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Abstract — Two types of model are usualty employed for explaining the superlinearity (SL) of dose dependence of thermolumi-
nescence (TL). One invelves competition during excitation between trapping states, which causes the filling of the relevant trap
or centre 10 be superlinear, The other model deals with competition during heating which may result in a strong SL, even if the
filling of the trap and centre in question are linear with the dose. In the present work it is demonstrated that the two effects may
occut in the same range in a model of one centre and two competing traps. The combined, very steep SL can thus be explained.
In a model with one trap and two centres, TL follows approximately the filling of the active centre which is linear—supetlincar—
linear—saturation. Thus, in the case of two traps, SL results mainly from competition during heating whereas when two centres

are involved, competition during excitation prevails.

INTRODUCTION

The dependence of thermoluminescence (TL) on the
dose of excitation is of great importance. From the point
of view of the applications in dosimetry and dating of
archaeological and geological samples, a linear dose
dependence is highly desirable. This is not always the
case, and in situations of weak superlinearities some
corrections have been suggested in the extrapolation
utilised in evaluating the relevant dose®™. In this parti-
cular case of TL from pottery samples, the dose depen-
dence was supetlincar at a relatively small initia] range,
followed by a long range of lincar dependence. No spec-
ific theoretical account accompanied these experimental
results. In some cases (sec e.g. Zimmerman™), the typi-
cal behaviour has been an initial linear dose depen-
dence, followed by a range of superlinearity. This, in
turni, was followed by another linear range, after which
a sublinear dose dependence occurred which was related
to the approach to saturation. This behaviour was
cxplained by Aitken ez al® and, with more details, by
Chen and Bowman'® to be due to a superlinear filling
of trapping states resulting from competition during the
excitation with a competing trapping state that does not
contribute directly to the measured TL.

A different kind of superlinearity, namely one which
starts as of the very lowest doses has first been reported
by Halperin and Chen™ in semiconducting diamonds.
This, however, was explained to be due to a multistage
transition of electrons from the valence to the conduc-
tion band, and did not seem to be related to competition.
Rodine and Land® reported a quadratic dose depen-
dence of one of the TL peaks in ThO,. They explained
this qualitatively as resulting from competition during
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the heating. Kristianpoller et al*” further developed this
idea and gave it a mathematical form by which, using
some assumptions, the quadratic dose dependence could
be demonstrated in cases where the filling of both traps
and centres was linear with the dose. They alse demoen-
strated a somewhat more than quadratic dependence in
dose ranges where the competitor approaches saturation.

Chen et al'® reported a very strong supetlinearity of
the 110°C peak in B irradiated synthetic quartz. They
adopted the previous theoretical model of Kristianpoller
et al™ and showed how the concept of competition
during heating could, indeed, explain the strong super-
linearity observed in synthetic quartz. Mische and
McKeever®™ showed that the dose dependence in LiF,
which goes linear—superlinear—saturation, can be
explained by a model of competition during heating. In
their model a distinction is made between the effect of
nearest neighbour trap—centre pairs which are respon-
sible for the lincar part, and transitions through the con-
duction band in the presence of competitors, which is
responsible for the superlinear behaviour, In a recent
work Chen and Fogel”"™ gave a thecretical account,
based on the numerical solution of the appropriate dif-
ferential equations. They found a dose dependence
which started as a quadratic function (I>?) and turned to
be more superlinear before getting Linear and sublinear.
All this occurred in a situation where the filling of the
relevani trap and centre are nearly linear with the dose.

In the present work the possible dependencies of the
TL as well as the filling of traps and centres as a func-
tion of the dose are studied further. The different
¢lements contributing to the superlinear dependence are
discussed. These considerations arc accompanied by
numerical calculations simulating the dose dependence
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in two alternative models, namely, a model with cne
trap and two centres competing with each other, and a
model with one centre and two competing traps. The
numerical simulation followed the three stages taking
place in the experiment, namely excitation, relaxation
and heating. This way, the effects of superlinearity due
to excitation and during heating may be mixed. How-
ever, this complication should be dealt with and under-
stoad since it may very well eccur in the experiments.

