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Introduction
The annual gamma dose in a moist medium is
commonly taken as

Dy

Dw=(1 + XWF) @

where, )
D4 = dose in the same burial medium when dry,
W = saturation water content expressed as (wt.water
/fdry wt.),
F = fraction of pore space occupied by water, and x
is the ratio of effective mass absorption coefficients
for water and burial medium,

Equation (1) is essentially what was proposed by
Zimmerman(1971); he used x = 1.14 on the basis that
for gamma rays of around 1 MeV this was the ratio of
the coefficients for water and aluminium, the latter
having absorption properties fairly close to those for
soil. Subsequently Bowman (1976) suggested that a
value for x of 1.0 £+ 0.1 should be used; this was on the
basis that the ratio is less than unity below about 0.2
MeV (see fig.1) and on an assumption that 30% of the
energy is carried by gamma rays below 0.2 MeV.

With the availability (Jain et al., 1979) of spectra
(primary plus secondary) for wet and dry soil-like media
a further assessment of the effect can be attempted.
Whereas Zimmerman and Bowman obtained values for x
from the ratio of mass energy-absorption coefficients, it
is now possible to base evaluation on the lowered flux
and modified spectrum of gamma rays that is present in
the moist medium (compared to the same medium when
dry). The basic computations performed are evaluations,
for various spectra, of

D,  Z(/p)E(An)y
D= (2)
d X(u/p)E(An)4

where

(wp) = mass energy-absorption coefficient of quartz for
gamma rays of energy E,

(An)y and (An)4 = numbers of gamma photons in 10
keV energy intervals centred on E for the wet and dry
cases respectively,

and where the summations are carried out from 15 keV
to the maximum energy of the spectra concemned
(and multiplied by (1- P) - see later).

For soil having "typical’ relative concentrations of K, Th
and U the mean value of x derived from equations (1)
and (2) is 1.065. However, as will be discussed, this is
not the whole story, neither for sediment and pottery,
nor for compact samples having dimensions greater than
a few millimetres such as flint, calcite and tooth
enamel.

In the case of sediment and pottery it is necessary to
consider the intermediate stage that intervenes before
traps are filled. This stage consists of an effectively
uniform flux of electrons (from Compton and
photoelectric interactions) steadily degrading in energy;
it is uniform because most of the primary electrons have
ranges greater than the particle size and the size of the
water-filled pores. Hence rather than the relative values
of gamma absorption coefficients it is the relative
values of electron stopping powers that determine the
partition of energy between solid and water.
Consideration of stopping powers indicates an effective
value for x that is not sufficiently different to the value
of 1.14 mentioned above for a change to be suggested. It
is noted incidentally that the value of 1.25 proposed by
Zimmerman in respect of annual beta dose appears to be
about 5% too high, though more comprehensive
calculations are required before it it is justifiable to
recommend a change.

The uniform electron flux argument does not apply in
the case of the compact samples because the sample size
is comparable with, or greater than, the electron range.
On the other hand because the gamma spectra of Jain et
al. will be distorted by the sample further investigations
are needed in this case too before accepting 1.065 as the
final answer.

Hence the net message of the paper is 'no change’ for the
moment. The justification for submitting for
publication is that it may save others in luminescence
and ESR dating the effort of going through the same
steps and possibly interest someone in the more
comprehensive calculations indicated. Of course even if
the value of 1.065 was substituted for 1.14, it is only in
exceptional circumstances (high water content combined
with dominance of gamma dose) that there would be any
significant effect on date.

An incidental point from the Jain et al spectra that may
be mentioned is that the 0.2 MeV limit corresponds to
substantially less than 30% of the energy carried - see
Murray (1981) or p.330 of Aitken (1985). Figure 2
shows an example of a flux spectrum; in terms of
energy carried the region below 0.5 MeV becomes much
less important.

