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NON-LINEAR GROWTH:
ALLOWANCE FOR ALPHA PARTICLE CONTRIBUTION

v ‘ T M. J. Altken ’
' Research Laboratory for Archaeology
Oxford University
6 Keble Road
Oxford, England

This note points out that when there has been an appreciable alpha particle contribution to the
natural TL, techniques for dealing with some types of non-linear growth of TL with dose may
need to be more complex than those presently employed. This need arises because the non-
linearity-observed for beta or gamma dosage does not represent the behaviour for alpha dosage.:
The familiar supralinearity observed in the low dose region for beta or gamma irradiation is
absent for alpha irradiation, and, as regards the non-linearity associated with the onset of
saturation-it has been reported by Zimmerman (1972, figs. 6-9) that for the five substances . .
~ Investigated the departure f{rom linearity occurred at an order of magnitude lower dose for beta
irradiation than for alpha irradiation.

‘The reason for these differences in response Is that whereas beta or gamma Irradiation results in
an effectively uniform dosage of the whole volume of the sample (except at doses low enough for
the particle tracks not to be fully overlapping); for alpha irradiation the dosage Is contained in
discrete cylinders along the track of the-partiele-atid within the central portion of these
cylinders the dosage is so high that the TL is in saturation. This is the accepted explanation for
“the low TL effectivencss of alpha radiation (Aitken, Tite and Fleming, 1967) firmly established -
by Zimmerman (1972)."Thus for alpha particles ‘fche observed TL is equal go bhe product of the
(TL per track) x*(numniber of ‘tracks i the sample); since each track is in virgin territory and
therefore not influenced by carlier irradiation, the TL is simply propomonal to the number of
tracks and hence the growth of Tlwith do@e is lthear - until the level of irradlation is so heavy
that there is appreciable’ oveMap of traeks. " With" llghtly ionizing particles, overlap begins much
earlier so that the TL per track; changes because of the earlier dosage received by the volume of
sample.concerned. . o
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Consequenées 1 !

This dlﬂ"erence in behavnour neéds Lo be considered whene\'or t,here is non-linear growth and an -
apprcuame alpha conmbum()n to Lhe naLural TL (as may be the case not only for the fine-grain
technique but also for coarse grains when there ig alpha activity within the grain - as in flint

and calcite dang) A curve fltted to the growth characteristic obtained for beta or gamma
dosage does not then give a valid representation of the growth, during antiquity. Similarly when
using the regeneration.technique in sediment dating (method ¢ of Wintle and Huntley, 1980) the
paleodose derived by flnding the beta (or gamma) dose needed to induce TI equal to the level of
the natural TL is liable to lead to an erroneous age - as illustrated shortly by a worked example.

Supralinearity correction

First, however, a recapitulation is given of the basis for correction for supralinearity in the low
dose region. As long as the growth characteristic consists of an initlal upward curving portion
followed:by .a linear pomo‘n and the level of the natural TL Is on the latter, the correction is
exact. —— '

The groth of alpha induced TL -may be represented by
| | ! - : G = Xa D w (1)
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where x and D represent (TL per unit dose) and dose respectively. As regards.the growth of TL
induced by beta, gamma and cosmic radlatlon the linear portion of the characteristic may be ,
represented by
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Gg=xpDg-1) (2)

where the suffix 3 is to be taken as referring to all these three types of lightly-lonizing radiation,
and, [is the intercept of the straight line on the dose axis. Obviously this-representation of the
characteristic is not correct other than for TL:levels which lie on the linear portion.

The natural TL may be written as
Gy =XxaDoA +x3(DsA -1) (3)

where D represents annual dose, and A represents age. If we now introduce Qﬁ as the beta
dose cquivalent to G , then , - .

“"“{n practice ng is obtained as the intercept of the first glow growth line obtained by measuting

the TL from undrained portions which have been given additional beta doses. As so defimed: Qﬂ
does not have any physical meaning unless there is linearity in this growth. I"urther we deﬂne
the relative alpha effectiveness as . N R P

o1

k= x'a/'xﬂ EA W

From (3), (1) and (5), we have - ‘ Lo s : e
A= - o R )

N D +Dﬂ I

This follows ezactly and does not Involve any approxlmat,ion ln respect, of the alpha growth as s
sometimes thought. The condition of appllcablllt,y Is that.all the "FL- levels, coneerned:-le on the .
linear portion of the growth characLerlsLic We .may note anidcnt,ally that. the analysis applies -
also in the case of I belng negative so Lhat (6) can, be used 1n.the case qf-a growth characteristic
consisting of a concave-down Initial curve foHowed by a llnear portion, such as might be given
by two component growth in which one componenL sat,urat,es ea.rly