It is to be noted that all these models are related to
a uniform or nearly uniform excitation of the whole bulk
of the sample, which is the case where irradiation is by
UV light, X rays as well as B and v excitations; this as
opposed to excitation along tracks which is typical of
heavy particle irradiation! ". In the.latter case, a differ-
ent way of explaining superiinearity scems to be appro-
priate, although even in this case compelition of non-
irradiative centres appears te be essential. The possible
relevance of the present considerations in the track
model requires further study.

ELEMENTS OF SUPERLINEARITY

The model mentioned above of superlinearity due to
competition during excitation (Suntharalingam and
Cameron''?} is shown in Figure 1. It is assumed in this
somewhat naive model that the measured TL is going
to be proportional to the concentration in the active trap
n,. Here, n, plays the role of ‘competitor during exci-
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Figure 1. An energy level scheme for the model of two compet-
ing traps and one recombination centre, N, and N, (m~) are,
respectively, the concentrations of the two kinds of traps. n,
and n, (m~>) are functions of time and denote the occupancies
of the two trapping states. A, and A, (m*.s~') are the trapping
probabifities into n; and n,. M {m™) is the concentration of
relevant cenires and m(m ) its instantanecus occupancy.
fem=.5 " is the rate of creation by the applied radiation of
electrons and holes in the conduction and valence bands,
respectively. n. and m, are the concentrations of ¢lectrons and
holes in the conduction and valence bands, respectively.
A, (m*57') is the probability of capture of holes in the centres
and A,, (m*.s~" is the recombination probability of free elec-
trons with holes in centres.

tation’. Intuitively speaking, let us assume that the trap-
ping probability A, into the competitor is larger than
that into the active trap, A,. At the low doses, both n,
and n, grow linearly. The capacity of the competitor
N, however, is relatively small and, therefore, at higher
doses n, approaches saturation. More electrons are made
available to n, and therefore n, is being filled faster.
When 1, is entirely saturated n, grows linearty but at a
faster rate than at the low dose range. It is the intermedi-
ate dose range which is of great interest; when n,
approaches saturation, n, is in the range of transition
from small slope linearity to high slope linearity. In this
range, the TL intensity is thus necessarily superlinear
with the dose. A somewhat more quantitative account
of this kind of superlingarity has been given by Chen
and Bowman™, Using some conventional assumptions
they found an approximate expression which demon-
strated the initia! linear dose dependence, followed by
superlinearity which, in turn was followed by lincarity
and sublinearity.

The alternative model of competition during heating
can be intuitively explained as follows (see Figure 2).
Suppose a certain TL. peak is related (o a trap with initial
concentration n,, and a centre with an initial concen-
tration my. Normally, one would expect the TL intensity
(measured either by the maximum intensity L., or the
area under the glow peak S) to be proportional to the
smaller of the two (see e.g. Chen and Kirsh"?). To put
it in somewhat different words, S should be proportional
to n,, or m, depending on whether the trap or centre is
depleted first. It may happen, however, in the presence
of a competitor with initial concentration n,, that, say,
n,,>my, but n,, is depleted first since the released elec-
trons may go either to the recombination centre or into
the competitor. This leads to the dependence of the mea-
sured TL on n,, which, in turn, may depend linearly on
the dose. In addition, the ratio of the total number of
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Figure 2. The transitions occurring during heating in the model

shown in Figure 1. E (eV) is the activation energy of the active

trap and 5 (s™') is the frequency factor of the trap. T{K} is

the temperatere and k (¢V.K') is Boltzmann’s constant. The

emitied light intensity I is directly related o the rate of change
of holes concentration in centres, —dm/dt.
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electrons going into the centre will be proportional to
the relative concentration of the number of holes m, to
the empty competitors N, ~ n,,. If the latter is far from
saturation. then the measured TL. is proportional to m,
which, in turn, may be proportional ic the dose. These
two linear dependencies on the dose of n,, and m, in
the same dose range combine to a quadratic dose depen-
dence. The approximate expression given by Kristian-
poller ez al™ was

5 = (An/A;Ny)meng (1)

which explained the quadratic dose dependence. As
further shown by Chen et a/*®, a better approximation is

S = {A /AN, — nyp} fmgnq (2)

Since n,, is an increasing function of the dose, N, —
is decreasing and since this factor appears in the
derominator of the expression, it adds an increasing
element to 5 with the dose. Thus, 8 is expected to be
growing faster than quadratically with the dose.

