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Dose dependence and dose-rate dependence of the optically stimulated
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The expected behavior of the dose dependence of the optically stimulated lumine€o&ige

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 discussg2d01@merican Institute of
Physics. [DOI: 10.1063/1.1330555

I. INTRODUCTION In recent years, OSL has started to replace TL in some of
these applications in dosimetry and dating. This started with
The phenomenon of optically stimulated luminescencea work by Huntleyet al® on the optical dating of sediments;
(OSL) is the emission of light by a solid sample during its the method has also been utilized more recently for archeo-
stimulation by a different wavelength light, and following a logical dating and for dosimetry. The advantages of OSL
higher energy excitation. The OSL effect resembles thermoever TL are rather obvious in the applications. There is no
luminescencéTL), the effect observed following the excita- need to heat the sample, thus avoiding the blackbody radia-
tion of a solid sample, usually by ionizing radiation during tion occurring at relatively high temperatures. Also, possible
which time, energy is absorbed in the sample. In TL, the nexthermal quenching of luminescence is avoided. Finally, for
step is heating the sample up which results in the emission afosimetry, the use of plastic materials that cannot be heated
the stored energy in the form of light, measurable by arto high temperature can be considered for OSL dosimetry.
appropriate detector, e.g., a photomultiplier. In nearly all the reports on OSL and its applications it is
In most cases, TL was found to be linear or nearly linearassumed, and sometimes sholthat the initial dose depen-
with the dose of excitation. This helped a lot in the applica-dence at low doses is linear followed by an approach to
tions of TL, namely, in dosimetry of different kinds of irra- saturation at high dosé8lt is also assumed that there are no
diation as well as in the TL dating of archeological samplesdose-rate effects and therefore, one can calibrate the sample
such as pottery. For a detailed explanation of TL and relateat high dose rates and deduce the archeological dose im-
phenomena see Chen and McKeeVer.a number of cases, parted at a much lower rate.
however, TL intensity was found to be supralinear with the  There are a few reports in the literature on supralinear
excitation dose, and sometimes very strong supralinearitflose dependence of OSL. In the study of OSL of quartz and
was reported. The explanation to the effect was given in mixed feldspars from sediments, Godfrey-Srhittound lin-
terms of competition with radiationless centers during theear dependence on the dose of the unheated samples. How-
heating stagé the excitation stagépor both® ever, following a preheat at 225 °C, the samples showed a
Some accounts on dose-rate effects in TL have beegflear supralinearity of the OSL signal at low excitation doses
given in the literature. Valladas and Ferréir@ported on of y irradiation. Robert®t al? have also found supralinear-
two spectral components of light emission from quartz, ondty of quartz OSL in several samples. For samples preheated
increasing and the other decreasing with the dose rate whegé 160 °C, they reported a quadratic equation describing the
the total dose of excitation remained unchanged. Explanatioflose dependence. There is no mention in the literature of a
of the dose-rate dependence of TL has been given by Chetose-rate effect of OSL.
et al.” who used a model with competition between traps or  In the present work, we deal with the problems of dose
luminescence centers to explain the phenomenon. dependence and dose-rate dependence of OSL theoretically,
by solving numerically the sets of simultaneous differential
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Nc these trapped holes and electrons in the conduction band
with a recombination coefficient ok, (m®s™1).
A It is to be noted here that using the terms “trapping
A £ probability” or “recombination probability” forA,,, B, and
n A, (with units of n?s™1), although rather common in TL
theory, is not very accurate. In fact, what is meant is that
products likeA,m or A, (N—n), having units of s', are
probabilities per second. Another way to look at these coef-
X ficients is stating that, say,,= o,v Whereo, is the cross
section for recombinatiofin m?) andv (m/s) is the thermal
velocity of the relevant free carriers. We have therefore used
here the terms “probability coefficient” or “recombination
B coefficient” and “trapping coefficient.”