In the preceeding x refers to first-glow growth. In otder to evaluaLe the Intercept [it is heces-
sary to use second-glow growth measurements. It has to be assumed that I'is the same for.both
but it does not matter if there has been a change in slope beLween first-glow and second g}ow
The validity of evaluating the supralinearity correcc[on by means oI' a, second glow measure-
ments is a matter of ad koc test for the type of samp!e g:om'erned dat,a relevanL to this ha,ve o
been reported, for instance by Bowman (1975), by Fleming 1970) and by Huxtable and Murray_
(1980). " o A

The regeneratwe technzque aworked e:cample o e

To illustrate LhaL appreciable error can arise in t/he case of non-linear bet,a (or gamma) growth'"
we take the form of Lhat growth to be a saturatlng exponentlal 1 e:; instead of equaLion (2) the

R

growth is given by } ) - -
Ga=x3D, (1—exp(Dﬂ/D N @)

3 . ” B PR

where X 5 is now the (TL per unit dose) for D, << D and D _isa consuant indlca,twe of" Lhe i
dose levél at which saturatlon effects become Serious. ‘f‘he natural TL is now given by . o

Gy = Xa D, A +x3D, {1—exp(D A/D )} " (8)
In the regenerative technique the paleodose is evaluated by finding the beta (or g‘amma) dose
necessary to induce in a bleached sample a level of TL equal to the natural TL, t.e., 1t Is.the.
value of D which on substitution into (7) makes G G . We are taking these levels of TL
to be the levels above any residual unbleachable co ponenL. 5 _ N

[ oo e

For the example we take .



. 1
DﬁA =;Do (9)

and
. 1 .

XaDa—_—;XﬂDﬂ (10)
These conditions give the paleodose, Pﬁ' as
If we now derive the age as

| P
A =—FL (12)
k, D, + Dﬁ
where kl, = Xa/xﬁ' we obtain
A, =138A4 (13)

i.e., and overestimate by 38%.
An alternative way of Introducing the reduced alpha effectiveness Is to use k, = P /P where

P _is the value of Da which when substituted into (1) gives G = G , the Tatter emg as in
(8). For the same conditions (9) and (10) as before we find

P,=1.29 xp D A /Xy (14)
and if the age Is derived on the basis of
P
A2 = ————?—-—— (15)
ky Do+ Dy
we obtain
A, =1154A (16)

e., the overestimate is less but still significant.

On the other hand if the non-linearity In the beta growth is a form of low-dose supralinearity as
described by equation (2) then the age is given correctly by
P

A= — s (17)
kD,+ Dy

wherefﬂ is the value of D, which on substitution into (2) makes G , equal to the natural TL,
and k Unlike correction for supralinearity in the additivé dose technique it is now
necessary L%at, ghe TL sensitivities, as well as I, for regenerated TL are the same as during anti-
quity.

Conclusion

When there is appreciable non-linearity in the beta growth, as in the worked example, then
except in the simple case described by equation (2), using this beta non-linearity to infer the
form of the growth during antiquity is likely to give rise to a significant overestimate of the age
if the alpha contribution to the TL Is sizeable. At any rate in the case of the regeneration tech-
nique used in sediment dating the error is reduced by using the ratio of beta paleodose to the
alpha paleodose for the relative alpha effectivencss, as in equation (15).

The preferred procedure is of course to construct a combined alpha and beta growth characteris-
tle, the components being in proportion to the respective annual doses.
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A NEW PROPOSAL FOR THE EXPRESSION OF ALPHA
EFFICIENCY IN TL DATING

S. G. E. Bowman D. J. Huntley
Research Laboratory Physics Department
British Museum Simon Fraser University
London, WCI1B 3DG Burnaby, B.C.
England Canada V5A 1S8

In dating, the first deseription of the thermoluminescence (TL) efficiency of alpha relative
to beta radiation was in terms of the k-value (Zimmerman, 1971) defined as the ratio of TL per
unit of absorbed alpha dose to the TL per unit of absorbed beta dose (by beta we mean beta or
gamma throughout). For alpha particles the TL per unit dose, and therefore the k-value, varies
with the alpha cnergy. The TL per unit of alpha particle track length, however, is nearly
independent of cnergy. This fact led to the Introduction of the presently uscd a-value system
(Altken and Bowman, 1975). In this note we continue in a similar veln, but rewrite the alpha
particle contribution to the dose-rate in a form which we believe to be more easily understood.

