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Abstract
Thermally and optically stimulated luminescence have been used in applications
in solid state physics, radiation dosimetry and geological dating for several
decades. This paper gives a generalized description of these methods in terms of
non-equilibrium thermodynamics and in doing so highlights similarities and
differences between the methods. Recent advances in both the theory and appli-
cation of the techniques are highlighted with numerous specific examples.

1. General view of stimulated luminescence processes

The traditional descriptions of thermoluminescence (TL) and optically stimulated lumines-
cence (OSL) normally proceed by invoking the absorption of energy from an ionizing source
by an insulating or semiconducting material. The absorption causes the excitation of free
electrons and free holes and the subsequent trapping of these electronic species at defects
(trapping states) within the material. After removal of the excitation the sample is stimulated
in such a way that absorbed energy causes the liberation of charge carriers of one sign (say,
electrons) that are then able to recombine with charge carriers of the opposite sign. If the
recombination is radiative, luminescence (TL or OSL) is emitted. Thus, TL and OSL require
the perturbation of the system from a state of thermodynamic equilibrium, via the absorption
of external energy, into a metastable state. This is then followed by the thermally (TL) or
optically (OSL) stimulated relaxation of the system back to its equilibrium condition.

As a description of a thermally or optically stimulated process, the above statement is quite
general and relates to all thermally or optically stimulated relaxation phenomena (SRPs). In
the specific cases of TL and OSL, the perturbation is usually the absorption of energy from
ionizing radiation, and the stimulated relaxation back to equilibrium is followed by monitoring
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the emission of luminescence from the system during the transitions of the freed charges
back to the ground state.

As will become clear in the sections to follow, the intensity of the emitted luminescence is
related to the rate at which the system returns to equilibrium, resulting in a characteristic
luminescence-versus-time curve. In other SRPs the form of the perturbation may differ along
with the property being monitored during the stimulation. For example, in Thermally
Stimulated Conductivity (TSC) or photoconductivity (PC), ionizing radiation may still be used
as the excitation source, but one detects the thermally (or optically) stimulated relaxation back
to equilibrium by monitoring the freed charges during their passage through the delocalized
excited state (i.e. conduction band for electrons, or valence band for holes). For Thermally
(or Optically) Stimulated Exoelectron Emission (TSEE, or OSEE) one monitors the exoemis-
sion of electrons, usually from surface traps, during the relaxation process. Alternatively, for
either Deep Level Transient Spectroscopy (DLTS) or Thermally Stimulated Capacitance
(TSCap), the excitation can either be ionizing radiation or electrical energy, and one monitors
the change in capacitance across a pn semiconductor junction, or a metal-semiconductor
junction, during the thermally stimulated transition of the trapped charge from the traps into
the delocalized bands.

After perturbation by ionizing radiation we have a distribution of electrons trapped at
localized states within the band gap above Ep and an equal concentration of holes trapped
below EF- One can define two Quasi-Fermi Levels, one each for electrons Em and for holes
£/=p. These are useful devices for describing the nonequilibrium state, which follows the
perturbation in terms of equilibrium statistics by making the assumption that the trapped
electron and hole populations are in thermal equilibrium over their available energy levels.
During stimulated relaxation, i.e . during heating, the trapped charge distribution gradually
returns to its pre-perturbation state (albeit at a higher temperature if the stimulation was
thermal; at the same temperature if the stimulation was optical). During this process the
Quasi-Fermi Levels gradually move back toward the equilibrium Fermi Level as the trapped
charge concentrations decay back to their equilibrium values. If the stimulation is thermal,
the heating is normally performed according to the function T(t) = To + Prf where To is the
initial temperature, i.e. 0 K in the above example, and Pr is the (constant) rate of heating. In
principle, however, any other heating function could be used.

