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Dose dependence and dose-rate dependence of the optically stimulated
luminescence signal

R. Chena) and P. L. Leung
Department of Physics and Materials Science, City University of Hong-Kong, Kowloon, Hong-Kong, China

~Received 24 January 2000; accepted for publication 6 October 2000!

The expected behavior of the dose dependence of the optically stimulated luminescence~OSL!
signal has been studied using numerical simulation. A simple model of one trapping state and one
kind of recombination center is presented, and the sequence of sets of simultaneous differential
equations governing the processes during excitation, relaxation, and light exposure are numerically
solved. With the choice of reasonable trapping and recombination parameters, it has been shown
that a quadratic dose dependence of this effect results from the model when the irradiation stage
starts with empty trapping states. This may explain reports in the literature of an initial supralinear
dose dependence of OSL. It is also shown that within the same model, one can get an initial linear
dose dependence of OSL if one starts with partly filled traps. Also has been studied the influence of
dose rate on the measured OSL signal for a constant total dose, and some effect has been seen for
a certain dose-rate range. The similarities and dissimilarities of OSL as compared to
thermoluminescence with respect to these phenomena are discussed. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1330555#
c
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I. INTRODUCTION

The phenomenon of optically stimulated luminescen
~OSL! is the emission of light by a solid sample during
stimulation by a different wavelength light, and following
higher energy excitation. The OSL effect resembles therm
luminescence~TL!, the effect observed following the excita
tion of a solid sample, usually by ionizing radiation durin
which time, energy is absorbed in the sample. In TL, the n
step is heating the sample up which results in the emissio
the stored energy in the form of light, measurable by
appropriate detector, e.g., a photomultiplier.

In most cases, TL was found to be linear or nearly line
with the dose of excitation. This helped a lot in the applic
tions of TL, namely, in dosimetry of different kinds of irra
diation as well as in the TL dating of archeological samp
such as pottery. For a detailed explanation of TL and rela
phenomena see Chen and McKeever.1 In a number of cases
however, TL intensity was found to be supralinear with t
excitation dose, and sometimes very strong supralinea
was reported.2 The explanation to the effect was given
terms of competition with radiationless centers during
heating stage,3 the excitation stage,4 or both.5

Some accounts on dose-rate effects in TL have b
given in the literature. Valladas and Ferreira6 reported on
two spectral components of light emission from quartz, o
increasing and the other decreasing with the dose rate w
the total dose of excitation remained unchanged. Explana
of the dose-rate dependence of TL has been given by C
et al.7 who used a model with competition between traps
luminescence centers to explain the phenomenon.

a!Present address: School of Physics and Astronomy, Raymond and Be
Sackler Faculty of Exact Sciences, Tel-Aviv University, Tel-Aviv 6997
Israel; electronic mail: chenr@ccsg.tau.ac.il
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In recent years, OSL has started to replace TL in som
these applications in dosimetry and dating. This started w
a work by Huntleyet al.8 on the optical dating of sediments
the method has also been utilized more recently for arch
logical dating and for dosimetry. The advantages of O
over TL are rather obvious in the applications. There is
need to heat the sample, thus avoiding the blackbody ra
tion occurring at relatively high temperatures. Also, possi
thermal quenching of luminescence is avoided. Finally,
dosimetry, the use of plastic materials that cannot be he
to high temperature can be considered for OSL dosimetr

In nearly all the reports on OSL and its applications it
assumed, and sometimes shown,9 that the initial dose depen
dence at low doses is linear followed by an approach
saturation at high doses.10 It is also assumed that there are n
dose-rate effects and therefore, one can calibrate the sa
at high dose rates and deduce the archeological dose
parted at a much lower rate.

There are a few reports in the literature on supralin
dose dependence of OSL. In the study of OSL of quartz
mixed feldspars from sediments, Godfrey-Smith11 found lin-
ear dependence on the dose of the unheated samples.
ever, following a preheat at 225 °C, the samples showe
clear supralinearity of the OSL signal at low excitation dos
of g irradiation. Robertset al.12 have also found supralinear
ity of quartz OSL in several samples. For samples prehea
at 160 °C, they reported a quadratic equation describing
dose dependence. There is no mention in the literature
dose-rate effect of OSL.