The spectra

A photon deposits its energy in matter through several
possible interactions, the major processes in the energy
range of interest for dating being the Compton effect and
the photoelectric effect. It is the equilibrium spectra that
are relevant and Jain et al. have calculated these by
numerical solution of transport equations for sandstone
and shale, for various degrees of wetness. For shale the
chemical composition (see table 1) is similar to that for
a typical soil (Murray, 1981).
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site spectrum from 1% of K, 10 ppM of Th and 3 ppM
The data provided by Jain et al. are in the form of tables
giving the gamma flux as gamma rays/cm?/s/10-keV
interval. The spectra are for 'unit sources’, namely 1
photon/cm3/s, which according to Jain et al. corresponds
to 302.1, 0.2463 and 0.0813 mg/cm? for K, natural Th
and natural U respectively; the primary gamma rays and
intensities used by Jain et al. are listed on p.329 of
Aitken (1985). Spectra are given for various values of
porosity, P, and pore space saturation, S, ranging from
P=0to P=04 and from S=0to S=1.Both P
and S are 'volume fractions' and whereas F in equation
(1) equals S, the saturation wetness that has been
defined above is given by

P
W= oa-e

where p equals 2.6117 g/cm3 for shale and 2.6263 for
sandstone, and the factor, x, is given by

_ {(Dy/Dy) -1}
= TTWE @
In evaluating the ratio (Dy4/D,,) it is necessary to
normalize to the same concentrations (of K, Th and U)
per unit dry weight; this is done by multiplying values
obtained from the spectra by (1 - P).

©)

Table 1. Composition (as % by weight) of
sandstone and shale (Jain et al.,, 1979) and
‘typical soil' (Murray, 1981).

Element Sandstone Shale Soil
H - 1.340 1.0
C 1.394 1.551 -
0 52.165 49.776 52.6
Mg 0.716 1.501}

Al 2.551 8.290} 8.3
Si 37.086 27.760 28.2
K 1.112 2.738 1.5
Ca 3.979 2.259 2.5
Fe 0.998 4.786 4.6
Na - - 1.3

As illustrated in fig. 3, relative to a dry medium the
gamma flux in a wet medium is depressed in the high
energy region but enhanced in the low energy region.
Presumably the enhancement is associated with the low
photoelectric crossection of water relative to medium.

Although it does not affect the value obtained for x it
may be noted that the concentration values quoted above
from Jain et al. correspond to 1 chain disintegration
/cm3/s in the cases of Th and U, rather than 1
photon/cubic cm3/s.

Evaluation of x

Table 2 gives values of x that have been computed for
various cases. The mass energy-absorption coefficients
for quartz have been derived from Storm and Israel
(1970) and those for other minerals of dating interest
are similar. For 'typical soil’ containing 1% of K, 10
ppM of Th and 3 ppM of U the weighted average for x

of U, in dry shale.
is 1.065, wlth the individual values (for shale) lying
between 1.06 and 1.08.

In the first two lines of table 2 results are given for two
cases of zero wetness but, whereas the first is for P =0
the second is for P = 0.3, The agreement confirms that
for a given radioisotope concentration per unit weight
the annual dose is independent of bulk density; the
comparison also provides a check of computational
accuracy.

Table 2. Evaluation of x

P S WF Sum D4/Dyw X
Potassium (in shale)

0 0 0 19.91

0 0 0 19.91 - -

0.3 0.5 0.0821 18.29 1.088 1.074

0.4 1.0 0.2553 15.60 1.276 1.081

Potassium (in sandstone)
0 0 0 20.12 - -
0.3 1.0 0.1632 17.04 1.181 1.109

Thorium (in shale)
0 0 0 11.53 - -
0.4 1.0 0.2553 9.07 1.271 1.061

Uranium (in shale)

0 0 0 10.38 - -
0.4 1.0 0.2553 8.17 1.271 1.061
Notes
1. WF and x are calculated according to equations (3) and
4).

2. The values under Sum are computed as indicated in
equation (2). Units are MeV/g/s per unit source.

Discussion

While the value for x just derived would seem to be
better based than from the coefficient ratio approach
there are two further aspects to be considered. In the the
cases of flint, calcite and tooth enamel there is the
question of distortion of the gamma spectra due to the
finite sizes of these intrusive samples. Probably the
effect is not serious but before accepting the value of
1.065 as final, further consideration is needed.