Representing the total concentration of occupied metastable states in the system by ti(t),
and letting n(yi, j2, ym, f) be the concentration of occupied states described by state
parameters yu j2, ym, then we may write:

N ( t ) = J j . . .fn(Y l ,Y2 , Ym,t)dYldy2 dYm (1)

Parameters yj, j2, ym dictate the stability of the metastable state, that is they govern
the probability per unit time that the system will return to equilibrium. n(yi, y2, ym, t) is a
weighting function, or distribution, expressing the concentration of occupied states posses-
sing the parameters yy, Y2, ym. It is a time-dependent and dose-dependent function since
it increases with absorbed dose and decreases during stimulation.
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Thus, the stimulated luminescence that emerges is proportional to the rate at which the
system returns to equilibrium. It is time dependent through the functional dependence of

dN(t)

dt

dt

dt

upon n(yi, j2, ym, t). Thus, to evaluate I(t) we need a relationship between

and n(ji, j2, ym, 0- One possibility is:

where P(t) is the probability per unit time of the decay of the metastable states N(t). With

(3)

I = 1 this is, of course, a first-order function. If each state n(yj, 72, ym) has its own probability
function p(ji, j2, ym)then, with / =1 :

dN(t)

dt
= j j ••••\nh'bY2 •rm<t)p{nJ2<~-rm)dYldr2-dYn

Yl 72 Ym

(4)

where we assume the superposition principle - i.e. there is no interaction between states.

Equation (4) relates to a fixed, time-independent probability p(ji, J2, ym). For a
time-dependent probability:

/(/) =
dN{t)

dt
-\n{?hY2 rm,t)p(yi,y2> rni'

YlY2 Ym

(5)

The form of p depends on the stimulation method, i.e. thermal or optical stimulation of
the metastable state back to equilibrium. For thermal stimulation we may write:

p(E, S) = vK exp\ — \exp\ > = s expl
kT\ *[ KT

(6)

(7)

where v is the phonon lattice vibration frequency, K is a transition probability constant and
Fis the Helmholtz free energy barrier which must be surmounted for decay of the metastable
state. The equation may be expanded using F = E - AST to yield:

The product v K exp \ —— I = s is usually termed the "pre-exponential factor" (dimensions
I J

s"1) . AS is the entropy change associated with the transition and £ is the internal energy
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barrier. Thus, the metastable states are characterized by m = 2 parameters, namely yi = E

and 72 = s. The Boltzmann term exp{- —} defines the probability that the energy delivered

by the phonon interaction is sufficient to surmount the barrier of height E. At a fixed
temperature T, it describes the isothermal decay of the metastable state back to the ground
state. £ represents the "trap depth" and p is thus the probability of thermal ionization of the
metastable electronic state and the return of the Fermi level to its equilibrium level.

For optical stimulation we have:

{) {) (8)

where 0, is the optical stimulation intensity and <T(E0) is the photoionization cross-section
for interaction of the metastable state with an incident photon and Eo is the threshold optical
stimulation energy required for a return of the system to equilibrium. Here m = 1 and y; =
Eo. For optical transitions from deep localized electron states Eo is the threshold optical
ionization energy and G(E0) is given for parabolic bands by Grimmeis and Ledebo (1974,
1975) as:

W*-t% (9)

where h\ is the energy of the incident photon of wavelength X, and % is a constant related
to the charge carrier effective mass m* and rest mass m0 by % = 1 - mo/m* a is a constant.

In the above representations T, X and $ , are all fixed values independent of time. However,
a time-dependence to p can be introduced by scanning the above terms with time - i.e. T(t),
,<$>(t) or X(t). Thus, for a linear increase in temperature during thermal excitation we may have:

T(t) = To+ fat (10)

where pr = dT/dt Similarly, during optical excitation we may have:

0(t) = 0o + /30t (11)

with p<j> = dO/dt; or

(12)

with Px = dX/dt (where the negative sign indicates a scan from longer to shorter
wavelengths, or smaller to larger photon energies, hv). In this way we now have time-de-
pendent probabilities p(E^,t) for thermal excitation and p(E0,t) for optical excitation.

