by WOLLENBERG and
SMITH (1964), where a threshold position of about 0.11 MeV is used with
a 3 inch by 3 inch crystal to determine the exposure rate above geo-
logical formations. A more complete description of a similar detector
using a threshold of 0.37 MeV is given by LAVBORG and KIRKEGAARD (1974).

In this case the detector is to be buried in the ground, i.e.
placed in an effectively infinite matrix of gamma emitters, and the
spectral quality (the proportion of energy carried at high energies

compared with low energies) is not necessarily similar to the two
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cases mentioned above. It is thus useful to consider the conditions
under which such a threshold position could exist, and then to examine
the problem of conversion of the count rate above threshold to the dose

rate in, say, calcium fluoride encapsulated in copper.

Consider first dose absorption by the capsule. Infinite matrix
spectra calculated by JAIN et al (1979) were presented in chapter 3,
and the similarities to soil spectra were discussed there. It was also
shown that the calculated dose rate to calcium fluoride in a copper
capsule was in good agreement with that observed. Figure 4.1.1 gives
these photon spectra, integrated to give the total number of photons
above a given energy, and each normalised to the dose rate calculated
when the appropriate spectrum was allowed to interact with the standard
copper capsule containing calcium fluoride, as described in section 3.3.
It can be seen that there is an energy region between 100 keV and 500 keV
where the number of photons above a given energy is independent, to a
good approximation, of the emitter present when normalised to unit dose

rate.

Now consider the interaction of the same photon flux with the sodium
iodide crystal. The probability of an incident photon undergoing some

interaction with the crystal is given by

1 -e V9 -————1

where u is the linear attenuation coefficient of sodium iodide, and g
is the average path length through the crystal.
ICRU 33 (1980) states that the average path length, g, for iso-

tropic radiation through any convex volume is given by

4v
gz == =--- 2

where S is the surface area enclosing the volume V. For instance, for

a typical 1 inch radius by 2 inch high right cylindrical crystal,

g = 3.39 cm

If the detector was operated with a zero energy threshold, the

probability of an interaction would give the probability of counting



Figure 4.1.1

Calculated integrated infinite matrix spectra, normalised to unit
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the event, and hence the count rate, directly (neglecting coherent
scattering). However, when an energy threshold, ET’ is used, the
interaction probability must be multiplied by the fraction of inter-
actions, f, that will deposit more energy in the crystal than the
threshold value, i.e. the probability, P, of observing a photon is given
by

P = f(1-e ")  —--ooo---- 3

At the energies of interest (up to 3 MeV) these interactions will
be dominated by Compton scattering and the photoelectric effect. How-
ever the proportion of interactions that take place by each of these
two mechanisms is nat simply given by the ratio of the incoherent
scattering attenuation coefficient to the photoelectric coefficient,
because multiple scattering events within the detector in which all
the incident energy is eventually absorbed will not be resolved in time,
and may appear as a single full energy release event, indistinguishable
from a photoelectric absorption. MILLER et al (1958) have evaluated the
fraction of all interactions that give rise to full energy release
events (i.e. contribute to the photopeak) using the Monte Carlo method.
The remaining fraction of interactions can be assumed to be entirely

Compton scattering, with the energy of the Compton edge, E_, given by

£
_ E
e = P 4
2a

where
a = E
= moc2
E is the incident photon energy,

m, is the electron rest mass, and

¢ is the velocity of light.

The average distribution of deposited energy by such inelastic
scattering can be approximated by a uniform continuum up to the energy
of the Compton -edge, Ec' Figure 4.1.2 shows the relationship of this
simplified continuum to the photopeak and threshold position. Combining
the value of the photofraction f_ from MILLER et al (1958) and the frac-

tion of scattering events, (1 - Fp), we obtain an expression for the



Figure 4.1.2

Diagram of the relationship between a photopeak, Compton edge, Compton
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fraction of events, f, that deposit sufficient energy to be observed
above the threshold energy

E
T
f = fp + (1 - fp)(1 - ), forE>E. - --- 5

c T
Combining equations (5) and (3) we have an expression for the
probability, P, of an incident photon being observed by the detector
above the threshold energy
E
P=(1-e™Df +(1-f)1-—)] ===-- 6
P P E.
The variation of P with energy, for various threshold values, is given
in figure 4.1.3. It can be seen that it is possible to set up an
energy threshold, for instance near 0.5 MeV, such that the probability
of detecting a high energy photon is approximately independent of the
incident energy. It was concluded previously that the dose rate to
calcium fluoride in a copper capsule was likely to be proportional to
the number of high energy photons, independent of the gamma emitters
present. Thus we can conclude that there is likely to be a threshold
value above which the count rate in a sodium iodide crystal will be
proportional to the dose rate in calcium fluoride in copper when
exposed to an infinite gamma matrix, independent of the emitting

isotopes.present.

4.1.2 Experimental determination of threshold position

The confirmation of the existence of such a threshold position,
and the determination of the threshold energy was undertaken
experimentally. Initial measurements using a 1 inch diameter by
1.5 inch sodium iodide crystal suggested that indeed there was a
threshold position above which the count rate was proportional to the
calcium fluoride dose rate, but it also became obvious that the stability
of the threshold was very important. As a result, a dedicated system

was developed before carrying the measurements further.

4.1.3 Description of detector and associated electronics

The detector head consists of a 1.75 inch diameter by 2 inch high
right cylindrical NaI(Tl) crystal with photomultiplier (Centronic
type P4231BA) in a water tight tubular aluminium housing. This is



connected to a portable high voltage supply and amplifier/discriminator

driving a scaler.

Gain stability is assisted by spectrum stabilisation, using an
Am-241 source fixed against the end of the crystal by a lead/cadmium/
copper laminate; the latter covers the end of the crystal and reduces
the intensity of the low energy gamma rays which would otherwise
interfere with the 60 keV stabilising peak. The stability of the

detector will be discussed further in section 4.1.6.

The instrument is powered by nickel-cadmium rechargeable batter-
ies and weighs about 4.5 kg.

4.1.4 The calibration facilities

The 20 inch cube concrete blocks mentioened in chapter 3 were
used to calibrate the detector. Although it has been established
(BOWMAN, 1976) that they only approximate to infinite matrices at
high energies (greater than 1.5 MeV), below this they are considered
effectively infinite. The consequences of this poor approximation
for the eventual calibration must now be considered. The mass energy
absorption coefficients of calcium fluoride do not vary sharply with
energy above 0.2 MeV, and the ratio of these coefficients at 2.6 MeV
to those at 0.5 MeV is about 0.80. This variation is to some extent-
cancelled out by the corresponding ratio of attenuation through the
copper wall, of 1.06. If the threshold discussed in section 4.1.1
is placed at about 0.5 MeV, it is therefore to be expected that,
to first order, the energy deposited by each photon on average is
independent of photon energy. It was shown in section 4.1.1 that
the relationship between the count rate and the number of photons
above this threshold should also be independent of photon energy.
Thus there should be a constant relationship with energy between dose
deposited and the scintillator count rate. In that case the effect
of the loss of some fraction of the highest energy photons from the
uranium and thorium infinite matrix spectra as a result of the cali-
bration blocks being too small will be to reduce the dose rate in
the capsule, and to reduce the count rate in the scintillator, by the
same fraction. Thus the non infinite block size should not signifi-

cantly affect their use as a calibration facility.
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The dose rates used, listed in table 4.1.1 are taken from
BOWMAN (1976). The data shown is an average of all types of capsule
employed, as the reproducibility of the results was not sufficient
to distinguish between them. Reference to table 3.2.3 of chapter 3,
indicates that this averaging should not introduce significant

additional errors.