For beta radiation we assume that the TL per unit of absorbed energy is a constant
independent of the energy of the particle. To begin with we also assume that the TL per unit
track length is the same for alpha particles of all energies. With this in mind, the natural
parameter to Introduce Is the beta energy that yields the same amount of TL as one unit length
of alpha track. That is the ratio

TL per unit alpha track length
TL per unit absorbed beta energy

(1)

which has units of J m'1 in the SI system.

This Is closely, and very simply, related to what is actually measured In a standard labora-
tory determination of the relative alpha efficiency. In this, an alpha source, which dcllvers a
known track length per unit volume per unit time, Is used to irradiate a sample thinner than
the individual alpha track lengths, and the resulting TL Is compared to that induced by a
known beta dose. This experimental ratio we define now as a new paramneter

b =

TL per unit alpha —track —length —per —unit —volume
TL per unit of absorbed beta dose

(2)

and find it Is related to (1) by the sample denslty,
TL per unit track length 1
TL per unit absorbed beta energy density

(3)

In the SI system the unit of b is Gy m2.

We now derive the alpha equivalent dose term in the age equation for the case where
thick-source alpha counting measurements are to be used. We defilne A to be the total surface
alpha emission rate per unit area and time. This is related to the activities (disintegrations per
unit mass and time), A,, of the isotopes, and their corresponding alpha partlcle ranges, Rip
(length x density), by

XZ%EA‘Rtp (4)

The rate at which alpha track length is generated per unit volume is E A,- R,- p= 4\. Thus

1
for a sample of age T, the beta equivalent dose due to the alpha particles is

ED , = 4xbT (5)
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To this equation two minor modifications are required. The first is due to the observation
that the TL per unit track length may not be constant for alpha particles with energies less
than about 2 MeV. To allow for this the right hand side of (5) must be multiplied by a dimen-
sionless factor n (defined by equation 7 of Aitken and Bowman) for which the best estimate is
still 0.90 4 0.05 (see below).

The second modification arises because in practice it is conventional in thick-source alpha
counting to count 82% of the alpha particles from the uranium chain and 85% from the tho-
rium chain. Denoting these measured count rates by )‘U and >‘Th respectively we obtain finally

Ay ATh
| or

D, — anf 2 21

(6)
0.82  0.85

In practice then, one uses equation (2) to determine ‘b’ and equation (6) for the alpha term in
the age equation.

We now relate the above ’b-value’ to the 'a-value’ of Aitken and Bowman. We must frst
note that in all the above equations one can adopt any system of units one wishes. The "a-
value’, on the other hand, is defined by

¢ =—— (7)
13005
where x is the number of rads of beta irradiation %hat, produce the same TL as 1 minute of
alpha irradiation from %source of strength S um' min ~. For the same measurements equation
(2) yields b (in rads pum®) = x/S. Thus we have

b (tn Gy um?) = 13a . (8)

Thus, for example, if a = 0.1 then b = 1.3 Gy /1m2, meaning that a beta dose of 1.3 Gy yields
the same TL as one normally incident alpha partiele per square micrometre.

Apart from presenting the track length system In a form that we believe to be easier to
assimilate, there are two significant advantages to the new proposal. The first is the absence of
the arbitrary value of 1300 introduced by Aitken to make the a-value numerically the same as
the old K-value at an energy of 3.7 MeV. This avoids any confusion of the track length system
with that based on absorbed alpha dose. The second advantage relates to the definition of the
a-value. Although the a-value is dimensionless, as defined above its evaluation requires the use
of specific units l.e. um and rads, the latter of which is not an SI unit. Only by changing the
definition of the a-value could the use of grays be achieved, even so it would still be necessary to
use the units specified in the new definition. The b-value, on the other hand, allows freedom of
choice of units and, In particular, consistency with the SI system.

POSTSCRIPT

To this note we would like to add the following points related to the application of the b-
value system.

(1) When equal uranium and thorlum parent activities and full chain equilibrium are
assumed, 52% of the alpha count-rate above the threshoid Is due to uranium and 48% to tho-
rium. Equation (6) then becomes

ED, = 4.80n\bT (9)

and taking n = 0.9, we have

ED , = 4.32X\b6T (10)

(2) It has been assumed throughout that 7 is independent of which series predominates.
Strictly equation (6) should be



MUAy  NTh ATh
ED_, = 4{ + 6T (11)
0.82 0.85
For full chain equilibrium, however, n is only 1.5% higher than n,. and the average value of

0.90 has been used when the two chains are of approximately equal activities (Bowman, 1976).