To proceed further it is necessary to determine a function for n(yi, j2, t)p(yi, j2, t) -
E)(Et) for TL, and n(yj, t)p(yi, t) = n(Eo,t)p(Eo,t) for OSL This was performed by
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Randall and Wilkins (1945) for TL (i.e. p(E,s,t) = sexp{-~-}), and by Bulur (1996) for OSL
Kl(t)

in the case where the intensity of the optical stimulation is ramped (i.e. p(E0,t) = ,(t)a(E0)).
In this paper we shall also examine the case for OSL in which the wavelength of the optical
stimulation is ramped (i.e. p(E0,t) ~ ,Q>a(E0,t)).

2. Thermotuminescence

2.1 Randall-Wilkins theory; first-order kinetics

Randall and Wilkins (1945) considered a simple model for the production of TL based on
the thermally stimulated release of n electrons from a discrete trapping level at a single-valued
energy E, and characterized by single-valued frequency factor, s. (The latter is equivalent to
assuming a single-value for the trap capture cross-section.) A simplified energy band diagram
describing the Randall-Wilkins model is shown in figure 1.

t
E,s

Ev

Figure 7. A simple two-level energy band model for the description TL under the conditions of
first-order kinetics (Randall and Wilkins, 1945).

With the above constraints n(E,s,t) can be simply written as n(t) and, under the conditions
of negligible retrapping and quasiequilibrium (QE), the TL intensity is then:

dn(t)
dt

= n(t)exp{ -
kT(t)\

(13)

Integration of eqn. (13) then yields:

(14)

where the TL intensity has been expressed as a function of temperature using eqn. (10)
(namely.T (t) = To + Pr t )• The parameter no is the initial value of n(t) at t = 0, and 9 is a
dummy variable representing temperature.
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Equation (14) is the well-known Randall-Wilkins first-order expression for TL under the
assumptions described. The QE approximation is the imposition of a quasi-stationary density

dn(t)
dt

of free charge, ric, and requires
dt

. This assumption is of profound impor-

dn(t - used in eqn. (13). Lewandowskitance and is central in arriving at the equality ITL (t ) = , .—

and colleagues (1991, 1994) investigated the validity of the QE approximation under a variety
of conditions and determined that the dual assumptions of negligible retrapping and quasie-
quilibrium are self-consistent and, therefore, that the expression in eqn. (14) is a viable
description of the TL emission under these conditions.

If one now imposes a distribution of trapping states, distributed in both energy £ space
and frequency s space, eqn. (13) takes the form expressed in eqn. (5), namely:

Es

dn(E,s,t)
dt

dEds = \ | n(E, s, f > expl - — \dEds
Es <• kT>

(15)

or, after integration with respect to time:

dEds (16)

Equation (16) is of the form of a two-dimensional Fredholm equation of the type

where

Es

g(E,s) =

(17)

(18)

is the weighting or distribution function and

is the model function. Integration is over all £ and s space, from zero to infinity. However,
since there are no trapping states below the top of the valence band and the above the bottom

(19)

of the conduction band, g(£,s) = no(E,s) is then the initial distribution of filled traps in the
forbidden band gap between £t, and £c .

The validity of the Fredholm equation was proved rigorously for the case of first-order
kinetics and a one-dimensional distribution (in £ only) by Hornyak and Chen (1989) while
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Agersnap Larsen and McKeever (in preparation) have demonstrated the validity of the two
dimensional form (i.e. a distribution in E and s), also for the case of first-order kinetics. The
necessity of first-order kinetics becomes clear when one realizes that the Fredholm equation
is a consequence of the superposition principle. That is to say, individual processes do not
interact with each other such that electrons released from one part of the distribution are not
recaptured by another part of the distribution. Bull et al. (1986) verified that superposition is
valid for first-order kinetics only. Consequently, if significant retrapping occurs the use of the
Fredholm equation becomes questionable.

