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Abstract
Optically stimulated luminescence (OSL) and thermoluminescence (TL) are two
possible methods to monitor the absorbed radiation in solid samples, and therefore
are utilized for dosimetry. For this application, two properties are desirable,
namely, linear dose dependence of the measured quantity and dose-rate inde-
pendence. For TL, different kinds of superlinear dose dependence have been
reported in the literature in different materials, and in some cases, dose-rate
. dependence has also been found. These have been explained as being the result
of competition. In OSL, some recent works reported on superlinear dose depend-
ence in annealed samples. In the present work, we explain the possible occurrence
of these phenomena in OSL by solving numerically the relevant rate equations
governing the process during irradiation, relaxation and read-out (heating or light
stimulation). The results show that for short pulse OSL, quadratic dose dependence
can be expected when only one trapping state and one kind of recombination
center are involved and when the excitation starts with empty traps and centers.
With the short pulse OSL, the calculation also reveals a possible dose-rate effect.
Under the same circumstances, the area under the OSL curve depends linearly on
the dose. The dependence of the whole area under the OSL curve on the dose is
shown to be superlinear when a disconnected trapping state or radiationless center
take part in the process. Also, dose-rate effect can be expected in these cases,
although no experimental effect of this sort has been reported so far. In pulse OSL,
the analogy is made between the measured intensity and the initial rise range of
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non-first-order TL, whereas for the total area OSL, there is a nearly full analogy
with the dose behavior of the TL maximum. -

1. Introduction

The utilization of thermoluminescence (TL) and optically stimulated luminescence (OSL)
for the evaluation of irradiation dose either for dosimetry or for the dating of archaeological
or geological specimens is based on the possibility of comparing the resuits following the
unknown dose to those resulting from a calibrated radiation source. In order to get reliable
results, the nature of the trapping levels in the dosimetric material should be such that the
interpretation of the measured luminescence signal should be as simple as possible. Thus,
in an ideal dosimetric material one hopes that the dose dependence of the signal is linear with
the excitation dose, which makes the interpolation or extrapolation performed while evaluating
the unknown dose very simple. Also, if it is the total dose that is to be evaluated, the question
should be asked whether the measured signal is independent of the dose-rate. Many of the
works in the literature in this field either assumed linear dose dependence and dose-rate
independence or, in cases where nonlinearities occurred, some corrections were offered so
that the deduced dose (or the date derived thereof) is as accurate as possible. A quick look
at the rate equations governing the kinetics of the process taking place during the excitation
and the heating of the sample (in TL), or the exposure to stimulating light (in OSL), reveals
that they are not linear in the relevant quantities such as the occupation of trapping states
and luminescence centers. Linearity of the measured luminescence signal with the excitation
dose is expected in a strictly first-order kinetics, but it is recognized that such a simple situation
is a rather rare occurrence. In other cases, the question of dose-dependence linearity should
be more thoroughly considered.

Different kinds of non-linear TL dose dependence were described in the literature. Cameron
et al. (1968), summing up results by their group, described the dose dependence of TL in
LiF (TLD-100) which is linear at doses up to ~10Gy, goes superlinear at higher doses and
then approaches saturation at ~104Gy. Zimmerman and Cameron (1968) presented a model
that had to do with filling of existing traps in the presence of a disconnected trap (or
nonradiative center) which is active during the excitation. Aitken (1974) gave a summary of
dose dependence of TL from pottery quartz, found by the Oxford Group. This is superlinear
up to ~2.5Qy and continues linearly up to at least 6Gy of § irradiation. Rodine and Land
(1971) reported a dose dependence of «D2 in one peak out of a series of TL peaks in UV
irradiated ThOZ. They suggested a model which was related to the occurrence of competition
during the heating phase. This model was further developed by Kristianpoller et al. (1974)
and the sarme model was later utilized by Chen et al. (1988) to explain their finding of strong
superlinearity (up to «D3) in the 1100C peak in synthetic quartz under § irradiation. Chen
and Fogel (1993) argued that in every situation where a competitor is involved, the processes
both during excitation and heating should be considered. For further discussion on this
subject see Chen and McKeever (1997). It should be noted that similar considerations have
been made independently by Jaek et al. (1974).