In the cases of pottery and sediment there is a more
serious bar to acceptance of the new value. The energy
absorbed from the gamma flux is carried by electrons
with an energy spectrum extending from zero up to the
maximum energy of 2.6 MeV (from TI-208 in the Th
chain) and hence with a spread of ranges up to several
millimetres. The water-filled volumes in pottery and
sediment are of sub-millimetre dimensions and
consequently for a substantial portion of the spectrum
‘charged particle equilibrium (CPE)' obtains, i.e. the
electron flux is uniform throughout water and solid.
Thus in considering the partition of ionization between
water and solid, for this part of the spectrum it is the
ratio of electron stopping powers that are relevant. For
the annual beta dose Zimmerman (1970, 1971) proposed
the use of x =1.25, this being the average ratio of the
stopping powers of water and aluminium from 0.1 - 3.0
MeV, based on the tables of Berger and Seltzer (1964).
Because the stopping powers of quartz and feldspar are a
few percent higher than that of aluminium this is an
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overestimate; a direct computation of the water/quartz
ratio (see fig.4), using Berger and Seltzer (1982), gives
an average value of 1.19. Only the collision component
has been taken into account (i.e. radiation loss has been
excluded); the slight effect on the ratio of the density
correction has been ignored.

Some indication of the fraction of the secondary
electrons for which there is CPE can be obtained from
fig.5. This gives, for a composite gamma spectrum
from K, Th and U, the energy absorbed from the gamma
flux expressed as a fraction of the total energy absorbed;
thus we see that 90% of the absorbed energy is obtained
from gamma photons having an energy in excess of
0.16 MeV. When absorption is by the photoelectric
effect the electron has the same energy as the photon,
but in the case of Compton interaction there is a
spectrum of electron energies from zero up to near the
energy of the photon (within 30% for 0.5 MeV photons
and within a lesser percentage for higher energy
photons). Inspection of fig. 5.1 of Evans (1955, p.693)
indicates that this spectrum does not vary strongly with
energy and hence as far as annual dose is concerned it
will be weighted towards the high energy end.

Hence the major part of the annual gamma dose is
delivered by electrons having an energy in excess of
0.16 MeV; the range corresponding to this energy is
about 0.1 mm and hence there is CPE for these
electrons -- the median grain size in loess is around 0.04
mm and the pore size in pottery somewhat less. For this
part of the gamma dose the appropriate value of x is
1.19 rather than 1.065.

Conclusion

To establish a precise value would require Monte Carlo
type computations and these are hardly justified bearing
in mind the relative unimportance of the gamma dose as
far as pottery and sediment are concerned. It is therefore
recommended that the original Zimmerman value of
1.14, which is midway between the two values just
mentioned, should be retained for pottery and sediment.
On the other hand for compact samples having
dimensions greater than a few millimetres the
appropriate value is likely to be towards 1.065.

As far as the annual beta dose itself is concerned it
would be logical to change to 1.19. However since
averaging should take account of the beta spectra
involved, as well as CPE effects, any definitive change
from the Zimmerman value of 1.25 should await
comprehensive treatment. A more important uncertainty
needing attention is the question of whether or not it is
appropriate to make any correction at all in the case of
alpha dose (see Fleming and Stoneham, 1973; also,
p.76 of Aitken, 1985). However the present authors do
not have intentions of attempting either task, nor that
posed by compact samples.
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PI Reviewers Comments (John P, Prescott)

It is good that someone has got round to carrying out
the non-trivial task reported in this paper. As the authors
point out, the analysis is incomplete and there are still
issues to be resolved. There is an element of judgement
in the recommendations. On the whole I agree with them
and my comments are primarily directed to supplementary
points.

Presumably flint, clacite and tooth enamel have internal
radioactivity which is low with respect to typical soil;
the gamma contribution may well dominate in such cases
and the effect of the improved moisture correction will be
significant. However, one could argue that the dose to a
compact sample having the dimensions greater than a few
millemetres would not include contributions from low
energy photons from outside the sample and that a higher
figure (say 1.14 for the sake of argument) would be better
after all. Perhaps I have missed something. In the case of
pottery and sediment, where the distribution of
radioelements is more homogeneous, the gamma ray
calculations are certainly valid even when the electron
stopping power argument is subsequently accepted.