An example of the use of this type of analysis was described by Agersnap Larsen et al.
(1999) who used a one-dimensional version of the Fredholm equation, namely:

(20)

0.025 Qy

to analyze thermally stimulated conductivity (TSC) curves from irradiated, single crystal
AI2O3. In this analysis the value of s was assumed to be single-valued, and the same for all
traps. From a deconvolution of the experimental
TSC curves using eqn. (20) these authors were
able to arrive at an estimate for the distribution
rio(E) - i.e. the original filled trap distribution after
the irradiation and at the start of the heating cycle.
Although this procedure cannot be relied upon to
produce the correct E-values (owing to the neces-
sity to assume the same value for s for all peaks)
it does produce a qualitative estimate of the shape
of the trap distributions in the sample, and how
these distributions vary as a function of dose.
Example data are shown in figure 2.
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2.2 Non-first-order kinetics

Significant retrapping of freed charge from
traps results in non-first-order kinetics for the
production of thermoluminescence. Several pub-
lications have dealt with the development of ex-
pressions for hdj), stemming originally from the
work of Garlick and Gibson (1948), and these are
reviewed in numerous major texts dealing with TL
analysis (e.g. Chen and Kirsh, 1981; McKeever,
1985; Chen and McKeever, 1997). It is not the
purpose of this paper to review these analyses
again but it is useful to point out two consequen-
ces of non-first-order kinetics in the light of the
generalized description dealt with so far. The first
is that the dual assumptions of second-order ki-
netics (i.e. fast retrapping) and quasiequilibrium
do not naturally go together. This was illustrated

60

40

20

0

500

400

300

200

100

10Qy

181 Qy

1.1 1.2 1.3 1.4 13 1.6 1.7 1.
Traa enerov («V)

Figure 2. Results of the deconuolution of
TSC data, at three different doses, from
A/2O3.C using the one-dimensional
Fredholm equation (eqn. (20)). (After
Agersnap Larsen et al., 1999.)
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and discussed by Lewandowski and colleagues (Lewandowski et al., 1991, 1994) who examined
numerical solutions to the non-linear rate equations describing TL and TSC for simple models and
concluded that in many situations in which fast retrapping occurs there are significant deviations from
quaaequilibrium and, under these circumstances, the standard equations developed for second-order
TL by Garlick and Gibson are inadequate. This is not to say, however, that one cannot find some parts
of the multidimensional parameter space that describes these processes in which the QE approxima-
tion may be acceptable even with fast retrapping. This was shown by Sunta et al. (1999), also from
an examination of numerical solutions to the rate equations. The point raised by Lewandowski and
colleagues, however, was that the assumptions of first-order kinetics and QE are natural partners such
that the Randall-Wilkins analysis is a viable description of TL under slow retrapping conditions.

The second point to make about fast retrapping is that interaction between traps is now
inevitable. Interactive kinetics of this type were examined by Bull et al. (1986) and more
recently by Sunta and colleagues (Sunta et al., 1995). In these cases it is not possible to
describe a multi-peaked TL glow curve using a simple superposition of second-order TL peak
shapes. From the point of view of the present generalized analysis equations of the type shown
in eqns. (4) and (15)-(17) are then invalid.

3. Optically Stimulated Luminescence

3.1 Bulur Analysis; first-order kinetics

In conventional OSL measurements, an irradiated sample is exposed to a steady beam of
stimulating light and the luminescence is continuously monitored as a function of the
stimulation time. The observed OSL intensity is usually observed to decay monotonically with
time and the decay constant, for a given trap, is determined by the stimulation light intensity
and by the photoionization cross-section cr(£o) of that trap. Thus, traps with large cross-sec-
tions, for the stimulation wavelength used in the measurement, empty quickly and give rise
to fast decay components. Traps with smaller cross-sections yield slower components. This
procedure is generally known as CW-OSL (CW = continuous wave).