4.1.5 Spectra of calibration blocks

The output of the amplifier was fed to a pulse height analyser
to obtain the spectra of the blocks. After subtracting the back-
ground spectrum (obtained from an inert 20 inch concrete cube) these
were divided by the appropriate calcium fluoride dose rate, to give
spectra normalised to a count time of one second and a dose rate
of one mrad yr_1. These are shown in figure 4.1.4 with the major
photopeaks labelled.

These peaks were used to obtain the energy calibration curve
shown in figure 4.1.5. Approximating this response with a straight

line, linear regression gives
E = 0.0241C-0.05 =----- 7

where E is the photon energy and
C is the channel number.

The error in the slope is + 0.0005, in the intercept + 0.03.

Figure 4.1.6 shows the integral spectra derived from figure 4.1.4
which clearly show a potential threshold position at about channel
20, above which the total count rate per unit dose rate is the same
for all three blocks.

To evaluate this conversion figure, and to demonstrate the linear-
ity of the response, the count rate above a threshold at channel 20
(0.43 keV + 0.03) has been plotted against dose rate for all the
blocks, including the background block, in figure 4.1.7. As is
implicit in figure 4.1.6 the linearity is seen to be excellent and
the equation of the line gives the conversion from scintillator count

rate, C_ sec-1, to dose rate, D mrad yr-1, in calcium fluoride.



Table 4.1.1

Measured dose rates in calibration blocks, in mrad;yr-1

U-238 Th-232 K-40 Background

1224 652

46 170 60

23 10 7

Note: 1) dose rates are average results from dosimeter

measurements using calcium fluoride in nylon, aluminium
and copper capsules, derived from BOWMAN (1976).

2) errors are standard errors on the mean, and are shown
in the least significant figures.

3) these dose rates have been corrected for the source
recalibration of chapter 2.

4) the background dose rate given above has not been

subtracted from the three active block dose rates shown.



Figure 4.1.4

Spectra from concrete blocks
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Figure 4.1.5

Energy calibration derived from figure 4.1.4
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i.e. D = 3.00 Cr +0.9 =« ==« --- 8

The error in the slope, obtained from a least squares fit, is

+ 0.02, in the intercept + 5.6.

As the detector will inevitably have some potassium contamina-
tion, in the crystal and/or the photomultiplier tube, the detector
must always show some count rate even in the total absence of external
radiation. In addition, the calibration has so far avoided the
cosmic ray contribution to all four of the block dose rates. AITKEN
(1968) has experimentally determined the cosmic ray dose rate to
calcium fluoride at a depth of 50 cm in chalk to be 15.0 mrad yr-1
+ 0.15 at sea level in Britain (at latitude 51°N). This depth
corresponds to the likely burial depth of the detector when in routine
use. The count rate in the detector derived from'the cosmic ray
flux and also from the radioactive impurities in the detector head,
has been established by submerging the head assembly in water, with
at least 1.5 metres between the detector and the ground in all
directions. This is sufficient to absorb the energy of about 97% of
all 3 MeV photons emitted from the ground towards the crystal, and
to scatter a further 1% to lower energies, i.e. the terrestrial
spectrum should be attenuated by at least 97%, assuming that the
activity of the water is negligible. The count rate observed with

the threshold set at 0.43 MeV was 1.08 + 0.05 sec—1.

It is now possible to rewrite equation (8) taking these observ-

ations into account, to give

D

3.00 (Cr - 1.08) + 15.0

or D

3.00 Cr +11.8 0 - - -~ - 9

where the error in the intercept is now + 0.2. This equation pre-
dicts a dose rate in the background block, for instance, of 66 mrad
yr-1 with an error of + 0.4 (The capsule-measured dose-rate is

60 mrad yr-1‘: 7.) However, this error term is only experimental,
and it assumes that counting statistics are negligible. There is a_
further estimated 3% systematic error to add to this, which arises

from the calibration of the beta sources used to measure the dose
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rates in calcium fluoride (see chapter 2.) There will also be
uncertainties arising from the stability of the threshold position,

which will now be considered.

4.1.6 Threshold stability

A study of threshold stability with time and against temperature
was undertaken. The linearity of the count rate against dose rate
curve is sufficiently good for the slope of the best fit straight
line to be a meaningful parameter at least over the energy range
0.35 MeV to 0.55 MeV. Figure 4.1.8 shows this variation of slope
with threshold energy. If a maximum of + 5% experimental error in a
dose rate of 100 mrads yr-1 is acceptable, and statistical errors of
+ 2% are expected (corresponding to a count time of about 1.5 minutes
for a 100 mrad yr-1 dose rate) then errors arising from threshold
fluctuations must be less than + 4%. From figure 4.1.8 this corres-
ponds to an energy fluctuation of + 0.015 MeV about the threshold
position of 0.43 MeV, i.e. + 3.5%.

The detector and electronics were placed in a thermostatically
controlled heat box, variable between room temperature and about
40°C. Using a point source of Ba-133, the integrated count rate was
plotted against threshold energy (figure 4.1.9). It was found that
for an energy threshold be:ween 0.33 and 0.45 MeV the relationship

between count rate Cr sec  and threshold energy ET MeV could be

described by

Cr = -2030 E; + 1000 -~ -~ =~ - - 10

T
The detector was first kept at room temperature and switched off
and on repeatedly, and the variation of count rate about a nominal
threshold of 0.39 MeV observed. The fluctuations in threshold were
then calculated from equation (10) and found to be + 1%. The tem-
perature was then varied between about 25°C and 35°C, and the count
rate observed after allowing the instrument time to reach thermal
equilibrium. The variation of threshold energy over this 10°C

interval was then calculated to be less than + 1%.



Figure 4.1.8

Variation of slope of calibration line, i.e conversion from count rate

to dose rate, plotted against threshold position

0:4 -

/ mrad yr

-1

Slope, sec

Q.2 T I T T T
0.35 0.40 0.45 0.50 0.55

Threshold energy, ET in MeV



Figure 4.1.9

Integrated count rate above threshold from a Ba-133 point source
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Thus the total stability of the threshold position for
repeated use at different temperatures is estimated to be less than

+ 1.5%. This is well within the required figure of + 3.5%.

4.2 FIELD USE OF CALIBRATED DETECTOR

The detector described in the previous sections was used
extensively on more than forty Peruvian archaeological sites in
1975. At sixteen sites it proved possible to bury calcium fluoride
in copper capsules for eventual recovery. Ten of these sites were
near sea level, all with soil water contents of less than 10%. The
remaining six sites were all above 2500 metres in altitude, and all

had soil water contents of between 80% and 10%.

The question of threshold position had not been considered as
precisely as in the previous sections before this field work was
undertaken. However, the threshold used, at 0.62 MeV, gives
satisfactory linearity when the count rate is plotted against the
dose rate in the calibration blocks. The background count rate when

. . =1
immersed in water was 1.1 sec = as before.

The calibration equation using the cosmic dose rate of 15 mrad

yr—1 appropriate to a latitude of 51°N at sea level was
D = 4.44 Cr +10.0 = === ===~ 1

where D is the dose rate in mrad yr_1 and Cr is the count rate above
threshold in sec—1. The error in the slope is + 0.13 and in the
intercept + 2.0. The effect of the variations in latitude and
altitude on this equation when applied to the Peruvian measurements

will be discussed in later sections.