In the present work, we deal with the problems of do
dependence and dose-rate dependence of OSL theoretic
by solving numerically the sets of simultaneous different
rate equations, which are believed to govern the proce
involved. The approach is similar to that by McKeev
et al.13 except that they mainly followed the shape of t

rly
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OSL decay curve with time whereas we are interested in
dose and dose-rate dependencies. Also, they include sha
traps that may cause temperature dependence of the
signal whereas we exclude this possibility in the pres
work.

II. THE MODEL

The energy level scheme shown in Fig. 1 is a simple o
trap-one center model. One trapping state with a concen
tion of N ~m23! capable of trapping electrons is assumed
be active as well as one hole center state with a concentra
of M ~m23!. Electrons are assumed to be excited by the
radiation, the intensity of which is denoted byx~m23 s21!.
The total dose imparted during a period of timetD ~s! is
given in these units asD5xtD ~m23! ~regarding the units of
dose and dose rate, see later!. The irradiation produces hole
in the valence band and electrons in the conduction band
instantaneous concentrations of which are denoted
nv ~m23! and nc ~m23!, respectively. The free electrons
the conduction band may be trapped inN with a probability
coefficientAn ~m3 s21! whereas the free holes from the v
lence band can be trapped in the centers with a probab
coefficientB ~m3 s21!. The instantaneous filling of electron
in traps and holes in centers during the excitation~and later,
during the optical stimulation as well! are denoted byn and
m, respectively. After the excitation is finished, a relaxati
period is allowed for. This means that the excitation intens
is set to zero,x50, and the carriers remaining in the condu
tion and valence bands relax to the trapping states and
ters, respectively. It is to be noted that once holes are a
mulated in the center, recombination may take place betw

FIG. 1. Energy levels involved in the OSL phenomenon. A trapping s
with a concentrationN ~m23! and instantaneous occupancyn ~m23! as well
as a recombination centerM ~m23! with instantaneous occupancy o
m ~m23! are shown.B ~m3 s21! is the probability coefficient for holes in the
valence band to be trapped inM. The retrapping and recombination coeffi
cients of electrons respectively areAn ~m3 s21! andAm ~m3 s21!. x ~m23 s21!
is the intensity~dose rate! of radiation excitation of electrons from th
valence to the conduction band.f ~s21! is the intensity of the stimulating
light. nv ~m23! and nc ~m23! are the instantaneous concentrations of fr
holes and electrons, respectively.
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these trapped holes and electrons in the conduction b
with a recombination coefficient ofAm ~m3 s21!.

It is to be noted here that using the terms ‘‘trappi
probability’’ or ‘‘recombination probability’’ forAn , B, and
Am ~with units of m3 s21!, although rather common in TL
theory, is not very accurate. In fact, what is meant is t
products likeAmm or An (N2n), having units of s21, are
probabilities per second. Another way to look at these co
ficients is stating that, say,Am5smv wheresm is the cross
section for recombination~in m2! andv~m/s! is the thermal
velocity of the relevant free carriers. We have therefore u
here the terms ‘‘probability coefficient’’ or ‘‘recombination
coefficient’’ and ‘‘trapping coefficient.’’

At the next stage of optical stimulation, we assume t
the applied light releases electrons from the trapping stat
the rate of f n~m23 s21!, where the light intensity is repre
sented byf ~s21!. The released electrons may retrap in emp
trapping states with the same coefficient of trapping m
tioned earlier for the excitation phase, namely,An ~m3 s21!,
but they can, of course, also recombine with trapped ho
with the mentioned recombination coefficientAm . The OSL
signal is assumed to result from this recombination as sho
in Fig. 1.

The set of simultaneous differential equations govern
the process during the excitation period is given by

dnv /dt5x2B~M2m!nv . ~1!

dm/dt52Ammnc1B~M2m!nv , ~2!

dn/dt5An~N2n!nc , ~3!

dnc /dt5dm/dt1dnv /dt2dn/dt. ~4!

As pointed out earlier, the following stage of relaxatio
is simulated by taking the final values ofn, m, nc , andnv at
the end of the excitation stage as initial values for the rel
ation stage; settingx to zero and solving the set of equation
for a further period of time until bothnc andnv get negligi-
bly small.

For the next stage of light stimulation we take the fin
values of the functionsn, m, nc , and nv at the end of the
relaxation as initial values, keepx50 and add the term as
sociated with the optical stimulation. The set of equations
be solved now is

2dm/dt5Ammnc , ~5!

dn/dt52 f n1An~N2n!nc , ~6!

dnc /dt5dm/dt2dn/dt. ~7!