An alternative measurement procedure for OSL was proposed by Bulur (1996). Instead of
maintaining a constant stimulation intensity <X>, (as in CW-OSL) the stimulating light is linearly
ramped according to eqn. (11), namely $ft) = Oo + P<DT where the intensity 3>(r) is varied at a
rate pel) = d<E>(t)/dt, as a function of time. In this measurement scheme it is usual for the intensity
to start from zero (<50 = 0). The measured OSL signal is then initially seen to increase linearly
from zero until such time as the traps become depleted, at which point the OSL intensity peaks
and decays to zero. If the ramp rate is constant the resulting curve is known as the "linear-modu-
lation OSL" curve (LM-OSL). The time at which the LM-OSL signal reaches a maximum is
governed by the ramp rate pep and the photoionization cross-section a(Eo) of the traps being
depleted. Thus, the different traps contributing to the LM-OSL signal are manifest by different
peaks in the LM-OSL-versus-time curve. By appropriate choice of ramp rate P<D one can resolve
the contributions from the various traps more clearly than with CW-OSL measurements.

For a first-order process (negligible retrapping) and CW-OSL (constant 4>) we have:

(21)
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with p(E0) = <&G(E0) (as given in eqn. (8)). From eqn. (21) the CW-OSL decay curve is thus
given by:

W ) {)^^ 1 (22)

In these equations, losdt) is the CW-OSL intensity, no = n(t) at t = 0 and is the initial
trapped charge concentration at the trapping level with an optical ionization energy Eo, and
T(EO) = l/p(£o) is the decay constant. Note that the stimulation rate p(E0) (and, therefore,
the decay constant T(EO)) has a dependence on stimulation wavelength through its relations-
hip to CJ(£O).

In general, however, CW-OSL decay curves should not be expected to be simple exponen-
tials of the form of eqn. (22). Retrapping, interaction between traps, and multiple recombina-
tion centers can all contribute to non-first-order decay (McKeever et a/., 1997; Chen and
McKeever, 1997). In an example in which first-order kinetics do appear to hold, however,
Bailey et al. (1997) showthat the experimental CW-OSL curves observed by them in irradiated
natural quartz can be accurately represented by the sum of three exponentials of the form of
eqn. (22), implying a superposition of multiple first-order processes.

With LM-OSL (Bulur, 1996) we have a time-dependence for the stimulation rate, thus
p(t,Eo) = cr(£o)cl)(f) = a(Eo)P<i>£. Eqn. (21) now becomes:

^ M ) (23)

for which the solution is:

( ) J f f c ^ l ( 2 4 )
The LM-OSL curve starts from zero at t = 0 and increases to a maximum at

tm = VVOYEOTP*- Thus, from a knowledge of the absolute ramp rate p* one can determine
the photoionization cross-section CJ(£0) at the stimulation wavelength used.

Mote that if one uses sufficiently broad-band (multiple wavelength) stimulation the result
will be a distribution of cr(£o) values, and a spread in the LM-OSL peak for any given trap.
Also note that by arranging for the stimulation intensity in LM-OSL, <t>(t), to equal that used
in CW-OSL, 0>, at t = tf (i.e. <Z>(tf) = <D), then we have:

<E0)= I (25)

and thus:

{)jj£l (26)
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Several observers have noted a temperature dependence to the decay constant in CW-OSL
measurements. Spooner (1994) describes the effect in terms of thermal activation from a
ground state to an intermediate excited state, with activation energy EA, from where optical
excitation to the delocalized band takes place. The decay constant was observed to follow an
Arrhenius law which may be interpreted as a temperature dependence of the photoionization
cross-section, thus:

f JT .1
(27)

where CTO(£O) is the pre-exponential photoionization cross-section, of the form given in eqn.
(9).

For a distribution of energy states in the forbidden gap, one can expect a Fredholm
equation of the form:

(28)

where the summation is over all Eo space from Ev to £c. Again, this expression assumes
no interaction between states and therefore is a superposition of first-order processes.

Tims (s)

era 80) 1CE0

Tims (si

Figure 3. (a) Simulated LM-OSL curves, with two traps (curves ] & 2) and their sum. (b)
Experimental LM-OSL curves from natural quartz, fitted to the sum of three curves (1 - 3) of the
form of eqn. (24). (After Kuhns et a/., 2000.)