Dose-rate dependence of TL has also been reported in the literature. Groomn et al. (1978)
reported a decrease of TL by up to a factor of 5 while the dose rate increased in powdered
samples of Brazilian quartz irradiated by 60Co y-rays ranging from 1.4'10-3 to 3.3Gy s-1. A
smaller effect of the same sort was reported by Hsu and Weng (1980). An opposite effect of
higher TL for larger dose rate was reported by Kvasnicka (1983) who found higher TL for
larger dose rates in Brazilian and milky quartz excited by 60Co y-ray, while using dose-rates
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from 2'10-5 to 2'10-2Gy s°!. The apparent discrepancy between the two sets of results is
probably due to the different ranges of applied dose. Valladas and Ferreira (1980) distinguis-
hed between three components in the emission of TL in quartz, namely, IV, blue and green,
and found different behaviors for the three components.

Theoretical work by McKeever et al. (1980) and Chen et al. (1981) demonstrated that using
rather simple models of trapping states and recombination centers, one can obtain a dose-rate
dependency of trap filling. Chen et al. (1981) also showed that, as far as the center filling is
concerned, when two centers exist in the same material, it is possible for the population of one
of them to increase and that of the other to decrease with the dose rate for a given total dose. In
a recent work, Chen and Leung (2000a) took into consideration also the heating stage which
follows the excitation. For a model with one trapping state and two kinds of recombination centers,
they solved the relevant sets of simultaneous differential equations for the three stages of excitation,
relaxation and heating. They found different dose-rate dependencies for two TL spectral compo-
nents, in accord with the experimental results by Valladas et al. (1980).

In recent years, optically stimulated luminescence has started to replace TL in some
of the dosimetry and dating applications. This began with a pioneering work by Huntley
et al. (1985) on the optical dating of sediments. The method has more recently also been
utilized for archaeological dating and dosimetry. The advantages of OSL over TL are rather
obvious. There is no need to heat the sample, thus avoiding the black-body radiation
occurringdat drelatively high temperature. Also, possible thermal quenching of luminescen-
ce is avoided.

In nearly all the reports on OSL it is assumed, and sometimes shown (see e.g. McKeever
and Akselrod, 1999) that the initial dose dependence is linear, followed by an approach to
saturation. It is also assumed that there are no dose-rate effects and therefore, one can
calibrate the sample at high dose-rates and deduce the archaeological dose imparted at a
much lower rate. There are however some reports in the literature on superlinear dose
dependence of OSL. In the study of OSL of quartz and mixed feldspars from sediments,
Godfrey-Smith (1994) found linear dependence on the dose of the unheated samples.
However, following a preheat at 225°C, the samples showed a clear superlinearity of the OSL
signal at low excitation doses of g irradiation. Robertson et al. (1994) have also found
superlinearity of quartz OSL in several samples. For samples preheated at 160°C, they
reported a quadratic equation, y=aD?+bD + ¢, which describes the dose dependence where
D is the dose and a, b and ¢ are positive numbers.

Banerjee (2000) has also seen superlinear dose dependence of OSL on the excitation dose
in annealed quartz in the dose range of 0-5Gy and explained it using arguments previously
employed by Kristianpoller et al. (1974), and by Chen and McKeever (1997) for accounting
for different kinds of TL superlinearity. The possibility of using arguments applicable for TL
in explaining OSL results will be elaborated upon below. Chen and Leung (2000b) have
recently reported on the dose dependence and possible dose-rate dependence of OSL. Their
work is restricted to a relatively short pulse of OSL in which only a small fraction of the trapped
electrons and holes accumulated during excitation are depleted during each light puise
applied. Under these circumstances, it has been shown that a "normal” behavior is that the
dependence of the pulse OSL is quadratic («cD2) in the dose in the simplest possible model
of one trapping state and one kind of recombination center. It was shown that a linear
dependence may be expected if either the trap or the center in question is not empty at the
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beginning of the irradiation, which may be the case in unannealed samples. We shall elaborate
on this point below.