Since, as stated earlier, we associate the intensity of the
signal with the recombination rate, we can write the OS
intensity I as

I 52dm/dt. ~8!

In fact, a proportionality factor should have preceded
right-hand side of Eq.~8!, however, omitting it merely
means that we measure the emission intensity in some
ferent units. It is to be mentioned at this point that usua
the OSL intensity is sampled with a stimulating light pul
of, say, 1 s orless. This has been simulated here by solv
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the set of Eqs.~5!–~8! for 1 s and recording the final value o
I 52dm/dt as the OSL signal. This bypasses the question
what is happening during the first fraction of a second wh
the stimulating light is turned on. It also disregards the ti
dependence of the OSL during a long period of light stim
lation, during which the emitted light intensity may be d
caying with time whenn and/orm are depleted.

A note should be made here concerning the meaningx
and f and the reason why they do not have the same dim
sions in the given sets of rate equations. The dose rate
total dose are given here in units of m23 s21 and m23, re-
spectively. These are, in fact, the rate of electron-hole p
production and the total concentration of electrons and h
produced, respectively. Let us consider the ranges of d
rates and doses in Gy s21 and Gy, respectively, associate
with the x values chosen. Let us take as an example LiF
which, according to Avilaet al.,14 an average of 36 eV is
required for heavy charged particles to produce an elect
hole pair and;34 eV is required forg rays ~this is about
three times the width of the band gap!. LiF has a specific
gravity of 2.6 or a density of 2600 kg/m3. Since 1 Gy equals
1 J/kg, and 1 J equals 631018eV, the number of pairs pro
duced per kg is about 1.731017. Therefore, the number o
pairs produced in m3 is 4.431020. Thus, for example,x
51017m23 s21 ~see e.g., the second point from the left
Fig. 3 later! is equivalent to 2.331024 Gy/s whereasx
51020m23 s21 is equivalent to 0.23 Gy/s.

We should also briefly discuss the dimensions ofx andf.
Basically, since both represent irradiation intensity, th
should have the same dimensions. A closer look~see the sets
of equations earlier! shows however, that the equivalent ofx
in Eq. ~1! is fn in Eq. ~6!, both having units of m23 s21.
However, whereasx is constant,fn varies whenn varies,
whereasf is constant. A slightly different way to present th
is to writex5N•x whereN is the~constant! concentration of
valence band electrons andx is a coefficient proportional to
the light intensity with units of s21. Had we done it this way
f andx would have had the same dimension of s21.

The same set of equations was solved in the same
quence for studying the dose-rate effect. Here, the excita
intensity and the length of excitation were changed invers
so as to keep a constant excitation dose. The details are g
in Sec. IV.

III. NUMERICAL RESULTS OF OSL DOSE
DEPENDENCE

It has been quite easy to find sets of trapping parame
within this basic energy level model that yielded quadra
dependence on the dose of excitation while starting w
empty traps and centers. As an example, we give the foll
ing set:Am510217m3 s21; B510218m3 s21; N51017m23;
M51019m23, and An510219m3 s21. The value off was
taken as 1 s21 and x was varied between 1012 and
1014m23 s21. The standard ode23 solver in the MatLa
package has been used to solve the set of Eqs.~1!–~4! with
the given value ofx, then the same set has been solved w
x50 for a further period of time for relaxation, and final
Eqs.~5!–~7! with the given value off. The~1! points in Fig.
2 show, on a log–log scale, the dependence of the simul
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OSL signal on the total dose, changed here by changing
intensity of excitationx in the mentioned range and keepin
the length of excitation time at 1 s. Note that thex and y
~logarithmic! scales are significantly different, and th
straight line seen has, in fact, a slope of 2 meaning a q
dratic dose dependence. It is to be noted that very sim
results are found if the same parameters and the same in
conditions of empty traps and centers are maintained, but
excitation dose is varied by changing the excitation time a
keeping the excitation intensity constant.