4.2.1 The capsule results

Although it was usually possible to anneal the copper capsules
only a few hours before burial, using a portable tube oven able to
operate from a light socket, measurement in the Oxford laboratory
was between ten and fifty days after recovery, including a flight of
at least eighteen hours. During this time the capsules were stored

in lead pots of 0.25 inch wall thickness. The maximum
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capsule burial time was 72 days, and so it is clearly important to
derive an accurate estimate of the 'carriage' dose rate, i.e. the
dose rate from cosmic rays and terrestrial radiation penetrating the
lead pot, and also the dose rate from the internal radioactivity

of the calcium fluoride itself (termed 'self dose' rate). This
'carriage' dose rate was monitored by reserving one of every batch
of capsules annealed, and storing this directly in a lead pot; the
dose rates observed are shown in table 4.2.1. As-all the sites
visited were either below 500 metres or above 2500 metres, the
storage time has been split up into the number of days at sea level,
and in the highlands.

The average dose rate has a standard deviation of about 10%;
this is unusually large if all the capsules were exposed to essen-
tially the same radiation field. It is in fact unlikely that this is
the case, primarily because of the increase in cosmic ray intensity
with altitude. O'BRIEN (1974) suggests an increase of a factor of
about 5 in total cosmic ray dose rate going from sea level to an
altitude of 4 km at a latitude of 55°. Thus it is to be expected
that the total dose will be a function of the time spent at various
altitudes. Accordingly the 'carriage' dose rate has been recalcu-
lated making the simplified assumption of two discrete dose rates,
one at sea level and one in the highlands (these include any contri-
bution from the return journey by air, estimated at 3 mrad). These
dose rates are also listed in table 4.2.1 with the associated errors,
derived from a least squares fit to the data. The significant
decrease in these errors gives confidence in the assumption of two
'carriage' dose rates. Using these figures the site dose rates
listed in table 4.2.2, column 7, were calculated. A self dose rate
in calcium fluoride of 11 mrad yr'1, which had been previously
assessed (AITKEN, 1968) for this type of calcium fluoride, was
assumed during burial. During transport this is included in the
'carriage' dose rate.

4.2.2. Effects of variations in the cosmic ray intensity on the
' calibration of the sodium iodide detector.

Before comparing the capsule dose rates with those calculated
from the sodium iodide detector, further thought must be given to



Table 4.2.1

Carriage dose rates as recorded by calcium fluoride in copper, in
lead pots of 0.25 inch- wall thickness
Capsule Recorded dose Days at Days in Dose rate
mrad sea level highlands mrad yr—1
III 24.2 57 40 91
VIII 22.5 47 40 94
XII 22.4 o 39 40 103
XVIII 20.3 31 38 107
LXVI 13.8 51 9 84
XXIII 31.8 43 66 106
LVIII 23.1 17 © 58 112
average ;EE

standard deviation

Linear regression analysis, assuming two distinct dose rates:

sea level highland
dose rate, mrad yr 73 125

standard deviation, % 6 3

11%
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the cosmic ray correction, which depends on both latitude and alti-
tude.

i) Effect of change in latitude. The cosmic ray dose rate measured
by AITKEN (1968) was at a latitude of 51°N; most of the sites
visited in Peru were between 6°S and 12°S. Assuming the cosmic
dose rate at a depth of 50 cm is only from the penetrating
component, then the intensity at sea level in Peru is likely
to be 0.91 times that in Britain (NCRP report 50, 1976) i.e. a
dose rate of 13 mrad yr—1.1 2.

The scintillator count rate when surrounded by more than 1.5
metres of water was remeasured in Peru at an altitude of less
than 250 m as 1.10 sec-1‘: 0.05. Using this information the

calibration equation (11) was recalculated as

o
"

4.44 (Cr -1.1) + 13

4.64C_+8  em e e = 12
r

where the errors will be similar to those of equation (11).
This equation should be applicable to all measurements made at

sea level in Peru.

ii) Effect of change in altitude. At an altitude of 4000 m the
intensity of the penetrating component of the cosmic ray flux
will be between two and three times that at sea level. LOWDER
(private communication, derived from NCRP report 45, 1975, and
0'BRIEN, 1974) calculates a dose rate of 30 mrad yr-1‘i 2.

The count rate submerged in water was remeasured at an altitude

of 3500 m as 2.0 sec-1.i 0.1. Recalculating equation (11),

using this highland data, gives

(e
H

4.44 (Cr - 2.0) + 30

A 13

where the error in the slope is + 0.13, and in the intercept
+ 2 . This equation should be applicable to all the measurements

made in the highland region.
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It is of interest to note that if the increase in count rate
with altitude when submerged in water is solely attributed to the
increase in cosmic ray intensity of a factor of 2.3, then the sea

level count rate due to cosmic rays alone can be calculated as

0.4 sec-1. This implies that the radioactive impurities in the

1

detector head contribute about 0.6 sec”  to the total count rate.

4.2.3 Comparison of the dose rates measured by the sodium iodide
detector with those from calcium fluoride in copper capsules

The dose rates derived from the Peruvian observations with the
sodium iodide detector, calculated from equations (12) and (13), as
appropriate, are listed in table 4.2.2, column 8.

It is suggested that the results fromsites P46 and P44 be
discarded. Site P46 was very inhomogeneous, and both the detector
and the capsules were placed at the boundary between a soil layer
1° Paaz and Paa3 were three
capsules buried in the same borehole, after making the scintillator

and loose slate and vegetation. P44

measurement. As Paaz and P443 were nearest the position of the
detector, and as they are in excellent agreement, it is considered

that P441 may have detected a localised inhomogeneity.

A brief comparison of the scintillator and capsule results,
columns 8 and 7, shows that although the lowland sites give moderate
agreement, the sodium iodide detector consistently under responds
(by 20% on average) when compared with the capsules in the highland

sites.

Figure 4.2.1 shows these differences, Ac , between the sea
level and the highland capsule and scintillator results, expressed
as a percentage of the capsule results, plotted against the soil
water contents, W. Some correlation can be seen, and if this data
is approximated by the straight line shown, linear regression gives

AC = = (0.66 W - 4.9) - = - = - - - - 14
100

This equation may then be used to derive an average correction
to the scintillator dose rates, depending on the site water content,
such that



Table 4.2.2

Comparison of calcium fluoride and scintillator dose rates.

Site Water Total Burial Carriage ~ Dose Scintillator
cont. dose time sea 2;22 rate dose rate, mrad yr—1

% mrad days days days mrad yr"1 (a) (b)

1 2 3 4 5 6 7 8 9

Sea level sites

PO2K 1.6 39.3 70 16 0 177 144 139
P04J 4.6 26.5 72 14 0 109 119 116
PO6N 8.7 29.5 71 14 0 126 141 142
P10K 3.2 30.0 68 15 0 134 128 123
P12Q 8.1 24.2 67 14 0 105 112 112
P17L 1.8 22.8 62 17 0 103 120 114
P23 1.9 26.4 59 17 0 131 140 133
P34 3.1 19.7 51 17 0 105 112 108
P351/3 0.6 26.8 54 14 0 151 142 133
- P35K 0.6 21.4 54 12 0 117 127 119
P36A 1.2 15.0 53 14 0 73 91 86
Highland sites
P37J 25 33.4 60 42 6 130 102 117
P37L 24 35.6 60 42 6 142 112 127
P37Q1 30 27 .1 60 42 6 90 81 96
P3702 30 36.9 60 42 6 150 106 126
P393 36 35.5 58 42 4 151 113 140
P40 76 25.3 58 42 4 87 66 104
P44T 12 60.7 51 18 26 334 197 204
P442 12 44.5 51 18 26 218 197 204
P443 12 44,7 51 18 26 219 197 204
P45 1" 32.1 56 18 21 128 97 100
P46J1 - 45.9 51 17 7 276 174 -
P46J2 - 34.7 51 17 7 196 175 -
Note: (a) uncorrected,

(b) corrected for water content according to equation (16).



Figure 4.2.1

Variation of Ac = (capsule - scintillator) /capsule dose rates with
measured site water contents
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D! = D + D Y 15
c cap

where D'c is the corrected scintillator dose rate

D is the observed scintillator dose rate
and Dca is the capsule dose rate.