In the present work, we discuss the similarities and dissimilarities between TL and OSL as
far as the dose dependence and dose-rate behavior are concerned. Also the distinction is
made between short pulse OSL and integral OSL taken over along illumination of a previously
irradiated sample. ltis to be noted in this respect that in his book on Optical Dating, Aitken
(1998) considers the use of the "total light sum" in certain samples or, alternatively, a "short
shine" for bright samples. He adds that this can be made short enough for the depletion of
trapped electrons to be negligibly small (e.g. a fraction of 1%), allowing repeated measure-
ments to be made on the same aliquot. We are going to argue here that using the total light
sum and the "short shine" may not yield the same results since the dose dependencies of
these two measured quantities are not necessarily the same.

The comparison between TL and OSL as far as their dose dependence and dose-rate
dependence are concerned is for the simplest situation of one-trap one-center situation as
well as for the cases in which a disconnected trapping state or a radiationless recombination
center take place in the process.

2. The model

The considerations made by Banerjee (2000) are, on first sight somewhat questio-
nable since he takes the arguments previously made for TL and adapt them to OSL.
One may ask whether the use of this analogy is fully justified. Also, the considerations
made by Kristianpoller et al. (1974) include a large number of simplifying assumptions.
The previously published work on TL showed, using computations and without
simplifying assumptions, that at least for certain choices of sets of parameters, the
expected TL superlinearity indeed resulted. It is of interest to compare the TL results
to the analogous case in OSL. In particular, the question of whether the important
magnitude to be measured is the area under the relevant curve or an instantaneous
intensity, say in the maximum of the TL peak or somewhere along the OSL decay
curve, is of great importance both for TL and OSL. With the use of new numerical
simulations, we would like to answer some of these questions. We shall discuss here
the models of OSL dose dependence with and without a competing disconnected
trapping state or a nonradiative center. Figure 1 depicts an energy level model with
one recombination center M and two trapping states, N; and N2. At first, we will
consider the situation where the competitor N2 does not exist, and will refer to Ny, the
remaining trapping state as N (N being also its concentration in m’ J); its occupancy
will be denoted here by n (m3). M is the concentration (m™) of hole centers and m
(m=) its instantaneous occupancy. B (m?s1) is the probability coefficient for free holes
to be captured in the recombination center during excitation. Ani, Anz (m7s’!) are the
probability coefficients for retrapping into N1 and Nz, respectively (again, as long as
we deal w1th one trapping state only, N, we denote the retragpmg coefficient by An).
Am (m3s°1) is the recombination coefﬁcxent ne {m=) and ny(m™) are the concentrations
of free electrons in the conduction band and free holes in the valence band, respecti-
vely. x and f represent, respectively, the intensity of excitation by the irradiation and
the intensity of the light stimulation. The difference between the meaning of these two
magnitudes will be explained below.
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Figure 1. Energy level scheme for excitation and stimulation of OSL. An active trapping state, N1,
and a center, M, are involved, as well as a disconnected competing trapping state, N2. For the
case of only one trapping state, N replaces N1.

The set of simultaneous differential equations governing the process during excitation is
given by
dn, /dt =x-BM —mn,, )
dm/dt =—A4 mn +BM -mn,, (2)
dnldt=4 (N-n), (3)

dn,/dt=dm/di+dn,/dt ~dnldt. (4)

x appearing in Eq. (1) has the dimensions of m~s! and is the rate of production of
electron-hole pairs per second per m?, by the excitation irradiation. The intensity of irradiation
in the appropriate units (say, Gy s'!) is proportional to x.

In order to simulate the experimental conditions properly, we take the final values of n, m,
ne and ny at the end of the excitation stage as initial values for the next stage of relaxation.
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This is done by setting x to zero and solving the same set of equations for a further period of
time until both nc and nv get negligibly smalil.