It is to be noted that this extra effect is strong in the
range where n,, approaches saturation. As described
above, however, the range where n,, approaches satu-
ration is that where competition during excitation plays
an important role. This shows that in this region n,, by
itself grows superlinearly with the dose, and therefore
the measured TL may be mere than quadratic for two
different reasons. Here, the approach to saturation of the
competitor may have effects both during the excitation
and during heating. An important point to understand is
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Figure 3. A sample result based on the model depicted in
Figures ¢ and 2 (Equations 4--12). The parameters used were
E=10eV,s=10"%s" A, =A =A,=10"m's", A, =
10719 m’.s", N; !023 n‘l", N2 ]Dﬂ m“". M= 101 x
10 m™, £ = 10*' m.s~'. The x axis gives, on a logarithmic
scale, the time of irradiation, 1 in seconds, from which the
relevant dose D=, is readily derived. The curves show the
dose dependence of nyg, ny, my, and I,
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that under these circumstances the two effects of compe-
tition during excitation and heating are rather difficult
to distinguish.

A somewhat similar simation occurs in the case of
on¢ {rapping siate n and two kinds of centres m,, mg,
as shown in Figures 4 and 5. Let us assume that m, is
the ‘active’ centre in the sense that daring the heating
stage, transitions into m, are measurable whereas m,
behaves like a competitor, which means that transitions
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Figure 4. An energy level scheme for the model of two compet-
ing centres and one trapping stats. M, and M, (m™?) are the
concentrations of the two centres and m,, m; (m™>) are their
occupancies, respectively. A, and A, (m?s™") are the prob-
abilities for capturing free holes from the valence band, and
Ay A (P s7') are the recombination probabilities of free
electrons. Here too, f(m™.5™") is the rate of creation of free
electrons and holes in the conduction and valence bands,
respectively. n. and m, (m™*) arc the concentrations of these
free electrons and holes. N (m™) is the total concentration of
traps and n (m™?) its instantanecus occupancy. A, (mP.s™) is
the trapping probability from the conduction band into the irap.
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Figure 5. The transitions occurring in the same model shown

in Figure 4 duting heating, B (V) and 5 (s'} are the activation

energy and frequency factor of the trap, It is assumed that the

measured emission is only from m,, and therefore, the TL
intensity 1 is directly related 1o —dm, Adt.
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from the conduction band into m, are either radi-
aticnless or radiative in spectral ranges not measurable
by the system in hand. The same approximations lead-
ing to Equation 2 above will lead hetre to

S = (AL /(Anemg ] mg;n, (3)

The consequences concerning the dose dependence,
however, are entirely different from the previous case.
If, for example, n, and my, behave in a certain dose
range in a similar manner, say, both grow linearly with
the dose, the measured TL dependence on the dose will
behave in the same way as my,. If due to competition
during excitation, m,, goes superlinearly with the dose,
so will the measured TL. If in the same region, m,, is
sublinear with the dose, the superlinearity of TL will be
stronger in this range. As opposed to the previous case,
however, this kind of trap and centre filling may account
for a behaviour that starts linearly, gets superlincar and
at higher doses approaches saturation. This, of course,
as opposed to the previous case where the initial dose
dependence was expected to be quadratic, and at higher
doses became even more superlingar before starting its
approach 1o saturation.

Since these conclusions are based on simplifying
assumptions, they should be supported by numerical
calculations demonsirating the two kinds of possible
behaviour. This will be done by choosing particular sets
of parameters for each of the two different models. Of
course, the advantage is that no simplifying assumptions
are required here, and the results are dependent only on
the choice of the sets of kinetic parameters.