The results so far, an example of which just given, su
gest that when one is dealing with empty traps and cente
the outset, usually associated with properly annea
samples, the quadratic dose dependence comes out as a
ral result. The question may arise why most works assum
~sometimes implicitly! that the OSL signal is linear with the
dose. It is obvious that once we increase the applied d
further than, say, what was shown in Fig. 2, an approach
saturation will occur and, on the way, there will be a rang
broad or narrow depending on the parameters, of appr
mately linear dependence. An alternative which we pursu
the present work is assuming that one of the trapping st
involved, either the electron trap or the hole center, is nea
full of carriers to begin with. From the theoretical point o
view, if the quadratic behavior is associated with the prod
of the concentrations of electrons in traps and holes in c
ters, each of which being filled linearly, having one of the
practically constant should bring about a linear depende
of the OSL intensity on the dose. From the experimen

FIG. 2. Dose dependence of OSL on a log–log scale as calculated usin
model; the parameters utilized areAm510217 m3 s21; B510218 m3 s21; N
51017 m23; M51019 m23; An510219 m3 s21; f 51 s21, and x varied be-
tween 1012 and 1014 m23 s21. The ~1! symbols are used in the case whe
n(0)50 at the beginning of the excitation whereas the~s! symbols are
used for the case withn(0)50.9N. Note that the~logarithmic! scales are
not the same, and therefore, the straight line formed by the circles ha
fact, a slope of 1, indicating linear dependence of the emitted intensity
the excitation dose. The straight line formed by the~1! points has a slope of
2, indicating a quadratic dependence of the emitted light intensity on
excitation dose.
 to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp



le
n
u-

th
p
p
n

h
o
o

o

te

TL

lts
le
ic

t
e
e

h
lv
rd
es
al

he
th

es
i

do
o

ive

u
t

y
n
ng
so
ti

this
n in
en-

nde-
ers,
-rate

ar-
the

tical
pen-

ple
gle
out
pa-

to be
o-
o-

e is
pli-
ig-
re
re-

ing
his
the

ate
la-

tors

the

f

262 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 R. Chen and P. L. Leung
results, the fact that supralinearity occurs at annea
samples whereas a linear dose dependence is observed i
is’’ samples,11 points to the same direction. In order to sim
late this situation we have takenn05931016m23 which
means that 90% of the traps are full with electrons at
beginning. We keep all the parameters the same, and re
the same simulated cycles of excitation, relaxation and o
cal stimulation. The results are shown as the points give
circles~s! in Fig. 2. Note again that thex andy logarithmic
scales are not the same and, in fact, the straight line seen
has a slope of unity. This, of course, indicates that the d
dependence under these circumstances is linear. It is t
noted that the intensities of the points in the latter case
linear dependence are significantly higher~3–5 orders of
magnitude! than those calculated with the same parame
and doses when the trapping states start empty.

IV. DOSE-RATE DEPENDENCE OF OSL

As mentioned in the introduction, dose-rate effects of
have been reported in the literature~e.g., Valladas and
Ferreira!.6 No such reports have been given of OSL resu
It should be pointed out, however, that for such comp
processes taking place during the excitation and opt
stimulation, there is no reasona priori to assume that only
the total dose is the determining factor. We therefore tried
check whether within the framework of the present mod
dose-rate effect could be seen. We have taken, as an
ample, the following set of parameters:An53
310217m3 s21, N51018m23, M51019m23, Am

510217m3 s21, and B510217m3 s21. The dose-ratex was
changed from 1016 to 1023m23 s21 whereas the excitation
time was changed inversely, from 102 to 1025 s, so as to
keep a constant dose. The stimulating intensity has been
at f 51025 s21 and the stimulation time was taken as 1 s. T
same sets of coupled differential equations have been so
numerically by the same ode23 solver and in the same o
as described before for the dose dependence case. The r
are shown as the circled points in Fig. 3, on a semilog sc
The OSL simulated intensity is seen to decrease by;20%,
while varying the dose rate from 1017 to 1020m23 s21.

We also tried to look for sets of parameters for which t
increase of the dose rate will bring about an increase in
OSL readings. The motivation has been that in those cas
which TL was found to be dose-rate dependent, both an
crease and a decrease of the emitted intensity with the
rate for a constant total dose have been seen. It turned
that by changing just one of the parameters in the set g
earlier, namely, ifB was taken to be 10218m3 s21 rather than
10217m3 s21, such an increase was seen. The sets of sim
taneous differential equations have also been solved in
same way as before, and the results are shown by the~1!
symbols in Fig. 3. In the same range ofx varying between
1017 and 1020m23 s21, the resulting OSL increased b
;19%. It should be mentioned here that the results show
Fig. 3 are related to a situation in which initially, the trappi
states and recombination centers are empty. This is as
ated with the supralinear dose dependence. The simula
was repeated when the initial filling of the trap was 0.9N,
Downloaded 25 Mar 2001 to 132.66.16.6. Redistribution subject
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which brought about linearity in the dose dependence. In
situation, practically no dose-rate dependence was see
the simulated results. It should be emphasized that no g
eral statement can be made concerning this dose-rate i
pendence. It is possible that with other sets of paramet
dose dependence will be linear whereas still some dose
effect can take place.