At the next stage of optical stimulation, we assume that
the applied light releases electrons from the trapping state at
the rate offn(m3s™%), where the light intensity is repre-
sented byf(s™1). The released electrons may retrap in empty
FIG. 1. Energy levels involved in the OSL phenomenon. A trapping statefrapping states with the same coefficient of trapping men-
with a concentratioN (m~3) and instantaneous occupantym™°) as well tioned earlier for the excitation phase, nameq%(m?» 5‘1),
as a recombination centeM (m ) with instantaneous occupancy of 1 they can, of course, also recombine with trapped holes
m (m~°) are shownB (m°s™*) is the probability coefficient for holes in the . . . . ..
valence band to be trapped . The retrapping and recombination coeffi- V\{'th th.e mentioned recombination .CoeﬁICIGQ%. The OsL
cients of electrons respectively ake (m®s 1) andA,, (m®s ). x (m3s%)  signal is assumed to result from this recombination as shown
is the intensity(dose ratg of radiation excitation of electrons from the in Fig, 1.
valence to the conduction banfi(s™!) is the intensity of the stimulating The set of simultaneous differential equations governing

light. n, (m™3) and n. (m~3) are the instantaneous concentrations of free . o . . .
holes and electrons, respectively. the process during the excitation period is given by

ny

dn,/dt=x—B(M—m)n, . (1)
OSL decay curve with time whereas we are interested in the dnmv/dt=—-A,mn.+B(M—m)n,, 2
dose and dose-rate dependencies. Also, they include shallow B _
traps that may cause temperature dependence of the OSL dn/dt=As(N=n)nc, ®)
signal whereas we exclude this possibility in the present dn,/dt=dnmvdt+dn,/dt—dn/dt. (4)

work.
As pointed out earlier, the following stage of relaxation

is simulated by taking the final values ofm, n., andn, at
Il. THE MODEL the end of the excitation stage as initial values for the relax-

The energy level scheme shown in Fig. 1 is a simple On@tion stage; setting to zero and solving the set of equations

trap-one center model. One trapping state with a concentrd®" @ further period of time until both. andn, get negligi-

tion of N (m~3) capable of trapping electrons is assumed toP!Y Small _ _ _ _
For the next stage of light stimulation we take the final

be active as well as one hole center state with a concentration X
of M (m~3). Electrons are assumed to be excited by the ir_values-of the .fu.r?ct|on$|, m, n, andn, at the end of the
radiation, the intensity of which is denoted mym3s2). relaxation as initial values, keep=0 and add the term as-

The total dose imparted during a period of time (9) is sociated with the optical stimulation. The set of equations to
given in these units aB=xt, (m~3) (regarding the units of € solved now is

dose and dose rate, see Iatd@the irradiation produces holes —dm/dt=A,mn,, (5)
in the valence band and electrons in the conduction band, the
instantaneous concentrations of which are denoted by dn/dt=—fn+A,(N-n)nc, (6)

n, (m~3) and n, (m3), respectively. The free electrons in - _
the conduction band may be trappedNrwith a probability dnc/dt=dm/dt=dn/dt. ™
coefficientA, (m®s™1) whereas the free holes from the va- Since, as stated earlier, we associate the intensity of the OSL
lence band can be trapped in the centers with a probabilitgignal with the recombination rate, we can write the OSL,
coefficientB (m®*s™1). The instantaneous filling of electrons intensity| as

in traps and holes in centers during the excitatiand later, = dm/dt )
during the optical stimulation as welare denoted by and '
m, respectively. After the excitation is finished, a relaxationin fact, a proportionality factor should have preceded the
period is allowed for. This means that the excitation intensityright-hand side of Eq.(8), however, omitting it merely

is set to zerox=0, and the carriers remaining in the conduc- means that we measure the emission intensity in some dif-
tion and valence bands relax to the trapping states and ceferent units. It is to be mentioned at this point that usually,
ters, respectively. It is to be noted that once holes are accuhe OSL intensity is sampled with a stimulating light pulse
mulated in the center, recombination may take place betweeof, say, 1 s olless. This has been simulated here by solving
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the set of Eqs(5)—(8) for 1 s and recording the final value of
| = —dm/dt as the OSL signal. This bypasses the question of
what is happening during the first fraction of a second when
the stimulating light is turned on. It also disregards the time 43l
dependence of the OSL during a long period of light stimu-
lation, during which the emitted light intensity may be de-
caying with time whem and/orm are depleted.

A note should be made here concerning the meaning of
andf and the reason why they do not have the same dimen=
sions in the given sets of rate equations. The dose rate ang
total dose are given here in units of A5t and m 3, re-
spectively. These are, in fact, the rate of electron-hole pairg
production and the total concentration of electrons and hole&, 8f
produced, respectively. Let us consider the ranges of dos
rates and doses in Gysand Gy, respectively, associated
with the x values chosen. Let us take as an example LiF for ¢ : ‘ . .
which, according to Avilaet al,'* an average of 36 eV is 12 125 13 135 14 1435
required for heavy charged particles to produce an electron log(Dose)
hole pair and~34 eV is required fory rays (this is about
three times the width of the band gapiF has a specific FIG. 2. Dose dependence_ _of OSL on a log—log scale as calculated using the
gravity of 2.6 or a density of 2600 kgfnSince 1 Gy equals ngfJ?nffjg F;;‘?T;ger;%g“f‘i’lg‘i‘ﬁf mlgOS; r‘;aff;,?: alr?c;j(s\r/r:rii;; bNe_