NUMERICAL RESULTS

Figures 1 and 2 are associated with the excitation and
heating phases of the same energy level configuration,
namely, a situation with two trapping states and one
kind of centre. The set of simultaneous differential
equations governing the excitation in the model depicted
in Figure 1 is:

—dm/dt = A n.m - A,m (M — m) (4)
dm,/dt = f — A, m{M -~ m) {5
dn,/dt = An (N, — n,) (6)
dn./dt = A,n (N, — ny) (7)
dm/dt + dm,/dt = dnJdt + dn,/dt + dny/dt (8)

where the different quantities are defined in the caption
of Figure 1. The assumption is made here that the exci-
tation is performed at a temperature low enough for no
charge carriers t0 be released thermally. This set of
equations is solved numerically using a conventional
algerithm (see, e.g., Chen eral'®, and Chen and
Fogel"'™). The dose of excitation D is defined as D = f.t,;
where tp, is the total length of excitation time. The relax-
ation period following the excitation is simulated by set-
ting f =0 and taking the initial values for the functions

n,, m,, m, n_, and m, as the final values at the end of
excitation. This procedure is now continued uatil n_ and
my, decay to negligible values.

The next step of the TL hehaviour during the heating
stage is governed by the set

dn)/dt = —s exp(-E&Tin, + A(N, — n,)n, (9

dl‘l_-gfdt = AZ(N.Z - !'l;)ﬂc (]0)
[ =—dm/fdt = A, .mun_ (11)
dmidt = dn,/dt + dn,/dt + dn_/dt (12)

The results of a sample run are shown in Figure 3
with the parameters chosen given in the caption. In the
dose range shown, the dose dependence of n g is linear
first. goes superlinear when n,, approaches saturation,
and becomes linear again when n,; reaches saturation.
At higher doses, n,, itsell approaches saturation. my,
starts linearly with the dose, and approaches saturation
al high doses. The calculated maximum TL intensity
Ly Starts quadratically with the dose, as expected in
the range where the competitor is far from saturatien.
At higher doses, the dependence gets much more super-
linear as a result of the twe reasons mentioned above,
both related to the approach of ny, to saturation.

As explained above semi-analytically, namely, with
a number of simplifying assumptions, the competition
between two centres in 2 model with one trap and two
centres is not the same as in the case of one centre and
two traps. In order to support this, a numerical calcu-
lation of the process in this model has been performed.
Figure 4 shows the energy level diagram of a case with
two recombination centres m, and m, and onc trapping
state n. The meaning of the parameters is given in the
caption. The excitation is simulated again by inserting
pairs of free electrons and holes at a rate of f per second
per m* for different periods of time resulting in different
applied doses. It is assumed that the measured TL is
related to the transition during the heating into m,. This
implies that the transition into m, is radiationless or
radiative in a speciral range to which the detector in
hand is not sensitive.

The equations governing this process during the exci-
tation are

dmy/dt = { — A,ym(M, — my) — Aom,(My — my)

(13)

dm,/dt = A, m(M, - m,) - A, m, o, (14)
dmy/dt = Ap,m,(M; — m,) — A, ,m, 0, (15)
dn/dt = AN -~ n)n, (16}
dm,/dt + dm,/dt + dmy/dt = dn/dt + dn /dt (17

The dose D is, again, D = fi,, where t; is the duration
of the excitation. Again, the same set of equations with
f =0 governs the process during the relaxation time.

Figure 5 depicts the transitions taking place during
the heating stage with the same trap and centres as in



MODELS OF SUPERLINEAR DOSE DEPENDENCE OF TL

Figure 4. The set of differential equations governing the
process in this stage is

[=-dm/dt=A_,mn, (18)
— dmy/dt = A, m,n, (19)
— dn/dt = sn exp(—E/KT) — A (N — n)n, (20)
dn/dt + dn /dt = dm,/dt + dm,/dt (21)