Although T do not believe it would make very much
difference to the final conclusions, I believe that the
discussion section understates the contribution of low
energy electrons. As the paper points out, the Compton
electrons acrry away only a fraction of the photon
energy; about 50% at 250 keV, 40% at 160 keV (the
figure mentioned in the discussion) and a decreasing
fraction at lower energies. Similarly, although the
photoelectric effect eventually results in the release of
the full photon energy, the energy of the photoelectron
itself is smaller than the photon energy by the binding
energy of the shell from which it comes. The remaining
energy is subsequently deposited by secondary
photoelectrons and Auger electrons. In short, the energy
from photons is actually deposited by a number of
electrons of significantly smaller energy.
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Notes on a recently constructed TL system

R.B. Galloway

Department of Physics, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, Scotland, UK.

Introduction

Some aspects of a recently constructed system for TL
dating may be of interest to others about to design or
modify such equipment. Although the system is a
manual one, it served to test component designs destined
for incorporation in a multi-sample automatic system.
In outline the system follows the established layout, eg.
Aitken (1985), of a heater within an evacuable chamber
which may be filled with nitrogen for measurement of
the glow curve, with the TL emission detected by a
photomultiplier mounted on the chamber. The glow
curve is recorded by a BBC Master computer which may
also carry out data analysis and which controls the
operation of the system. Figure la summarises the
interfacing arrangement.

The photomultiplier may be removed and replaced by a
shielded beta source (°0Sr/90Y; 4 GBq) to apply a
controlled radiation dose (90 mGy s'1) to a sample in
position on the heater. The source (Amersham
International, type SIF1177) is stored at the centre of a
cylindrical shield comprising an outer layer of lead 16
mm thick, an aluminium layer 23 mm thick and a 114
mm diameter core of perspex. The source is mounted
on an aluminium wheel to provide easy rotation from
the storage position to the exposure position. Although
perspex was the preferred material close to the source, it
would suffer from severe radiation damage immediately
facing the surface of the beta source in it's storage
position, so a disc of aluminium is inserted there. The
dose rate at the surface of the shield ranges from 5 to 10
uSvh-1 reducing to about 0.7 uSvh-! at 0.5 m. Because
of the weight of the shield, movement on to the top of
the glow oven for exposure is motor assisted.

Heater assembly

The heater assembly is illustrated in figure 2. Linear
increase in heater temperature with time is controlled -
see figure 1b - by the circuit described by Mills et al.
(1977), modified at it's later stages to control a 20 kHz
signal fed into an audio-amplifier (rated at 120W into 8
ohms, RS Components model MOS248) which in turn
feeds the primary of a transformer wound on a
ferroxcube core (100W E-cores, RS Components
FX3730), on the lines described for the Risg automatic
system by Bgtter-Jensen and Bundgaard (1978). The
secondary of the transformer is made from solid copper
and this solid secondary serves also as the mechanical
mounting for the heater strip, as shown in figure 2.
The knife edge shape of the two copper blocks onto
which the heater is clamped was chosen to facilitate easy

heater replacement while ensuring accurate location.
The nichrome heater strips, 0.125 mm thick, are
prepared by bending on a former to an inverted U shape
with a flat top 10 mm by 10 mm and a thermocouple is
welded centrally undemeath the flat top. The heater is
pushed down on the copper knife edges and clamped in
position. The knife edge shape prevents excessive
conduction of heat away by the copper from the top
surface of the heater strip, while locating the heater at a
fixed position within the glow oven, that is at a fixed
distance from the photomultiplier for constant efficiency
of light collection. The inverted U shape is appropriate
for an automatic system, resembling that used by
Bgtter-Jensen and Bundgaard (1978) but possibly having
a simpler fixing method.

Conclusion

The system described has been working satisfactorily for
18 months, principally with quartz fine grain deposits,
and the features described have been built into an
automatic system currently undergoing tests.
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Figure la.
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Simplified schematic diagram of the interfacing control system.

1. RCA 8575 photomultiplier.

2. NE4676 fast amplifier and discriminator unit.

3. LMG6365M pulse inverter driving two 74393
scaler chips.

4. 6522 VIA transferring data from scalers to
computer.

5. 74154 decoder linking computer control to the
scaler and the start, stop or hold of the heater
temperature regulating circuitry.