1 J/kg, anl 1 J_equals &10'°eV, the number of pairs pro- tween 162 and 1¢“m®s L. rlI'he(Jr) symbc;ls are used in the case where
duced per kg is about 1:710"". Therefore, the number of n(0)=0 at the beginning of the excitation whereas tt@ symbols are
pairs produced in fis 4.4x10%°. Thus, for examplex used for the case with(0)=0.9N. Note that the(logarithmig scales are
=10"m3s? (see eqg., the second point from the left in ot the same, and_th(_eref_ore, _the straight line formed by the cir_cles h_as, in
Fig. 3 late) is equivalent to 2.8510 % Gy/s whereasx Iﬁct, a ;Iope of 1, mdlcatlng. Ilnegr dependence of thg emitted intensity on
- ) e excitation dose. The straight line formed by the points has a slope of
=10"m3s s equivalent to 0.23 Gy/s. 2, indicating a quadratic dependence of the emitted light intensity on the
We should also briefly discuss the dimensiong ahdf. excitation dose.
Basically, since both represent irradiation intensity, they
should have the same dimensions. A closer Isge the sets
of equations earligrshows however, that the equivalentof
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in Eq. (1) is fn in Eq. (6), both having units of M”s™.  j iensity of excitationx in the mentioned range and keeping
However, whereax is constantfn varies whenn varies, 4 length of excitation time at 1 s. Note that thandy

wheread is constant. A slightly different way to present this (logarithmig scales are significantly different, and the

is to writex=N- x whereN is the(constant concentration of straight line seen has, in fact, a slope of 2 meaning a qua-
valence band electrons ands a coefficient proportional 10 gatic dose dependence. It is to be noted that very similar
the light intensity with units of s'. Had we done it thisway, regyits are found if the same parameters and the same initial
f andx would have had the same dimension ot.s conditions of empty traps and centers are maintained, but the

The same set of equations was solved in the same Sgyiation dose is varied by changing the excitation time and
guence for studying the dose-rate effect. Here, the exc'tat'oﬂeeping the excitation intensity constant.

intensity and the length of excitation were changed inversely,  Thea results so far. an example of which just given, sug-

S0 as to keep a constant excitation dose. The details are giv%st that when one is dealing with empty traps and centers at

in Sec. IV. the outset, usually associated with properly annealed
samples, the quadratic dose dependence comes out as a natu-
ral result. The question may arise why most works assumed
(sometimes implicitly that the OSL signal is linear with the

It has been quite easy to find sets of trapping parameterdose. It is obvious that once we increase the applied dose
within this basic energy level model that yielded quadraticfurther than, say, what was shown in Fig. 2, an approach to
dependence on the dose of excitation while starting wittsaturation will occur and, on the way, there will be a range,
empty traps and centers. As an example, we give the followbroad or narrow depending on the parameters, of approxi-
ing set:A,=10 'm3s ! B=10 ®¥mis ™} N=10"m 3  mately linear dependence. An alternative which we pursue in
M=10"m3 and A,=10 ®m3®s 1. The value off was the present work is assuming that one of the trapping states
taken as 1 s and x was varied between 19 and involved, either the electron trap or the hole center, is nearly
10m=3s L. The standard ode23 solver in the MatlLab full of carriers to begin with. From the theoretical point of
package has been used to solve the set of B9s(4) with  view, if the quadratic behavior is associated with the product
the given value ok, then the same set has been solved withof the concentrations of electrons in traps and holes in cen-
x=0 for a further period of time for relaxation, and finally ters, each of which being filled linearly, having one of these
Egs.(5)—(7) with the given value of. The(+) points in Fig.  practically constant should bring about a linear dependence
2 show, on a log—log scale, the dependence of the simulateaf the OSL intensity on the dose. From the experimental

IIl. NUMERICAL RESULTS OF OSL DOSE
DEPENDENCE
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results, the fact that supralinearity occurs at annealed % 10" DOSE RATE DEPENDENCE OF OSL
samples whereas a linear dose dependence is observed in “a ‘ ’ ' ' ‘
is” samplest! points to the same direction. In order to simu- 48}
late this situation we have takemy=9x10"°m™3 which

means that 90% of the traps are full with electrons at the Z 48}
beginning. We keep all the parameters the same, and repee§4_4.
the same simulated cycles of excitation, relaxation and opti- S
cal stimulation. The results are shown as the points given asz
circles(O) in Fig. 2. Note again that theandy logarithmic .
scales are not the same and, in fact, the straight line seen herg
has a slope of unity. This, of course, indicates that the dose% 38r
dependence under these circumstances is linear. It is to bél 54|
noted that the intensities of the points in the latter case of
linear dependence are significantly high&-5 orders of 34y
magnitude than those calculated with the same parameters 32
and doses when the trapping states start empty.