For the next stage of light stimulation we take the final values of the functions n, m, n. and
ny at the end of relaxation and solve the following equations

—dm/dt=A,mn,, (5)
dnl/dt=—-fn+ A (N-n)n, (6)
dn /dt=dm/dt—dn/dt. (7)

It is quite obvious that the dimension of f here is s°1. In this sense, fen is analogous to x in
Eq. (1). However, whereas x is a constant, fen is not. For constant stimulation intensity, f is a
constant which is proportional to the light intensity. We associate the intensity of the OSL
signal with the recombination rate, and therefore can write the OSL intensity as

I=—-dm/dt. (8)

In fact, a dimensional proportionality factor should have been inserted on the right hand
side of Eq. (8), which would determine the dimensions of the intensity I. Usually this is not
done, and therefore the intensity in Eq. (8) is in "arbitrary units". It is to be noted here that the
| appearing on the left-hand side is an instantaneous intensity. In the treatment below we will
distinguish between this intensity in response to a relatively short pulse of light and an integral
of the intensity over a long period of time, preferably all the way to the depletion of all the
traps and/or centers involved. Some computational results are given in the next section.

We will describe here the changes made in the relevant sets of differential equations in the
case where a trapping competitor exists, as shown in Figure 1. Equations (1) and (2) remain
the same, but instead of Egs. (3) and (4) we now have for the excitation phase

dn /dt=A,(N,-~n)n, (9)

dn,/dt=A (N, -n)n,, (10)

dn, |dt =dm/dt+dn, |dt—dn, | dt—dn, /dt. (1)

As for the stimulation stage, we assume that the stimulating light raises electrons only from
N1, so that N2 acts only as a competitor. Equations (5) and (8) remain the same and Egs. (6)
and (7) are replaced by

dn//dt=—fn + A, (N,-n)n, (12)

dn,/dt=A4,(N,-n,)n (13)

¢’

dn,/dt =dm/dt—dn, |dt—dn,/drt. (1)
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Here too, the computational results are given in the following section.

As pointed out above, in the study of TL dose dependence, a significant difference has
been found between a model including a competition with a disconnected trap and one where
competition takes place with a nonradiative center. This is shown in Fig. 2. As compared to
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Figure 2: Energy level scheme for excitation and stimulation of OSL. An active trapping state N
and two centers, one radiative, M1 and one nonradiative, M2 are involved.

Fig. 1, the model here has one trapping state N with occupancy n, a retrapping coefficient
An, and two recombination centers, M; and M; with occupancies my and mz, and recombi-
nation coefficients Am1 and An2, respectively. Also are to be considered the two coefficients
B1 and B; for trapping holes in M; and M;. We assume here that the measured OSL results
from transitions into M1 whereas the transitions into M, are radiationless. The governing set
of equations for the excitation stage here is

dn,/dt=x-BM,-m)n,-B,(M,-my)n,, (15)
dm, /dt =-A_mn + B (M, —m)n,, (16)
dm,/dt=-A_m,n + B,(M,—m,)n,, an
dn/dt=A(N-nn,, (18)
dn /dt =dm, /dt+dm,/dt +dn, /dt-dn/dt. (19)

Finally, the set of equations for the stimulation stage under these circumstances can be
written as '
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I=-dm /dt=A4 mn,_, (20)
—dm,/dt=A4A,,m,n, (21)
dnldt=—fn+ A (N-nhn,, (22)

dn,/dt=dm, |dt+dm,/dt—dnldt (23)

3. Numerical results

In order to demonstrate the dose behavior of OSL with a short pulse of stimulation, the
followinqg set of parameters has been chosen. An=10"1"7ms’!; B=10"8m’s’!; N=10""m>;
M=10""m" and A,=10"1m>s'1. The value of f was taken as 1 s-! and x was varied between
1012 and 10'4. The standard ode23 solver in the Matlab package has been used to solve the
equations (1-4) with the given value of x, then the same set has been solved with x=0 for a
further period of time to simulate relaxation. Finally, Egs. (5-7) were solved with the given
value of f. The results are shown in Fig. 3, on a log-log scale. The (+) points show the
dependence of the simulated OSL signal on the total dose, changed here by varying the
intensity of excitation x in the mentioned range, starting each simulation with empty traps and
centers and keeping the length of excitation time at 1 second. The length of light stimulation
was also chosen as 1 second. It has been found that with this set of chosen parameters, this
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Figure 3: Dose dependence of pulse OSL when only one trapping state and one kind of
recombination center are involved. (x) represents the results when the excitation starts with empty
traps and (o) the results when no=0.9N. The values of the chosen parameters are given in the text.
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indeed was a short shine in the sense that only a small fraction of the trapped electrons and
holes was depleted by the light during the stimulation time. On this log-log scale, the results
are seen as a straight line with a slope of 2, meaning quadratic dependence of the pulse OSL
on the excitation dose.
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Figure 4: Dose dependence of the integral OSL under the same conditions as in Fig. 3.