V. DISCUSSION

Following some reports in the literature of a supraline
ity of the dose dependence of OSL signals, and due to
general resemblance between OSL and TL, a theore
study has been conducted to follow the possible dose de
dence and the dose-rate dependence of this effect. A sim
energy level model of a single trapping state and a sin
kind of recombination center has been studied. It turned
to be rather easy to find reasonable sets of the trapping
rameters that result in supralinear~quadratic! dose depen-
dence or with dose-rate dependence. These results are
considered in view of the fact that OSL is utilized for arche
logical and geological dating of samples, as well as in d
simetry. The question of whether the dose dependenc
linear in a given sample is of great importance for the ap
cations. The same is true for the calibration of the OSL s
nal by applying a laboratory irradiation in order to compa
the measured intensities to those resulting from the dose
ceived in antiquity. If, for example, a variation of;20%
occurs in materials to be dated with the dose rate chang
by 3–4 orders of magnitude, as found in the simulation, t
has a significant bearing on the conclusions concerning
age found by OSL.

As pointed out before, supralinearity as well as dose-r
effects were found before in TL measurements. The exp
nations were usually related to the existence of competi

FIG. 3. Calculated dose-rate dependence of the emitted OSL signal with
total dose kept constant. The relevant parameters areAn53
310217 m3 s21; N51018 m23; M51019 m23; Am510217 m3 s21; B
510217 m3 s21. x was changed from 1016 to 1023 m23 s21 andtD was varied
inversely, from 102 to 1025 s. As is shown, in a range of 3–4 orders o
magnitude in the dose rate of excitation, the intensity goes down by;20%
with one set of parameters, and goes up by;19% with another.
 to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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that play an important part in the excitation stage, the read
stage or both. In the present case of OSL, it appears
these effects are prone to occur even more generally s
both effects can be found in the simulation while starti
with the simple model of only one electron trapping state a
one kind of recombination center.

This is the place to point out a basic difference betwe
the processes of TL and OSL. In TL, one usually measu
the area under an extended curve which is normally dep
dent on min(n0,m0) wheren0 andm0 are the concentration
of traps and centers respectively at the beginning of the h
ing stage~see, e.g., Chen and McKeever!.1 Here, if bothn0

and m0 are linearly dependent on the dose, so is the
signal. In a first order peak, different doses produce differ
intensities of the peak, but its shape remains unchanged.
second order peak, however, although the total area of
peak is proportional to the dose, increasing the dose dis
the peak to some extent and causes its maximum poin
shift to lower temperatures. Moreover, if one checks the d
dependence of a certain temperature point in the initial-
region of a given second-order peak, a quadratic dose de
dence is found.15 The OSL process of illuminating the pre
viously irradiated sample for, say, 1 s seems to resembl
such sampling of a TL curve at the initial rise range.

Another point of importance is that in order to get
‘‘pure’’ first order behavior, one has to assume no retrapp
at all (An50). However, if this extreme situation take
place, neither TL nor OSL can be observed since during
excitation stage, no electrons can be trapped in the trap
states. Since this is obviously not the case in the measur
circumstances, some features of the second-order beh
must exist in any TL and OSL signal. Therefore, it is po
sible that the supralinearity and dose-rate effect seen in
present simulation have to do with the kinetics not being
pure first-order kinetics.

In TL, in order to demonstrate supralinear dose dep
dence and dose-rate dependence, one has to assume a
Downloaded 25 Mar 2001 to 132.66.16.6. Redistribution subject
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petitor that may take part during the excitation stage,
heating stage or both.1 Such competition may bring about
supralinearity in the filling of the trap or the center bu
which is more important to our present case, it may a
cause the signal to be proportional ton0m0 rather than to
min(n0,m0). The main question that may arise here is wh
can replace the competitor that is not assumed here to e
It is possible that the partly empty trapping state can take
role of the competitor as well. An indication that this may
the case is that once we start with a nearly full trapping s
~90% in the example given!, the dose dependence is prac
cally linear, and no dose-rate effect is seen in the simula
results.

It seems to us that in view of the present theoreti
results, more experimental effort should be made to
whether supralinearity of OSL at low doses is a more co
mon effect than thought so far, and if dose-rate effects
OSL indeed occur.
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