If one chain predominates, as for example uranium in flint (Bowman et al., 1982), the small
spectrum dependence of  which appears to exist, partially balances that of the threshold factor.
The equivalent alpha dose for the individual serles are then:

U Th
full chain  4.36AbT  4.28\bT
pre-Rn 4.44AbT  4.44XbT

The dependence on which series is dominant and on gas escape is therefore small, and for all
practical purposes can be ignored (see also Altken, 1983) when the error on 7 is considered. The
value of n recommended for use in dating is 0.90 + 0.05 (Bowman, 1976). This value is based
on measurements on a variety of materials of TL versus alpha energy for energies up to 7.3
MeV. The error on 7, considered to be systematle, relates to the variation in results for the
different minerals and to the uncertainty regarding the reason for the rapid fall in TL observed
in some samples for energies less than 2 MeV. This fall-off could be a genuine effect caused by
decrease In energy or be due to agglomeration of grains during deposition which produce a sam-
ple thickness that exceeds the alpha particle range.

(3) In deriving the equations for the alpha equivalent dose it was implicitly assumed that
in the b-value measurement all alpha particles used were sufficiently energetic that the TL was
proportional to the alpha track length. The fall in TL per track length for energies below about
2 MeV necessitates the use of a source and geometry such that all alpha particles have at least 2
MeV after passin&ltihrough the sample. Singhvi and Aitken (1978) showed that their alpha irra-
diator, in which Am sources are used In vacuum, Is satlsfactory In this respect when used
with one of the type AMM.7 10 uCi foil sources from the Radlochemical Centre, Amersham,

* UK, and provided the source to sample distance was at least 10 mm. The energy of the alpha
particles from this source was 4.9 MeV. Another, stronger, source of type AMM.3 from the
same company, and as normally used in the Singhvi and Altken six-seater irradiator, emitted
alphas of only 4.2%{3\/ and Aitken (personal communication) has pointed out that the typical
energy shown for Am foll sources in the Radlochemical catalogue is only 4 MeV. For these
the 2 MeV requirement will not be satisfied by oblique alpha particles from a source at a dis-
tance of 10 mm from a sample assumed to be 8 um thick.
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UNIVERSIDAD NACIONAL DE INGENIERIA (PERU) TL DATES - 1984 (I)

A. Pereyra Parral, E. L.dpez Carramza1 and D. Lavadle‘e2

The TL measurements to date pottery from Telarmachay, a shelter in the Peruvian Cen-
tral Andes, were made in 1981-1982. The “fine-grains” technique of Zimmerman (1971) was
used. Detalls about the equipment and procedure to obtain the natural and annual doses were
published by Lopez Carranza et al. (1983). First results of these dates without considerations of
moisture were reported by Pereyra et al. (1982).

For the annual dose, radioactive analyses were carried out on the pottery and soil by alpha
counting (U and Th) and flame photometry (K), and the calculations were made using the
conversion factors of Bell (1977). If the ratio between the sealed (al) and unsealed (ao) alpha

counts, al/ao, was greater than 1.05, the value (a1 + ao)/2 was used. In other cases o, was
taken. For the soil, the stone content was not considered and the ratlo al/ao was 1.17. An

alpha efliciency (1) of 0.15 with an overall uncertainty 6a—20% was assumed for both sherd and
soil. 15 mrads/yr was used as the contribution of the cosmic radiation to the dose-rate. To
take account of the molsture content, which was very high in the excavation site, saturation
water uptake was considered for soll and sherds; soil wt. sat./soil wt. dry was equal to 1.4.
Anomalous fading was not studied in any case. The error assessment of Aitken (1976) was used,
taking zero for the uncertainties oq (radon emanation) and og (wetness estimate). The TL and

14C dates are in years before A.D. 1980 and the TL errors appear within parenthesis.
We acknowledge the Organization of American States for equipment grants.
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ARCHAEOLOGIC SAMPLES

TELARMACHAY (Province of Tarma, Department of Junih, 11°11'S, 75°52'W) Peru

This archaeologic site is located at an altitude of 4,420 m and was occupied between 7000
B.C. (lithic period) and 170 B.C. (formative period). The excavation was realized by D.
L.avallée and her archaeologic research group within the Archaeologic Project Junin-
Palcamayo of the URA no. 25, CNRS-France (Lavallée et al. 1975; Lavallée 1977). The

MC dates on assoclated charcoal were measured in the Centre des Faibles Radioactivites,
CNRS-CEA, France.

UNI-TL-6:

Pottery:
Comments-

UNI-TL-7

Pottery:
Comments-

UNI-TL-8

Pottery:

Comments-

UNI-TL9

Pottery:

Comments-

1468-30

Natural dose:

Annual dose:

1468-57

Natural dose:

Annual dose:

1478-117

Natural dose:

Annual dose:

1643

Natural dose:

Annual dose:

2570 (---, £310), 590 B.C.