Following this study of pulse OSL, we have now moved to the solution of the equations of
integral OSL in the case of one trapping state and one kind of recombination center. We
performed the integration on the OSL curve up to a point where < 1% of the carriers remained
in the traps. The results with the same set of parameters as in Fig. 3 are shown in Fig. 4.
Under the present circumstances, the area under the curve grew linearly up to a point where
it started to approach saturation. The comparison between this result and the response to a
short light pulse described above will be discussed below.

The next step has been to solve the sets of equations for the case of competition with a
disconnected trapping state. The sets of equations numerically solved have been (1,2,9,10,11)
for the excitation and relaxation stages, and (6,7,12,13,14) for the optical stimulation stage.
The set of farameters chosen here was: Am=10"m’s!; B=10"1m’s!; N;=10"m"3;
N2=101® m~; A1=10"1m’s'}; A;=10""m’s’;; M=10'8 m™; f=1 5! and x varied from 10'¢ to
10" m~s'!. The results are shown on a log-log scale in Fig. 5. The initial slope of 2 indicates
the initial quadratic dose dependence. At a higher dose, the slope gets larger indicating more
than quadratic dose dependence, and at higher doses, a rather fast decline of the slope is
seen when the simulated OSL approaches saturation. The significance of this kind of behavior
will be discussed below.
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Figure 5: Simulated dose dependence of integrated OSL for the case of bwo trapping states and
one kind of recombination center. The parameters are given in the text.
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Figure 6: Dose-rate dependence of integral OSL in the case of two trapping states and one kind of
recombination center. The chosen parameters are the same as in Fig. 5.
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With the same set of parameters, we have checked the possibility of having dose-rate
dependence of integral OSL. Here we choose a total dose of xet=1017 m-3 in the range of
strong superlinear dose dependence, varying the dose rate between 10> and 10'® m3sTand
varying inversely the time of excitation between 100 and 0.01 s. The results are shown in Fig.
6. The integral OSL is seen to increase in this dose-rate range by a factor of >2.

DOSE DEPENDENCE OF INTEGRAL OSL
16.5 - ' — - v

log(Total OSL intensity)
rs

13 14 15 16 17
log{dose)

Figure 7: Simulated dose dependence of integrated OSL on the dose in the case of two kinds of
recombination center and a single trapping state. The parameters are given in the text,

Finally, the set of Equations governing the process in the case of one trapping state and
two competing centers has been numerically solved. These are Egs. (15-19) for the excitation
and relaxation stages and (20-23) for the stimulation stage. The parameters chosen here
were: Ami =107 m’s; Amz=10" m>s’; B1=10"14 m’s’; Bo= 102m’s’; N=1020m3;
M1=10'6 m3; M=10" m= and A=10-16 m3s’1, f was chosen here to be 1 s'! and x varied
between 103 and 10'7m3s’!. The results of the integral OSL are seen in Fig. 7. The initial
dependence is linear, indicated by the slope being equal to 1. At higher doses, the dependence
becomes superlinear, and at still higher doses, there is an approach to saturation.