Equation (15) cannot be generally applied to scintillator data,
as it still involves the capsule dose rates. It can be shown,
however, that the more useful equation

1-
' - — - B, ld)) = .- m == -
D c = D(1 + 100 (0.85 W - 6.4)) 16
gives almost identical corrections to those derived from equation
(15), and also gives a significant improvement in ‘agreement between

the scintillator and capsule measurements.

It is interesting to note that the intercept terms in equations
(14) and (16) imply that no correction is necessary if the water
content of the soil is approximately 8%, which is consistent with
‘the water content of the calibration concrete blocks, measured as
(8 + 1)%, although the intercept errors are very large and this

agreement must be largely coincidental.

The dose rates, corrected using equation 16, are listed in
table 4.2.2, column 9, and on average, the scintillator over responds
by 2% on the lowland sites, and under responds by 6% on the highland
sites. In view of the large scatter, and the empirical nature of
the correction, it would be unwise to associate errors of less
than 15% with scintillator dose rates from wet sites, or less than

10% with dose rates from dry sites.

Finally, it is useful to consider a possible explanation for
this correlation with water content. If it is accepted that the
amount added for the cosmic contribution at high altitude is correct
(it would need to be doubled to remove the discrepancy between the
capsule and uncorrected scintillator results), then a possible
explanation arises from the change in radon activity when the soil
is disturbed to insert the detector head and capsules, especially
on wet sites. It is well known that water plays an important part
in the emanation and transpart of radon (TANNER, 1964, 1978). Bearing
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in mind that nearly all of the gamma dose rate and scintillator
count rate from the uranium chain is derived from post radon
daughters, the scintillator measures the count rate from these
daughters with the soil in a recently disturbed state, partially
dried out following excavation and with no overburden adjacent to
the detector. The capsule, on the other hand, is buried and measures
the dose rate with the surrounding soil close to its original con-
dition, over a long period of time compared with the half life of
Rn-222 (3.8 days). It will be seen in chapter 7 that soils from
wet sites emanate considerably more radon than those from dry sites,
and also that this escape is less before excavation (i.e. as during
the capsule measurements), then when excavated and dry. This is
consistent with the observed decrease in scintillator dose rates

on wet sites, when compared with capsule results.’

4.3 CONCLUSION

As was anticipated theoretically, it has been shown that an
energy threshold position exists, at 0.43 MeV, such that the count
rate from a sodium iedide crystal is proportional to the dose rate
in calcium fluoride encapsulated in copper (the relationship of
the latter to the dose rate in quartz and pottery was discussed in
chapter 3). A scintillation detector using such a threshold has
been calibrated using concrete blocks doped with uranium, thorium
and potassium, and appropriate corrections for cosmic ray dose rate

and count rate have been derived.

This detector has been field tested on more than 40 different
Peruvian archaeological sites, and compared with TL dosimeter
measurements from 16 of these. For those where the soil water
content was less than about 10% of the dry weight, the agreement
was good (within 6% on average) but for those with water contents
much higher than this, the scintillator consistently under-responded
by more than 20%. An empirically based correction formula was
presented which reduced this under-response to less than 6%, and
improved the agreement on the dry sites to within 2%. In view of
the large corrections which of necessity were applied to both cap-

sule and scintillator dose rates this agreement is considered
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acceptable, and has permitted the interpretation of dose rates on sites
where capsule measurements were not possible. However, conservative
errors of 15% for wet sites and 10% for dry sites will be associated
with scintillator based gamma dose rates, when they are used in

chapter 5 in the calculation of Peruvian dates.
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CHAPTER V

PERUVIAN SHERDS: A DATING PROGRAMME

The source calibration of chapter 2 and the enviromental gamma
dose rate measurements using the capsules and scintillator described
in chapters 3 and 4 have been put to practical use in dating a series
of potsherds excavated from various Peruvian archaeological sites by
the Oxford and Liverpool Archaeomagnetic Expedition of 1975. GUNN
(1978) has made measurements of the magnitude of the earth's magnetic
field at the time of firing using this series of sherds and other
associated material. Thus a combination of the dates presented in
this chapter with Gunn's archaeomagetic data provides a description
of variation in the magnitude of the earth's magnetic field over the

past two thousand years.

5.1 DESCRIPTION OF SAMPLES

Although the expedition visited more than 40 different sites
covering an age range from about 3000 B.C. to the present day, and
collected several thousand potsherds and other burnt material, only
a limited range of about 2000 years has been attempted so far, derived
from about 12 sites. Most of the sherds dated came from the valleys
which cut across the coastal desert strip of Peru, in particular the
Viru valley just south of Trujillo, although material from the highland
areas around Ayacucho and Cusco have also given useful results. In
general the coastal sites were dry, with soil water contents of less

than 10% (see chapter 4); the highland sites were more variable.

After the excavation of the sherds, the enviromental gamma
measurements described in chapter 4 were made, and associated soil
samples taken. These were then sealed inside two polythene bags to
allow measurement of the water content of the soils in the laboratory.
The excavated sherds were washed and coded. The pottery varied in
thickness, with an average of about 7 mm, although those selected for
TL dating tended to be thicker than this. Most of the specimens used
were hard and red, ranging in texture from very coarse to very fine
grained, and were all well preserved, showing no obvious signs of
secondary heating, such as carbon deposits. A copy of the site

notes prepared from the expedition record book by N. Gunn, taken
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from GUNN (1978), are reproduced in Appendix D. These describe in
detail the origins of the samples used in this chapter and give refer-
ences to material already published concerning the sites, and the names

of archaeclogists primarily concerned with their excavation.

5.2 DATING TECHNIQUE

0f the possible approaches outlined in chapter 1 only the fine
grain technique (ZIMMERMAN, 1971) was employed. Attempts were made to
use the quartz inclusion technique (FLEMING, 1970) but all five of the
sherds tested gave anomalously high light levels after etching in hydro-
fluoric acid, each with an unacceptable beta plateau. (The predose
technique was not considered sufficiently well understood to be employed
routinely.) On the other hand the TL characteristics of the fine grains
extracted from the Peruvian sherds were usually acceptable; of the 31
sherds attempted, only two were rejected because of their poor disc to
disc reproducibility (> 3%). However, this is not regarded as a charac-
teristic of the sherds, but rather a failure in deposition technique.
All the TL measurements were made on discs from a single deposition, as
recommended by HUXTABLE and MURRAY (1980). Errors have been calculated
according to the recommendations of AITKEN and ALLDRED (1972) and
AITKEN (1976).

5.3 MODIFICATIONS TO THE FINE GRAIN TECHNIQUE

Only one significant change in the dating procedure was adopted.
ZIMMERMAN (1971) and later workers (e.g. HUXTABLE,1978) recommend the
examination of the ratio between the natural glow curve and the natural
and additive beta dose glow curve, as an indicator of thermal fading
and spurious TL. It is anticipated that there is a region in the glow
curve, usually between about 350°C and 450°C, where this ratio will be
constant, indicating that over this temperature range the nature of the
traps and luminescence centres giving rise tao the TL from the additive
beta dose (the 'artificial' TL) is very similar to that which gave
rise to the natural TL. However, no such monitoring is normally under-

taken of the response to alpha irradiation.

For the dates reported here, a more generalised plateau criterion

was employed. The glow curve data was taken using a multiscaler (see
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section 5.4) and the light intensity integrated over 25° intervals from
275°C to 500°C, after subtraction of the black body curve. The age
calculations were then performed in their entirety at each of these
temperature intervals. The resulting variation of age against temper-
ature was then examined and temperature region found across which the
age was considered constant. In practice this was usually found to be
true in the range 350°C to 475°C; above this temperature the errors in
subtracting the thermal radiation background become too large for the
signal to be useful. If the age plateau, defined as the region wherein
the calculated age varies by no more than + 5%, was less than 75° wide
the sherd was rejected, although the final decision as to what consti-
tutes an acceptable plateau must always remain a matter for subjective

judgement.