1310 rads (1=70), 6Q =9%, plateau =~ 70" C.
0.51 rads/yr with al/aozl for the fragment,

sherd wt. sat./dry =1.06 and a =0.15, éa = 20%.
14C date for the context is 2220 + 100 (GIF 3772).

2400 (---, +260), 420 B.C.

670 rads (I=50), 6Q = 7%, plateau ~ 60° C.
0.28 rads/yr with al/aozl for the fragment

sherd wt. sat./dry == 1.06 and a = 0.15, da = 20%.
MC date for the context is 2220 + 100 (GIF 3772).

1820 (---, +240), A.D. 160

1110 rads (I=40), 6Q = 8%, plateau ~ 70" C.
0.61 rads/yr with al/aozzl for the fragment,

sherd wt. sat./dry = 1.06 and a = 0.15, éa = 20%.
1 date for the context Is 2310 + 100 (GIF 3773).

2890 (---, +£430), 910 B.C.

1010 rads (I=10), 6Q = 995, plateau ~ 80 " C.
0.35 rads/yr with al/ao =1 for the fragment,

sherd wt. sat./dry = 1.13 and a = 0.15, éa = 20%.
14C date for the context Is 2630 + 90 (GIF 4187).



UNI-TL-10

Pottery:
Comments-

UNI-TL-11

Pottery:
Comments-

1614-41

Natural dose:
Annual dose:

1721

Natural dose:
Annual dose:

- 11 -
3670 (-—-, +620), 1690 B.C.

1580 rads (1=30), 6Q = 6%, plateau ~ 60" C.
0.43 rads/yr with al/ao = 1.03 for the fragment,

sherd wt. sat./dry = 1.13 and a = 0.15, éa = 20%.
14C date for the context is 3440 + 100 (GIF 4188).

3240 (-, +£420), 1260 B.C.

940 rads (I=110), 6Q =11%, plateau =~ 70° C.
0.29 rads/yr with al/cz0 = 1.09 for the fragment,

sherd wt. sat./dry = 1.11 and a = 0.15, éa = 20%.
14C date for the context Is 3660 + 100 {(GIF 4833).



POLONIUM LOSS FROM GLASSES PREPARED FOR ALPHA COUNTING
R. A. Akber, J. T. Hutton and J. R. Prescott

Physics Department, University, Adelalde, Australia 5001

Solution of the Age Equation in thermoluminescence dating technique requires estimates of
uranium and thorium in sherd or sediment samples. We have previously reported on thick
source alpha counting using fused glass discs for this purpose (Prescott and Jensen, 1980; Jensen
and Prescott, 1983). A 1:1 or 1:2 proportion by weight of finely ground sample and anhydrous
lithium borate s heated to above 1000° C for 15 to 20 minutes in a platinum-gold crucible. The
melt s then poured to form a disc which is slowly cooled to room temperature. We follow the
procedure described by Norrish and Hutton (1969) for the preparation of dises for XRIF ana-
lyses. Further details of the recipe and the merits of the method can be seen in the references
cited. Our experience In the use of these discs now extends over several years and a critique of
the over-all success and limitations will be compiled in the near future. However it would be
beneficial to publish, albeit briefly, some of our latest observations in advance. These concern
the loss of activity during disc preparation which, if not accounted for, may lead to error in
U/Th content calculations or wrong estimates of disequilibrium in the decay series.

At the elevated temperatures achieved during dise fusion, the diffusion out of radon gas is
quite well understood and can be corrected for (Jensen and Prescott, 1983). Now we have data
which suggests the loss of polonium activity as well. Polonium in its metallic form boils at
962 ° C while all its known compounds either boil or decompose well below this temperature
(ITandbook of Chemistry and Physics, 1982). Of all the Polonium Isotopes in the three natural
radioactive decay serles, Po-210 in the U-238 series is the only one of significance. It has a half
life of 138 days and Is a 5.3 MeV alpha emitter. We were able to plck up 5.3 M¢V alpha
activity on the lid of the crucible in which one of the uranium standard glass dises had becn
fused. The activity decayed with the half life of Po-210. We also observed the build-up Po-210
activity in a uranium standard disc with the passage of time. These observations explain our
previously-reported findings of a consistent difference in the (activity-in-glass/activity-in-sample)
ratios for uranium and thorium standards (Jensen and Prescott, 1983).

Further interesting results on the polonium activity loss due to sample heating and the
corresponding time-dependent corrections based on alpha range-energy relationships arc
presently being compiled and will be reported shortly.
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