6. Linear ramp and heater temperature error signal
(Mills et al. 1977).

7. 8038 waveform generator and 1495 multiplier.

N 8. MOS248 120W amplifier module.

i 9. FX3730 E-core transformer.

10. 741 Op-amp.
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Figure 1b.
Details of the heater control circuit, comprising blocks 6 - 10 of fig. 1a, showing the modifications and additions to the
circuit of Mills et al. 1977, identified as MS&H in the diagram. The ramp generator of MS&H fig. 4 is modified only
by replacing the 3 manually operated switches of the original which start, hold or stop the ramp by 3 DIL relays logic
level controlled through a 7406 open collector buffer from the decoder (block 5 of fig. 1a). The comparator and
thermocouple amplifier are as MS&H fig. 5. The components used with the wave generator and multiplier chips are
shown followed by the voltage amplifying and buffering circuits used to drive the integrated power amplifier.

Figure 2,

Scale drawing of the heater strip mounting
and transformer secondary formed from

copper.

Heater strip
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Pairs precision required in alpha counting

M. J. Aitken

Research Laboratory for Archaeology & the History of Art, Oxford University, 6 Keble Road, Oxford OX1 3QJ, UK

Introduction

In thick source alpha counting of samples and soil for
TL dating an estimate of the counts due to the thorium
chain can be determined from the number of coincident
'pairs’ that are observed. A coincidence window of
0.38s is commonly used and after subtraction of
random coincidences the remaining 'true pairs' are due
to the rapid decay of Po-216, halflife 0.145s,
following its formation from Rn-220, both being
alpha emitters. For samples in which the thorium
activity is equal to the uranium activity the ratio of
total counts to true pairs is about 40:1. Hence to
obtain 100 pairs (and hence get *10% statistical
uncertainty) a counting time of about a week is
necessary for a sample having a count-rate (for a 42-
mm detector) of 10 per ks and proportionally longer
for samples of weaker radioactivity.

The purpose of this note is to point out that
acceptably precise values for annual beta and gamma
doses can be obtained with substantially fewer pairs
than 100. Perhaps many practitioners realize this
already but to others it may be useful. Of course for
alpha dose there is only slight dependence on
thorium/uranium ratio.

Beta dose
Using data from Nambi and ‘Aitken (1986) the annual

beta dose, in PGy, is given by
Dp 86.6 o, + 57.3 o
866 a - 29.3 oy, 1)

where o, and oy, are the counts/ks from the U and Th
chains respectively, using a 42-mm detector with the
usual electronic threshold setting of 85% for a
thorium-only sample and o = (o, + O4).

In the case of a coincidence window that is open from
0.02 to 0.04 s following each count (as in Daybreak
and in Littlemore equipment) the count-rate due to the
thorium chain is related to the count-rate of true pairs,
p, according to

ap =21.1p )

and the true pairs are obtained from the observed
doubles rate, d, by subtraction of the random
coincidence rate, r, accordingto

p=d-r 3
Substituting from (2) into (1),
Dp=86.6 a0 - 618 p 4)

The uncertainty in the first term is 86.6(a/t) and in the
second, 618 [(d + r)/t]%5 where o = a, + o, and tks
is the duration of the count. Assuming these

uncertainties to be uncorrelated, the uncertainty in Dg
is given by

(3Dp)? = 86.62%/t + 6182 (d + D)/t 5)

For a coincidence time of 0.38s, r = @2/2631, and
writing C = r/a and B = d/a, the fractional
uncertainty is

(?2@)2 1 86.62+6i32 (B +C)
D ) -

at” (86.6-618 (B -C)}2
(6)

As an illustrative example, take o = 10 ks'1, in which
case C = 0.004; suppose for this sample B = (.03,
then to obtain + 5% uncertainty in Dg, eqn. (6)
indicates requirement for a total count (cit) of 1650 and
a doubles count of 50. This contrastswith the
commonly held assumption that an uncertainty even
as poor as +10% requires 100 doubles. Inspection of
eqn. (6) shows that there is comparative insensitivity
to the value of C in the denominator and for
convenience in judging whether sufficient doubles
have been obtained during a count, (B - C) in the
denominator may be taken as equal to (B + C); this
has been done in constructing fig. 1a.