4. Discussion and conclusions

In the present work, we have demonstrated, using numerical simulation, that superlinearity
in the dose dependence of the OSL signal, recently reported to occur in some materials, is
in accord with rather simple energy level models, usually employed for the explanation of OSL
and TL. It has been shown that, as far as short pulses of OSL are used, the simplest model
of a single trapping state and one kind of recombination center can yield a quadratic dose
dependence. (Under the same circumstances, the total area under the OSL curve behaves
linearly with dose before approaching saturation, in a similar manner to the TL signal under
similar conditions. The similarities and dissimilarities between TL and OSL under these
conditions should be elaborated upon. As far as the areas under the two curves are concerned,
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both are dependent on min (no,ms) where no and m; are the fillings of the relevant trap and
center at the end of irradiation (see discussion by Chen and McKeever, 1997). As long as the
occupancies no and mo are linear with the dose, which obviously is the case in this simple
model, the dependence of the total areas under the TL ¢urve and under the OSL decay curve
on the dose is expected to be linear. As far as TL is concerned, the maximum intensity of TL
was usually found to be proportional to, or nearly proportional to the total area. Therefore,
the maximum intensity of TL is proportional to the excitation dose in the simple case of one
trapping state and one kind of recombination center.

The situation appears to be different with OSL as seen in Fig. 3 above. The first point to
remember in this concern is that in OSL, there is ho obvious analog to the maximum of TL.
The short pulse response of OSL is more similar to the intensity of TL in the initial rise region.
Here we can discuss two extreme cases. If the kinetic order of the process is first, the intensity
at each temperature in the TL curve is proportional to the initial filing of the traps, no.
Therefore, if the dose dependence is examined at any temperature along the curve, it is
expected to be linear. This is not the case in second order kinetics. As pointed out by Chen
et al. (1983), in a second order kinetics TL peak, the dose dependence is expected to be
quadratic within the initial rise range. Although the exact conditions for such a quadratic
behavior for cases beyond the strict second order kinetics have not been specified, it is
certainly possible that the dose dependence in the initial rise range is superlinear. It seems
that there is a close analogy between the initial rise of TL and short pulse OSL since in both
we sample the specimen, depleting only a negligible fraction of the carriers in traps and
centers. It seems quite obvious that the quadratic dose dependence of pulse OSL seen in
Fig. 3 is the correct analog of the quadratic dose dependence of the mentioned second order
TL in the initial rise range. An analytical derivation of the quadratic dose dependence expected
in the short time OSL and the linear dose dependence of the integral OSL in pure second
order kinetics is shown in the Appendix below.

It can be noted that the main condition for second order kinetics is that retrapping is
relatively strong, namely,

A,m<<A(N-n). (24)

Taking a look at the parameters chosen above, it is evident that, at least at relatively low
doses, where m and n are small, this condition is fulfilled. It can even be argued that strict
first-order kinetics, a case in which TL is proportional to the dose at any given temperature
point, is almost impossible to occur if irradiation starts with empty traps and centers. Strict
first order will take place when A, is negligibly small. However, if it is that small, the trapping
state can hardly capture carriers during the excitation stage. In other words, in practically all
cases, there is an "element" of second-order-like situation due to which the quadratic behavior
of the pulse OSL dose dependence may be expected to happen quite often. As pointed out
already, this is more likely to occur in annealed samples, and is less likely to take place when
we start with a nearly full trapping state or center. A quick look at condition (24) reveals that
if no or me (or both) is large, the direction of the inequality may easily be reversed.

The question may arise as to what happens when one uses, under these conditions, a
relatively long exposure which is not long enough to cover the whole decaying OSL curve.
Roberts et al. (1994) describe their OSL signal which is "integrated over the first 500 mJ of
laser exposure", which fits the y=aD?+bD + ¢ equation mentioned above. This may be a good
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approximation to an intermediate case of a long pulse which does not cover the whole area
under the decaying curve.

It should be mentioned here that under the same conditions of pulse OSL and when only
one trapping state and one kind of recombination center are present, it has been shown by
Chen and Leung (2000b) that a dose-rate effect takes place. Depending on the set of
parameters, it was demonstrated that for a given total dose, the OSL intensity might increase
or decrease with the dose-rate.