Only one sherd was rejected because there was no acceptable
plateau; it shauld be noted that it did not show an acceptable beta
plateau either.

It is also appropriate here to describe the procedure employed
to detect anomalous fading (WINTLE,1973; WINTLE,1978). Two sample discs
from which the natural TL had been erased in the course of measurement
were used for each sherd. One was irradiated with a known beta dose
and both were then stored in the dark. It has been shown that most of
the fading, if any, occurs within the first few days or weeks; in this
study storage was for at least two weeks, usually much longer (up to
18 months). After this period, the other disc was irradiated and both
glowed out. The 'faded' and 'prompt' glow curves were then normalised
before comparison using the respective natural light levels, as disc to
disc reproducibility cannot be relied upon when comparing individual
discs. It must be emphasized that this measurement was not an attempt
to quantify the degree of anomalous fading, but was intended as a means
of detecting its presence. If the measurement error associated with
each glow curve was about 2%, then the error in the calculated ratio of
the 'faded' to 'prompt' glow after normalization was about 4%. If the
discrepancy between the two normalized glows was greater than 8% in the
plateau region, i.e. twice the estimated standard deviation, then the
sherd was discarded. Of the 23 sherds tested, none failed this test.

(see section 5.5).
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5.4 DESCRIPTION OF TL MEASURING EQUIPMENT

The glow curves were taken using a standard TL oven with a one
inch wide nichrome heater strip capable of being heating up to 600°C
at 10° per second, with the heating rate servo controlled by a ramp
generator. (AITKEN et al, 1968). The oven chamber can be evacuated
and oxygen free nitrogen gas flushed through. Pulses from the photo-
multiplier tube (EMI 9635Q) are fed to a pulse height discriminator
through a low noise preamplifier; the output of the former is fed to the
Y axis of a 200 channel multiscaler. The X axis (equivalent to 0° to
500°C) is driven by a thermocouple spot welded to the centre of the
underneath of the heater plate. The multiscaler has four separate
stores; this permits the subtraction of the background thermal radi-
ation from the glow curve before the output to an X-Y recorder and
typewriter. Routinely the integral from 275°C to 500°C in 25° intervals

is printed out in numerical form.

There is also an automatic irradiation facility which permits up
to 15 discs to be beta irradiated for between 6 minutes and nine hours.
Alpha irradiations were performed both using a Cm-242 source in air
(AITKEN and BOWMAN, 1975), and Am-241 source under vacuum (SINGHVI and
AITKEN, 1978).

5.5 TL DATA

In general the TL characteristics of the 26 sherds completed
proved to be similar, and the glow curves of sherd P23A04, shown in
figure 5.1 may be taken as typical. Figure 5.2(a) and figure 5.2(b)
show the alpha and beta growth characteristics for the same sherd,
for the temperature interval 400° to 425°C. A summary of the TL data
collected for each sherd appears in table 5.1 for the temperature
interval 400° to 425°C. The symbols have the same meaning as in
chapter 1. This interval was selected because it falls within the
age plateau of every sherd dated. A typical age plateau (sherd P04J01)

is shown in figure 5.3.

Table 5.1 also gives the alpha count rate of the sherds. The
sealed alpha count rate is used because in every case the build up in

count rate on sealing the counting cell was less than 10%. According
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Figure 5.2

Alpha (a) and beta (b) growth characteristics for sherd P23A04 in the
temperature interval 400°C to 425°C
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Table 5.1
TL data for 26 sherds from the glow curve temperature

interval 400° to 425°C

Saturated

water Q I a @ -1 De -1 Dy,c'_
Sherd §* content % rad rad ksec ' rad yr rad yr
PO4J01 2 - 6 11 779 23 0.076 14.7 0.275 0.129
PO4J03 2 - 6 12 810 161 0.111  13.4 0.291 0.129
PO4KO2 2 -6 11 960 131  0.126 13.5 0.317 0.138
PO7N73 3 - 9 13 583 191 0.125 10.8 0.225 0.130
POIN74 3 -9 14 622 129  0.112 10.8 0.263 0.130
P12J04 3 -10 M 583 125 0.160 10.0 0.249 0.135
P12K02 3 - 10 10 508 37 0.118 10.0 0.255 0.138
P12K10 4 - 11 12 536 112 0.133 9.4 0.266 0.138
P12M02 4 - 11 12 548 118 0.128 11.8 0.274 0.145
P12NO2 4 - 12 14 495 261 0.126 10.3 0.250 0.125
P12PO1 3 - 10 10 426 173  0.141  10.1 - 0.234 0.120
P12Q02 3 - 10 11 564 227 0.129 10.0 0.241 0.124
P13101 1 - 4 13 471 146 0.097 11.7 0.287 0.108
P14A05 0 - 4 12 327 108 0.101 9.9 0.275 0.165
P17K04 1 - 4 14 593 89 0.114 15.9 0.280 0.131
P17L01 0 - 3 9 587 88 0.128 14.7 0.255 0.122
P18L02 O - 4 12 564 94 0.102 11.9 0.293 0.126
P18MO5 1 - 4 14 548 180 0.091 14.8 0.248 0.126
P23A04 1 - 3 14 416 97 0.081 15.4 0.245 0.155
P36A11 1 - 4 15 231 97 0.125 13.0 0.265 0.086
P413J07 3 - 10 16 502 99 0.110 15.4 0.460 0.198
P41J117 3 - 10 17 513 123 0.120 16.1 0.461 0.198
P42302 2 -7 15 824 89 0.078 34.2 0.592 0.198
P42303 2 -7 16 589 102 0.158 16.6  0.445 0.198
P44309 2 - 6 12 1M17 99  0.223 8.3 0.361 0.241
2 -7 13 863 154 0.114
P44J13 9.3  0.415 0.241

2 -7 13 903 87 0.122

Note: s is the estimated range of mean sherd water contents during burial.
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to AITKEN (1978b) this indicates little or no radon escape, and the
sealed alpha count rate is recommended. However, work presented in
chapters 7 and 8 questions the reliability of alpha counting, and the
effect of this uncertainty is discussed in section 5.5 The beta dose
rates given were measured using beta TLD (BAILIFF, 1976; BAILIFF and
AITKEN,1980). The gamma dose rates are derived from the dose rates
reportéd in chapter 4, or from scintillator count rates alone, corrected
as described in that chapter to give the gamma dose rate. The average
historical water content of these sherds is uncertain, and is necess-
arily an informed guess based on the present day soil water content
expressed as a fraction of its saturated uptake. After consultation
with the archaeologist advising the project, this fractional uptake
was adjusted to take account of the likely changes in the environment
due to changes in settlement patterns and river courses. Large un-
certainties were associated with the modified figures, and the final
anticipated range of sherd water contents shown in table 5.1 was obtained
by multiplying this expected fractional water uptake with the observed
saturation water uptake, also listed in table 5.1. The resulting
figures were then used to modify the alpha and beta dose rates as
described in ZIMMERMAN (1978). The gamma dose rate should only be
modified by the difference in water content between the present day
and the assumed historical average, because both the capsule and
corrected scintillator dose rates are for a soil matrix containing the
present day water content. In practice the effect on the age is small,

about 1%, and this correction was neglected.

Fading tests were carried out on all but three sherds, P13101,
P44J09, and P44J13. None gave a ratio of 'faded' to 'prompt' of less
than 0.94; this was not considered significant according to the
criterion given in section 5.3. It is felt unlikely that the three

untested sherds would give a different result.