The meaning of the different symbols is given in the
figure caption. This set has been solved numerically fol-
lowing the simulation of the excitation and relaxation
stages. Figure 6 gives the results of a sample run of
solving the sets {13-17) and (18-21) sequentially; the
chosen parameters are given in the caption. It is seen
that the dependence of ng on the dose is linear. my, starts
linearly and goes to saturation at a certain dose. m,, also
starts linearly, but at the range where ma, approaches
saturation, it gets superlinear before going back to lin-
earity. The main point to emphasise here, however, is
that [,,, representing the maximum of the measured TL
follows more or less exactly the dependence of m,, on
the dose. The reason for that seems to be that none of
the two elements leading (0 superlinearily mentioned in
relation to the previous model exists here. Thus, a Sun-
tharalingam and Cameren''? type of superlinearity is
demensirated here under circumstances somewhat dif-
ferent from thosc originaily suggested.
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Figure 6. A sample result based on the model depicied in
Figures 4 and 5 (Equations 13-21). The parameters used here
were E 1.0eV, s = 105, f = 10 m?s", A, =
An=10"mis L A =2x10mPs " M, = 9x 108 m3,
M,=10%m™> A, = 107" m's™, Ap = 0 ®m’s!, N =
10 m™* Here 1oo. the x axis gives I, the duration of
irradiation, to which the excitation dose 1s propertional by f ¢,
The curves show the dose dependencies of my, m,q ng and
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CONCLUSION

The main points addressed in the presemt work can
be summed up as follows.

(1) It is inadequate to consider the two kinds of compe-
tition separately. In this respect, the recent argu-
ments in the literature (see. e.g., Mische and
McKeever™, Rosenkrantz and Horowitz'9) on
which kind of compelition occurs in specific cases
may not be entirely justified since both types may
contribute to the observed superlinearity in the same
material and under the same experimental con-
ditions.

(2) The superlinear effect due to competition during
heating has two elements. One has to do with the
final result being proportional to both the concen-
trations of charge carriers in traps and centres in the
presence of a strong competitor. Thus, if each of
them is proportional to the dose, the total dose
dependence is quadratic. In addition, in the dose
range where the competitor approaches saturation,
the reduction in competition causes some extra
superlinearity {more than quadratic behaviour).

The numerical solutions of the sets of simultaneous

differential equations enable us to bypass the poss-

ible problems of artefacts due to the approximations
made. Thus, f a certain behaviour is observed, we
can be sure that it is a net effect of the model in
hand, and therefore, can be compared with the rel-
evant experimental results, On the other hand, the
numerical results are associated with the chosen sets
of parameters, and it is rather difficult to draw gen-
eral conclusions. Tt is fell, however, that it is of
prime importance to be able to demonstrate that the
experimentally observed behaviours can, indeed, be
associated with these models. It is appropriate to
mention here a recent paper by Lee and Chen'®
whao used the opposite way, namely, reached some
conclusions concerning superlinearity by making
approximations. thus getting semi-analytical results.

(4) As opposed to what one might have thought, it has
been found, both from analytical considerations and
numerical results, that there is a big difference
between a situation with a competition of two trap-
ping states and a competition between two centres.
In the former. a typical behaviour is an injlially
quadratic dose dependence followed by stronger
superlinearity before saturation effects set in. In the
latter, a typical dependence is an’initial linear range
followed by moderate superlinearity, and, in turn,
back to linearity and saturation. It appears that the
main difference between a trap competitor and a
centre competitor is that, in the former case, N, — n,
which competes with m,, on released electrons,
decreases with the dose. In the latter case, m,,
which is the relevant competitor, increases with
the dose.

(3)
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(5) The apparent discrepancy between the theoretical (6) As stated by Mische and McKeever™, under the

dependence which starts quadratically and gets circumstances of a competing luminescence centre,
more superlinear at higher doses, and the more than no superlinearity is expected. This is, more or less,
cubic initial dose dependence in the 110°C peak in confirmed here, as far as competition during heating
synthetic quartz can be expiained easily. It is very is concemed. The only superlinearity possible
plausible that the initial expected quadratic depen- seems to be that related to the superlinear filling
dence cannot be observed due to an insufficient sen- of the centres involved: the measured TL follows
sitivity of the measuring system in the low dose practically the same pattern.

range,
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