The situation concerning dose dependence and dose-rate dependence is different when
the total area under the decaying OSL curve is considered. We have shown here that under
these circumstances, superlinearity is possible provided a competitor participates in the
process. Fig. 5 shows the expected dose dependence in the presence of a disconnected trap.
Similarly to the dose dependence of the maximum of TL (see p. 179 in Chen and McKeever
(1997)), the dependence starts being quadratic and goes more strongly superlinear before
going to saturation. In Fig. 7, it is shown that in the presence of a nonradiative competitor,
the dose dependence is linear at low doses, goes superlinear at high doses and finally goes
to saturation. This behavior is very similar to that of the TL. maximum under similar conditions
(see p. 180, Chen and McKeever (1997)). This point has been suggested by Barenjee (2000)
who made the analogy with TL using the considerations by Kristianpoller et al. (1974) and
further by Chen and McKeever (1997) made for TL.. However, two points are to be carried in
mind. The first is that the maximum of TL is compared with the area under the OSL curve.
This should not pose a severe problem since it has been pointed out that in practically all
cases, the TL maximum is proportional to the area under the whole TL curve to a very good
approximation. The second point is that in Banerjee’s experimental results, the OSL intensity
is defined as the integrated OSL signal between O-1s, and it is not clear whether this is closer
to the pulse or to the total area case discussed here. It appears, however, that Banerjee did
have the correct intuition concerning the analogy between TL and integral OSL.

Finally, in Fig. 6 we have shown that under these conditions of measuring the total area
under the OSL curve and in the presence of a competitor, a dose-rate effect can be expected.
This effect has never been reported to the best of our knowledge, and it is recommended that
its possible occurrence will be checked in the future.
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Appendix
Short and Long OSL Stimulation

I T—
N.n

Figure Al: Energy level diagram of one trapping state, n, and one kind of recombination center,
m, and the transitions during the light stimulation. The symbols are described in the text.

All the symbols in Fig. (A1) have the regular meaning (see the main text), f (s-1) is
proportional to the stimulating light intensity. The equations governing the process during
stimulation are:

I=—dm/dt=A mn_, (A1)
dn/dt=A,(N —-nn, - fn, (A2)
dm/dt =dn/dt+dn,/dl (A3)

Making the "usual" simplifying assumptions, like in TL, namely, the occurrence of
quasi-equilibrium, idnc/dti< <idn/dti,idn/dti (see e.g. Chen and McKeever (1997), p. 27) we
get a very similar simplified equation:

_ JA mn
Am+A(N-n)

(Ad)

Making the additional assumptions leading to "pure" second order, N>>n, n=m and
Amm< <AnN, we get:

I=—dn/dt= Fn nt. (A5)
NA

n

Let us denote the constant An/(AnN) by k, we then get
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I=—dn/dt=fln®. (AB)

(If we make the alternative assumptions leading to second order, namely n=m and An=Am,
we get the same equation with the constant k being 1/N).

Solving this differential equation for a given f, we get

n=—2lo (A7)
1+ fkn,t
Inserting this into Eq. (A6) we get
fin,
2 (A8)

[=—tt
A+ fhn, 1)’

For small values of ¢, t< <1/(fkno), or flnot << 1, we get
1= fin}, (A9)

and as long as noxD, which is indeed the case for this simple situation of one trapping
state and one kind of center, we get lcD?. This is the situation for an instantaneous OSL
intensity at a given time point in the short time region. If one integrates over a certain time
period within the short time range, the dependence on the dose will still be quadratic.

As for the long time range, t> > 1/(fkno), or fknot> > 1, we get

1
I=—, (A10
T (A10)

2

which is independent of n,, and therefore of the dose.

The fact that here there is no dependence on the dose whereas the dose dependence at
the beginning of the stimulation is quadratic, seems to agree with the fact that the total area
under the curve depends linearly on the excitation dose. This can be shown to be the case
by integrating | in Eq. (A8) from 0 to co:

] o0 _fknoz _no hd
Idt = dt = =n,. (AN
;," 3‘-(1+ n,t)’ 1+ fkn,t oo BTN

0
As long as no depends linearly on the dose, the area under the whole OSL curve is also
linear with the dose.