Gamma dose

In a similar manner, starting from the expression
(from Nambi and Aitken) for the annual gamma dose
as

Dy =67.0 o+ 104.7 oy
=67.0 o, + 37.7 oy, )

the fractional uncertainty may be written as

D, ] 672 + 7962 (B + C)
(D‘j:a_l. (67 - 796 (B - C))2 ®)

This is illustrated in fig.1b, again with approximation
for (B - C) in the denominator.

Combined beta and gamma dose: alpha dose
From equations (1) and (7) we have

Dpg+Dy =153.6 a,+162.0 o,
=153.6 oy + 8.4 o ®

From this we see that the extreme assumptions of o,
=0 and oy, = o both give combined doses which are
within 3% of the middle value obtained by putting o,
= 0.5a.. Hence there is no need for pairs counting in
cases where the combined dose is relevant (see
Discussion).
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(a) beta

Total alpha counts required

(Doubles + Randoms) as %

(b) gamma

104

Total alpha counts required

10%

1021
0 2 4 6

(Doubles + Randoms) as %

Figure 1.

Total counts (singles plus doubles) required to give precision indicated. The horizontal scale represents
(doubles+ randoms) expressed as a percentage of total counts. Coincidence time: 0.38s. (a) For annual beta
dose; (b) For annual gamma dose.

13
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The annual alpha dose also is only weakly dependent
on the Th/U ratio, being given by

Dy =1645 o, + 1480 oy, (10)
= 1645 oy + 166 oy, (11)

In this case the doses corresponding to the extreme
assumptions lie within 5% of the dose corresponding
to oy, =0.5 o

Thorium/uranium ratio
This ratio, in terms of ppm, is given by

1.70 Oh

R= 0.499 " o - o,

(12)

the numerical factors, as elsewhere, being taken from
Nambi and Aitken (1986). On the assumption, as

before, that statistical fluctuations in o and oy, are

uncorrelated, the fractional uncertainty in R is given
by

(SR)Z a 2 ((80)  (8ps)?
- | = . +
R (a—Zl.lp) (a2 P’ )

where

(Y
o2 T at

(13)

8 1 (B +C)
P ()Lt'(B-C)2

For the numerical values following equation (6) the
second term on the right-hand side is equal to 0.0252,
the first to 0.175%, and the fractional error in R is
0.39. This is in strong contrast to the +5%
uncertainty in beta dose that is obtained. In order to
obtain even £10% uncertainty in R with this sample a
doubles count of 645 is required, needing a counting
time of a month.

Discussion

The foregoing considers only the uncertainties arising
from counting statistics, the systematic uncertainties
associated with the possibility of radon escape being
ignored. However the purpose of the analysis is to
indicate that excessively long counting times are
unnecessary unless the ratio Th/U is required.

The considerations regarding gamma dose are relevant
only in circumstances where there is radioactive
homogeneity in a sphere of radius 30 cm around the
sample. The considerations regarding combined beta-
plus-gamma dose are relevant only in the case of
sediment dating in such circumstances. In all other
circumstances the gamma dose necds to be determined
by on-site measurements.

Screen efficiency

It is often assumed that there is no batch-to-batch
variability in composite ZnS screens. While this is
usually the case we have recently had a batch of
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screens in which the counting efficiency was low by
25% compared to normal. Hence routine checking of
screen efficiency is important; this can be done
conveniently by means of a source made up of
pitchblende in resin (eg "Plasticraft"). This should be
of the same diameter as the screen and hence give a
good replication of actual sample geometry. With
about 5 g of pitchblende in 5 g of resin the count-rate
is about 300 per sec, enabling good statistical
precision to be obtained in a 100-second count. Use of
a thin source (eg Am-241 or Ra-228) is misleading
because the spectrum differs grossly from the thick
source spectrum emitted by a sample.

Erratum

I would like to take this opportunity of apologizing
for an error on p. 87 of Aitken (1985), kindly pointed
out to me by Stephen Stokes. The upper limit for no-
sample screen-only count-rate snould have been given
as 0.1 per ks not 0.01.
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