From the data of table 5.1 the age of each sherd can be calculated
for the temperature interval 400°C to 425°C. The sherd ages given in
table 5.2 are the average of the calculated ages across all the tempera-
ture intervals accepted as part of the age plateau for each sherd as
described earlier. It is interesting to note that the one sherd (P36All)
recovered from a site considered to be reliably historically dated to
1300 A.D. + 50, is in good agreement with the TL date of 1375 A.D. + 40.



Table 5.2

Sherd

P04J01
PO4KO3
PO4K02

PO7N73
PO7N74

P12304
P12K02
P12K10
P12M02
P12N02
P12P01
P12Q02

P13101
P14A05

P17K04
P17L01

P18L02
P18M05

P23A04
P36A11

P41307
P41311

P42J02
P423J03

P44309
P44313/1
/2

TL ages for 26 sherds averaged across the age plateau.

date of last
firing A.D.

390
295
225

485
550

720
870
765
860
440
745
335

800

1210

850
895

695
610

1065

1375

1220
1195

1100
1270

430
575
640

random error
years

85
115
150

65
100

95
115
185

70
140

55
130

70

95

70
55

115
120

110

30

35
95

40
75

80
95
90

total error
years

130
155
195

110
130

130
145
206
110
185
110
180

85

105

85
70

135

135

115

40

105
115

80
95

115
125
115

300
to
100

300
700

700

300
300
700
900

400
600

300

1000

1300

800

1200

600

archaeological
date estimate

B.C.

AD.

A.D. to
A.D.

A.D.

to

A.D. to
A.D.

A.D. to
A.D.

A.D.
A.D.
A.D.+ 50

A.D.

A.D.

B.C.
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5.6 ERRORS

The error terms shown in table 5.2 can be considered in two
stages. The first component, the random error, includes experimental
uncertainties in Q, I, a, D;’DB and D c* (These terms are defined
in chapter 1.) The second error term shown is a total error which
combines the random error with the terms associated with the source
calibrations and the site and sherd water contents. In addition a
random error term has been included to take account of the variations
in calculated age across the plateau; this is usually small compared
with the other contributions to the random error. The error terms

are shown at approximately one standard deviation.

The possibility of undetected gross errors must be acknowledged.
There are several potential sources, in particular the assumptions
made about changes in the site water content or burial context of
the sherd through archaeological time may be in error. Whereas there
have been no great climatic changes over the last two thousand years,
irrigation patterns have altered considerably, and it is likely that
the changing settlement patterns, technology, and political structures,
in particular in the coastal valleys of Peru, have caused fluctuations
in the area of land under cultivation and in the water table levels.

It is expected that in the worst possible case (i.e. sherds lying below
the water table for a substantial period of their burial life) an age
would be underestimated by about 10%. It is considered unlikely that
the sites visited have ever been significantly drier for a prolonged
period than they are today. Undetected errors arising from changes in
burial context (e.g. sherds remaining on or close to the surface for

centuries before complete bdrial) are unlikely to be greater than 10%.

Finally the risk of still undetected anomalous fading must be
recognised (HUXTABLE,1978) and the validity of the assumptions of
equilibrium in the uranium and thorium decay chain (MEAKINS et al, 1979)
and of the stability of the site and sherd radioactivity questioned.
The second half of this thesis is devoted to examining the latter
assumptions and some of the Peruvian dates are reconsidered in the
light of this work. In particular the use of alpha counting is criti-
- cized in chapter 8. However, detailed analysis of sherds from P12 and

P41 (section 7.4) shows that on average the dates presented here are
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not likely to be systematically in error by more than about 8% as a
result of the use of alpha counting to determine the alpha dose rate.
This is well within the typical total error quoted in table 5.2.

5.7 DISCUSSION

The dates obtained must new be discussed in the context of drawing

up a magnetic archaeomagnitude curve for Peru. At the beginning of

the investigation, it was intended to make use of the archaeological
stratigraphy to provide relative dates, (almost all material was re-
covered under the guidance of an archaeologist associated with the
individual sites) and TL dating was to be restricted to a few key
sherds collected and bagged with the soil samples, to relate these
floating chronologies to an abselute time scale. It was decided to
check the validity of this approach by examining the correlation be-
tween TL dates and stratigraphy for one site, P12, in some detail.

Material recovered from this site came from nine distinct levels
(3-S) in a single section. The archaeological age estimates for the
top and bottom of this section were A.D. 700 and A.D. 200, respectively.
Figure 5.4 shows TL dates from table 5.2 plotted against stratigraphy,
assuming the levels were laid down after equal intervals of time. It
can be seen that although the overall range of TL dates -is in good
agreement with the archaeological estimates the correlation with strati-
graphy is poor. Note that the error bars shown here are only the
experimental errors on each sherd. The error component arising from
uncertainties in the average sherd water content and from source
calibration should not affect the relative ages of sherds within a site,
but only the absolute ages. It seems most unlikely that the poor
correlation is due to dating errors, and it must be concluded that
the sherds recovered were not buried in a simple age sequence. This
conclusion is barne out by Gunn's magnetic measurements. It was found
that sherds from the same level in site P12 had very different arch-
aeomagnitude values, but that the correlation between ages and magnetic
results was improved if TL dates were used rather than stratigraphy.
(GUNN and MURRAY, 1980, page 358). ‘

Association and interpolation on a stratigraphic basis must now
be presumed to be invalid, and so the uncertainties associated with

any sherds dated by association must be comparable with the range of
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dates from the site as a whole. The procedure adopted in this case

is illustrated in figure 5.4 by a solid oblique line connecting the
assumed mean dates for the levels and two dotted lines marking the
boundary of expected errors. Sherds for which no TL dates were
attempted, but which provided archaeomagnitude information, were then
dated by reference to these lines. It was felt that it was unsafe to
assume any stratigraphic relationship for other sites and so all undated
sherds were assigned arbitrary errors of + 300 years. This obviously
limits their usefulness in resolving any time variation of the earth's

magnetic field, and emphasizes the value of TL dates in this project.

A copy of the curve of geomagnetic field magnitude versus time
for Peru, taken from GUNN and MURRAY (1980) is given in figure 5.5.
Discussion of the weighting assigned to the individual points when
drawing the postulated smooth curve is given there. Note that the
ages shown in figure 5.5 do not exactly correspond to those given
in table 5.4. This is primarily because of the dose rate revisions

of chapter 2, which were completed after the publication of figure 5.5.

5.8 CONCLUSION

The fine grain technique has been successfully employed to date
26 Peruvian sherds gathered from a range of sites. The only signifi-
cant change to the established approach was the use of an age plateau
rather than a beta plateau, which was made possible by the use of a
multiscaler to intergrate the glow curve information and present it in
numerical form. Nevertheless, in these samples the use of a beta

plateau would not have led to different conclusions being reached.

These dates have been used to provide information about variations
in the magnitude of the earth's magnetic field over the last two thou-
sand years, for a region where existing data are sparse and of unreli-
able dates. Thus this new information may be regarded as a significant

contribution to our knowledge of the earth's history.

From the point of view of this thesis, however, they serve pri-
marily to illustrate the value of the work presented in chapters
2, 3 and 4. Without the source recalibration of chapter 2, the dates
would be older by about 12% on average, which is of the order of total
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errors associated with the dates. Of the 26 sherds dated, 17 came
from sites where it had proved possible to recover a buried capsule
for gamma dose rate information. Without the scintillator information
described in chapter 4, it would not have been possible to date the
remaining 9 sherds with any accuracy at the time this dating programme
was undertaken. This would have severely limited the age range that
the project is able to cover, especially so in the earlier periods not
yet dated, where most of the material comes from the relatively inacc-

essible mountain regions.
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CHAPTER VI

DESIGN AND CALIBRATION OF A HIGH RESOLUTION, HIGH SENSITIVITY
GAMMA SPECTROMETER FOR THE ANALYSIS OF NATURAL RADIOISOTOPES

6.1 INTRODUCTION

In this chapter the mechanisms giving rise to disequilibria in
the uranium and thorium decay chains are described briefly and the
long term stability of such disequilibria discussed. High resolution
gamma spectrometry is proposed as a convenient means of obtaining more
information on the state of equilibrium, and the design and calibration

of a low level, high efficiency spectrometer is described.