6§ 17 18 18 20 21 22 23
log{Dose Rate)

FIG. 3. Calculated dose-rate dependence of the emitted OSL signal with the
IV. DOSE-RATE DEPENDENCE OF OSL total dose kept constant. The relevant parameters &e=3

. inthe i . ff f x10més, N=10¥m™3 M=10"m=3 A,=10"m’s} B
As mentioned in the introduction, dose-rate effects of TL_ 15-173 51 x was changed from #6to 1% m3 s andt,, was varied

have been reported in the literatufe.g., Valladas and inversely, from 18 to 10°5s. As is shown, in a range of 3—4 orders of
Ferreira.6 No such reports have been given of OSL results magnitude in the dose rate of excitation, the intensity goes dowr 2326

It should be pointed out, however, that for such complex¥ith one set of parameters, and goes up-a9% with another.
processes taking place during the excitation and optical

stimulation, there is no reasa@npriori to assume that only \ynich brought about linearity in the dose dependence. In this
the total dose is the determining factor. We therefore tried tQ; . ation practically no dose-rate dependence was seen in

check whether within the framework of the present modely,o simylated resuits. It should be emphasized that no gen-

dosel-rate :ffec; c|:|oqu be seen. \:cVe have taken., af an €&ral statement can be made concerning this dose-rate inde-
ample, the following set of parametersA,=3 pendence. It is possible that with other sets of parameters,

-17 3 o1 —108m-3 —109m-3
x 10_17m35_1, N—lol_rj; b1 M=10m %, Am  dose dependence will be linear whereas still some dose-rate
=10"""'m’s™", andB=10"""m’s"". The dose-ratx Was  ,¢tact can take place