Finally, various tests designed to confirm the calibration, and
to investigate the stability and reproducibility of the spectrometer

are also discussed.

6.1.1 Sources of Disequilibrium

The annual dose rate term in the general age equation given in
Chapter 1 was broadly described in terms of approximately equal contri-
butions from the uranium and thorium decay chains each of about 30% of
the total, a further 40% from potassium (K-40) and a few percent from
rubidium (Rb-87) and cosmic rays. Unfortunately this simple picture is
complicated by the considerable risk of gross disequilibria in the
uranium chains, with an additional less serious risk for the thorium

series.

The concentrations in sediments of the various isotopes from the
uranium and thorium series are affected by geographical location, grain
size, whether they are contained in'grains of the original mineral
matrix, or freed from this matrix by weathering and subsequently re-

tained in the soil by one or more of the following mechanisms (MITCHELL, 1964).

a) incorporated into the lattices of clay minerals forming in the soil,
b) adsorbed onto the surfaces of clay minerals,

c) associated with iron and aluminium oxides precipitated in the soil,
d) adsorbed or complexed by organic material in the upper layers of the

soil.

Obviously only the first of these mechanisms can be considered
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permanent on even an archaeological time scale; this point will be
discussed further in section 6.1.4.

To study natural series disequilibria set up by the above mech-
anisms, it is usually sufficient to study the concentration of certain
key isotopes. Table 6.1.1 shows the U-238 and U-235 series and the
Th-232 series, in groups of isotopes based on the subdivision suggested
by ROSHOLT (1959). The longest lived isotopes in each group and
associated half lives are also shown. Although most disequilibria
arise as a result of geochemical action, and hence only affect those
isotopes with relatively long half lives, the short lived radon isotopes

are sufficiently mobile that significant disequilibria are often set up.

6.1.2 Uranium series

i) Groups 1 and 2; U-238, U-235, U-234

It is generally assumed in geological studies of disequilibrium
that the uranium isotope ratios are constant in nature. Except for
the more unusual geological reactions, such as the marked deficiency of
U-235 in the uranium ore of Oklo, Gabon (NAUDET, 1974) the U-235/U-238
atomic ratio of 0.00726 is in practice constant. However, the U-234
generated from decay of U-238 bound in a mineral matrix will be more
readily mobilised by geochemical action than any U-238 or U-234 which
was incorporated during lattice formation. This is illustrated by the
activity ratios of U-234/U-238 in calcite deposits, typically around
1.2:1 (HENNIG, 1980), but on occasions as high as 10:1 (VOGEL, private
communication), where both isotopes have been deposited in the matrix
by evaporation of ground water, and also by U-234/U-238 activity ratios
of less than unity in river sediments (e.g. SCOTT, 1968).

ii) Group 3; Th-230 and Pa-231

Both Th-230 and Pa-231 form insoluble hydroxides so that they are
removed frcm ground water almost as soon as they are produced. This
can result in an excess of Th-230 in river sediments which is often

found to increase with decreasing grain size (SCOTT, 1968).
iii) Group 4; Ra-226

Any Ra-226 which escapes into ground water by recoil or break down

of the host matrix is rarely in sufficient concentrations (because of



Table 6.1.1

Subdivisions in the natural decay series based on the likelihood

of breaks in secular equilibrium

Series Group Long lived Half Life
isotope years
U-238 1 U-238 4.49 x 10°
2 U-234 2.48 x 10°
3 Th-230 7.52 x 10%
4 Ra-226 1600
5 Rn-222 3.82 days
6 Pb-210 22.3
U-235 1 U-235 7.04 x 108
Pa-231 3.25 x 10%
Rn-219 3.96 sec
10
Th=232 7 Th-232 1.40 x 10

Rn-220 55.3 sec
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its relatively short half life of 1600 years) to be precipitated
directly. It is usually immobilised by essentially physical processes
such as electrostatic attraction or physical adsorbtion and containment.
(NCRP 45, 1975). Thus Ra-226 can be considered potentially much more
mobile than its precursor Th-230.

iv) Group 5; Rn-222 and Rn-219

Information on radon escape from materials of environmental interest
has been comprehensively summarised by TANNER (1964, 1978). Briefly,
the predominant escape mechanism seems to be as follows. A radon nucleus
recoils out of the surface layer of a grain (about 50nm thick) after it
is produced by parent decay. If the pores between the grains are air
filled, the nucleus will usually embed itself in other material around
the cavity and be unable to escape. I1f, however, the pores are water
filled, the nucleus will be stopped in the fluid and then can diffuse
through the ground water and escape from the region where it was pro-
duced. DESAI (1975) confirmed that the presence of water did indeed

increase the escape of Rn-222 from pottery samples in the laboratory.

Although‘the escape of Rn-220 will presumably be by thié mechanism,
it cannot be included in group 5, because its progenitors will not
necessarily be included in the same mineral lattice as the U-238 and
U-235 chains, and thus the level of escape may not be simply related
to that of Rn-222, even after allowance ig made for the different
half lives. It is presumed that, with a half life of about 4 seconds

no significant migration of Rn-219 occurs.
v) Group 6; Pb-210

As lead isotopes are readily ionised and adsorbed on the surface
of clay grains, it is thought unlikely that any disequilibrium of Pb-210
compared with the short lived radon daughters that precede it will occur.

This is very useful as the Pb-210 activity should thus reflect the
degree of Rn-222 escape for some time after a sherd or soil has been

removed from the original context.

6.1.3 Thorium series

Groups 7 and 8; Th-232 and Rn-220

The most important potential source of disequilibrium in the thorium
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chain in natural samples is the escape of Rn-220. Despite its short
half life of only 55.3 seconds, DESAI (1975) observed levels of escape
as high as 95% in five water saturated pottery samples, although she
estimates her uncertainties to be about 30%. However, TANNER (1964)
suggests typical diffusion lengths for Rn-220 in wet or dry soil of

2 cms. This is of the dimensions of a buried sherd; unless the burial
context is of markedly different thorium activity to the sherd, it
seems unlikely that significant overall disequilibrium would arise from

this source, although it cannot be dismissed.

Some additional disequilibrium could be set up in very porous
materials between Th-232 and Ra-228 (half life 5.8 years) but this is
thought to be very unusual (NCRP 45, 1975).

6.1.4 Stability of disequilibria patterns

As it is only possible to make measurements on samples at the end
of their burial period, it is important to have some confidence that
the measurements made reflect the situation throughout this period.
Unfortunately it is not always clear that this can be done. Although
the dissolution of radioisotopes from the host matrix may take a con-
siderable period of time by archaeological standards, deposition from
ground water can be comparatively fast and localised. If the movement
of ground water is disturbed, for instance by new irrigation patterns,

an abrupt change in the radioisotope concentrations is possible.

Changing agricultural patterns may lead to changes in isotope
deposition/removal in other ways. Plant growth continuously depletes
the soil of many trace elements, and in doing so locally changes the
relative concentration of metals in solution. Clearly such changes
will have considerable effect on the rate at which ionic species are
taken up or lost by clays. The decomposition of organic matter tends
to immobilise uranium, but free radium and other very low concentration
isotopes, and humic acids tend to increase the rate of decomposition
of rock material (NCRP 45, 1975).