changed from 18 to 1073*m 3s ! whereas the excitation
; ; 2
time was changed mversely,.from .1113_10‘5_5, SO as to V. DISCUSSION
keep a constant dose. The stimulating intensity has been set
atf=10°s !and the stimulation time was taken as 1 s. The  Following some reports in the literature of a supralinear-
same sets of coupled differential equations have been solvety of the dose dependence of OSL signals, and due to the
numerically by the same ode23 solver and in the same ordeyeneral resemblance between OSL and TL, a theoretical
as described before for the dose dependence case. The resulisdy has been conducted to follow the possible dose depen-
are shown as the circled points in Fig. 3, on a semilog scaledence and the dose-rate dependence of this effect. A simple
The OSL simulated intensity is seen to decrease-20%, energy level model of a single trapping state and a single
while varying the dose rate from 10to 10°°m=—3s™1. kind of recombination center has been studied. It turned out
We also tried to look for sets of parameters for which theto be rather easy to find reasonable sets of the trapping pa-
increase of the dose rate will bring about an increase in theameters that result in supraline@quadrati¢ dose depen-
OSL readings. The motivation has been that in those cases @fence or with dose-rate dependence. These results are to be
which TL was found to be dose-rate dependent, both an ineonsidered in view of the fact that OSL is utilized for archeo-
crease and a decrease of the emitted intensity with the dosegical and geological dating of samples, as well as in do-
rate for a constant total dose have been seen. It turned osimetry. The question of whether the dose dependence is
that by changing just one of the parameters in the set givelinear in a given sample is of great importance for the appli-
earlier, namely, iB was taken to be 10®¥m®s ! rather than cations. The same is true for the calibration of the OSL sig-
10 "m3s™%, such an increase was seen. The sets of simulral by applying a laboratory irradiation in order to compare
taneous differential equations have also been solved in thihe measured intensities to those resulting from the dose re-
same way as before, and the results are shown by+#he ceived in antiquity. If, for example, a variation 0f20%
symbols in Fig. 3. In the same range xfarying between occurs in materials to be dated with the dose rate changing
10 and 16°m 3s!, the resulting OSL increased by by 3—4 orders of magnitude, as found in the simulation, this
~19%. It should be mentioned here that the results shown ihas a significant bearing on the conclusions concerning the
Fig. 3 are related to a situation in which initially, the trapping age found by OSL.
states and recombination centers are empty. This is associ- As pointed out before, supralinearity as well as dose-rate
ated with the supralinear dose dependence. The simulatiogffects were found before in TL measurements. The expla-
was repeated when the initial filling of the trap wasN).9 nations were usually related to the existence of competitors
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that play an important part in the excitation stage, the readoytetitor that may take part during the excitation stage, the
stage or both. In the present case of OSL, it appears théieating stage or bothSuch competition may bring about a
these effects are prone to occur even more generally sincipralinearity in the filling of the trap or the center but,
both effects can be found in the simulation while startingwhich is more important to our present case, it may also
with the simple model of only one electron trapping state andtause the signal to be proportional igm, rather than to
one kind of recombination center. min(ny,My). The main question that may arise here is what
This is the place to point out a basic difference betweercan replace the competitor that is not assumed here to exist.
the processes of TL and OSL. In TL, one usually measure# is possible that the partly empty trapping state can take the
the area under an extended curve which is normally depemrole of the competitor as well. An indication that this may be
dent on minfy,my) whereny andmg are the concentrations the case is that once we start with a nearly full trapping state
of traps and centers respectively at the beginning of the heat90% in the example giventhe dose dependence is practi-
ing stage(see, e.g., Chen and McKeeyéHere, if bothng cally linear, and no dose-rate effect is seen in the simulated
and my are linearly dependent on the dose, so is the Tlresults.
signal. In a first order peak, different doses produce different It seems to us that in view of the present theoretical
intensities of the peak, but its shape remains unchanged. Inrasults, more experimental effort should be made to see
second order peak, however, although the total area of thehether supralinearity of OSL at low doses is a more com-
peak is proportional to the dose, increasing the dose distortmon effect than thought so far, and if dose-rate effects of
the peak to some extent and causes its maximum point t@SL indeed occur.
shift to lower temperatu-reS' Moreover, if O-ne -CheCkS- t-h-e d(-)SelR Chen and S. W. S. McKeevetheory of Thermoluminescence and
dep_endence_of a certain temperature point in _the initial-rise Related Phenomen@Vorld Scientific, Sin)éapore’ 1997
region of a given second-order peak, a quadratic dose depeng, chen, x. H. Yang, and S. W. S. McKeever, J. Phy21D1452(1988.
dence is found® The OSL process of illuminating the pre- 3N. Kristianpoller, R. Chen, and M. Israeli, J. Phys 7D1063(1974.
viously irradiated sample for, sajl s seems to resemble -R.ChenandS.G. E. Bowman, Eur. PACT2)216(1978.

. s - 5R. Chen and G. Fogel, Radiat. Prot. Dos#f, 23 (1993.
such sampllng of a TL curve at the initial rise range. 5G. Valladas and J. Ferreira, Nucl. Instrum. Methdd$, 216 (1980.

Another point of importance is that in order to get a 7r. chen, S. W. S. McKeever, and S. A. Durrani, Phys. Re@4B4931
“pure” first order behavior, one has to assume no retrappingg(1981>. .
at all (A,=0). However, if this extreme situation takes D J- Huntley, D. . Godfrey-Smith, and M. L. Thewalt, Natteondon)

! ; . 313 105(1985.

place, neither TL nor OSL can be observed since during theg "\, s wckeever and M. S. Akselrod, Radiat. Prot. Dosg, 317
excitation stage, no electrons can be trapped in the trapping(1999.
states. Since this is obviously not the case in the measurab}iﬁ-- IIB»égerd-;lensgn 'al:dJA'P ﬁ Mu.rr7ayl,7§f;ldilagté Prot. Dosid. 307 (1999.
ClrcumSt.an?es’ some features OT the Second_ord?r .behawgg: G SObr:r);s, rlr\1lItA épog:ér a’nd D. (Quels‘)t.iaux, Radiat. M23s647
must exist in any TL and OSL signal. Therefore, it is pos- (jgg4.
sible that the supralinearity and dose-rate effect seen in th€s. w. S. McKeever, L. Bter-Jensen, N. Agersap-Larsen, and G. A. T.
present simulation have to do with the kinetics not being oflADuller; Radiat. Meas27, 161(1997).
pure first-order kinetics. (Ol.gg\;lla, I. Gamboa de-Buen, and M. E. Brandan, J. Phy82D1175
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