HEDGES and McLELLAN (1976) showed that two Roman sherds exhibited _
substantial ion exchange capacity, which in one case seemed to approach
that of raw clay. They concluded that a sherd buried in ground waters

of twice the uranium concentration (relative to other ions) of its
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parent clay could easily experience a 10% increase in uranium concen-
tration. A similar conclusion was drawn for thorium isotopes, and also
for potassium. As archaeological pottery was often not manufactured
from materials local to the burial context, this must be regarded as a

serious risk.

KINGERY (1974) has shown that substantial rehydration of ceramics
can take place during burial, especially in poorly fired sherds. This

will tend to make any ion exchange behaviour vary with time.

As water is known to have considerable effects on the emanation
of radon isotopes, it is to be expected that changes in ground water
levels may result in large changes in the movement of these isotopes,
into and out of buried sherds. In principle, the change on excavation
can be allowed for by measuring the Pb-210 activity, but there is no
means of determining whether or not changes took place earlier during

burial.

Finally, if ground water effects are negligible, for instance on
a desert site, there is the risk of changing disequilibria due to
radioactive decay. For most TL dates this potential effect is limited
to Ra-226, half life 1600 years. If there was considerable excess or
deficit of this isotope in the clay used to make a sherd, this would
decay or build up towards equilibrium with its parent Th-230 (half life
77,000 years). Thus the level of Ra-226 measured on excavation would
not give the average level of radium activity during burial. For much
older sites this could be complicated by radioactive decay of any Th-230
excess.

6.1.5 Existing measurements of chain disequilibria in archaeological
contexts

Very little work has been done on the frequency or degree of dis-
equilibria in archaeclogical contexts and sherds. MEAKINS et al (1979)
reported values of Ra-226/U-238 activity ratios for four sherds and two
clays of Middle Eastern origin, all of which showed significant dis-
equilibrium (up to 40%). In addition they reported Th-232/U-238 activity
ratios for these samples from 0.3 to 1.8, BOWMAN (1976) also gave Th-232/
U-238 ratios of between 0.4 and 2.5

More has been done on the level of radon escape, using alpha counting
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and gas cell analysis or Po-210 alpha spectrometry. For both wet
and dry soils and sherds, levels of escape of 50% have been observed.
(e.g. AITKEN, 1978b; DESAI, 1975).

6.1.6 Uncertainties in dose rate due to disequilibria

If disequilibria patterns are stable and the degree of disequil-
ibrium of each group is known, there will be no dose rate uncertainty
(from these sources at least). However, there is no technique in routine
use in TL dating which provides all this information, and the uncertain-
ties in dose rate will therefore depend on the technique used to estimate
the activity of a sample. The parameters measured by these techniques
are listed in Table 6.1.2, but without some quantitative knowledge of
the likely degree of disequilibria, it is not worthwhile at this stage
attempting to discuss the relative performance of these techniques.
However, it is worth considering the effect of an unsupported Ra-226

excess at the time of firing a sherd in more detail.

Table 6.1.3 shows a breakdown of the alpha,beta and gamma dose
rates for a 'typical' sherd containing 1 pCi 9—1 of U-238 (with U-235),
1 pCi g_1 of Th-232, and 15 pCi 9-1 of K-40. The decay chains are
assumed to be in equilibrium. It can be seen that a substantial part
of the total dose is from Ra-226 and its daughters. If the alpha con-
tribution to the total dose is calculated assuming a relative efficiency
for TL production of 0.1 compared with beta and gamma radiation, then
these daughter products contribute about 22% of the total dose. Figure
6.1.1 plots the ratio, for various levels of Ra-226 excess at firing,
of those doses calculated from a knowledge of enly the U-238, Th-232 and
K-4Q concentrations to the true beta and gamma doses. This, for
example, 1s what is determined by neutron activation and flame photo-
metry. The discrepancy will be slightly smaller for alpha counting,
because the residual Ra-226 excess at the time of measurement will contri-

bute to the alpha count rate.

The maximum discrepancy for the 200% initial excess is after
6000 years, when the Ra-226 excess would have dropped to about 20%.
For a sherd with such a discrepancy buried in a matrix of similar
activity, but with no unsupported Ra-226 excess, and subsequently ex-
cavated and dated using either the fine grain technique or the quartz

inclusion technique (i.e. including and not including the alpha contri-



Table 6.1.2

Summary of parameters measured by routinely used dosimetry techniques

alpha counting integrated alpha activity with
gas cell analysis and without radon escape
neutron activation uranium and thorium contents
induced fission track analysis uranium and thorium contents
beta TL dosimetry integrated beta dose rate
gamma TL dosimetry integrated gamma dose rate

flame photometry total potassium content
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Table 6.1.3

Breakdown of the effective dose rate contribution of each group for a

1

'typical' sherd containing 1 pCi 9-1 U-238 (+ U-235), 1 pCi g~ Th-232
and 15 pCi g-1'K—40, with a cosmic ray dose rate of 15 mradxr.1
Group Long lived Alpha Beta Gamma
isotope % of total % of total % of total
Uranium series:
1 u-238 1.5 3.3 0.2
2 U-234 1.8 - -
3 Th-230 1.5 - -
4 Ra-226 1.8 - -
5 Rn-222 6.9 3.5 6.4
6 Pb-210 2.0 1.6 -
1 U-235 0.1 - -
Pa-231 0.3 - -
Rn-219 0.4 0.2 -
Thorium series:
7 Th-232 5.6 1.9 3.5
8 Rn-220 7.9 3.3 5.6
Potassium:
K-40 - 28.9 . 8.8
Cosmic ray dose rate contribution 3.0
Totals 29.8 42.7 27.5
Total dose rates, mrad yr-1 151. 216 139
Note: 1) decay chains are taken to be in equilibrium
2) the U-235 contribution was calculated using an atomic ratio to
U-238 of 0.00726; this and other nuclear dataare given in more
detail in Appendix E
3) the effective alpha contribution is calculated assuming an alpha

effiéiency of 0.1 compared with beta and gamma rays at
producing TL
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bution) the calculated total dose would be about 24% low, giving an age
24% too old. Thus any sherds with even a small Ra-226 disequilibrium,
such as those reported by MEAKINS et al (1979), must be treated with
suspicion, unless it can be deduced that the disequilibrium exists
further back in the chain, or that the Ra-226 is in fact supported in

some other way, for instance by radium deposition from the ground water.

Clearly to improve the reliability of the estimation of the annual
dose rate to buried pottery, a rapid, convenient technique for detailed
radioisotope analysis of soils and sherds is needed. Alpha and gamma
spectrometry can, in principle, give all this information. Alpha spec-
trometry can handle very low specific activities by concentrating samples
chemically, but it involves considerable effort and is very slow. It
would be very difficult to process a significant number of samples in
a reasonable time. Gamma spectrometry, on the other hand, can provide

very nearly as much information in a far shorter time.

6.2 GAMMA SPECTROMETRY AS A MEANS OF QUANTITATIVE RADIOISOTOPE
DETERMINATION

The methods of gamma spectrometry and their application to quanti-
tative isotope determination can only be discussed in terms of the type
of gamma detector employed. Scintillation crystals, such as NaI(Tl)
have typical line widths of about 40 keV at 661 keV, while solid state
detectors, such as lithium drifted germanium, may have line widths
of only 2 keV at the same energy. Thus the information that can be
recovered by each system depends on the spacing and relative intensities
of the gamma lines of interest. In the following sections the dis-
equilibrium information available from high resolution spectra will be

discussed.

6.2.1 High resolution spectrometry

The best approach to setting out the potential of gamma spectro-
metry is to cons<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>