Figure 3(a) illustrates some simulated LM-OSL curves, while fig. 3(b) shows experimental
LM-OSL curves for natural quartz in which the data have been fitted to an equation of the
form of eqn. (28), but using just three, discrete ionization energies.
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3.2 Wavelength scanning; first-order kinetics

As an alternative to ramping the intensity of the stimulating light, one can also scan the
wavelength X, according to eqn. (12), namely X(t)= Xo + pxt, with = -dX/dt (i.e. scanning
from long wavelength to short wavelength). With the dual assumptions of first-order kinetics
and quasiequilibrium, and a single, discrete trapping level of ionization energy Eo we again
have:

= n(t)p{f)=n{typa{t). (29)
dt

With a constant stimulation intensity, and under conditions of weak stimulation {i.e. n(t)
»n0 ) we get, after changing the variable from t to X using fix = -dX/dt:

T i i \ is 11 \ / 'i r\\

1 OS^\A)~ IS.<J\A) WY/

where K is a constant of proportionality. Thus, we can determine the shape of the
dependency of the photoionization cross-section on wavelength by following the intensity of
the emitted OSL, for fixed stimulation intensity O, as a function of stimulation wavelength.

For a distribution of states within the band gap, we have:

where K(E0) is proportional to the trapped charge distribution no(£o) at the start of the
wavelength scan. Again, the superposition principle applies.

An alternative method for determining the photoionization cross-section was described by
Grimmeis and Ledebo (1974) for photoconductivity. Modifying this method for OSL we
re-cast eqn. (30) as:

IosL=K'0(A)a(A). (32)

where K is a constant. The method is now to vary the stimulation intensity <£> as a function
of wavelength, so that the same OSL intensity is obtained at each wavelength used. The
photoionization cross-section is then given by the inverse of the required stimulation intensity.

One should also note that since the OSL intensity is given by the rate of recombination of
free charge carriers at luminescence sites, then, for weak stimulation conditions, the OSL
intensity should be proportional to the free carrier density. Since the latter can be monitored
by photoconductivity, one expects that the OSL intensity will be directly proportional to the
photoconductivity. Thus, one can also monitor the photoionization cross-section by following
the photoconductivity as a function of stimulation wavelength.

Examples OSL- and photoconductivity-versus-wavelength curves are shown in fig. 4(a) for
irradiated single crystal AI2O3. The data were obtained by monitoring either the OSL intensity
or the photoconductivity as a function of wavelength for constant stimulation intensity, or by
monitoring the flux required to give the same photoconductivity value at each wavelength.
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Fitting of the data using an equation of the form of eqn. (31) yields the estimated trapped
electron distributions shown in fig. 4(b).

(a)
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Figure 4. (a) Normalized OSL and photoconductivity stimulation spectra for irradiated AhOyC, for
a gamma dose of 300 Gy. The photoconductivity data were taken either with the constant flux
method (dotted line) or the constant photoconductivity method (dashed line). The OSL spectrum
(full line) was obtained using a fixed emission wavelength of 420 nm. The data are normalized to
unity at a stimulation energy of 4.0 eV. (After Whitley and McKeever, 2000.)
(b) Optical threshold energy Eo distribution for the sample of fig. 4(a) obtained from a
deconvolution of the photoconductivity stimulation spectra at three absorbed doses, as illustrated,
using an equation of the form of eqn. (31), but for photoconductivity instead of OSL. (After
Whitely and McKeever, 2000.)

4. Recent Applications

4.1 Trap distribution analysis

We have already discussed examples in which trap charge distributions may be analyzed
using the generalized approach outlined above. One or two additional comments are
appropriate however.

The trap depth analysis described by Agersnap Larsen et al. (1999) for AI2O3 using the
one-dimensional Fredholm equation (eqn. (20)) (see fig. 2) is a first approach to the
more-desirable analysis using the two-dimensional Fredholm equation, as given in eqns. (16)
and (17). The problem with an analysis based on the two-dimensional case is that the
experimental data is only in one dimension (temperature). Therefore the extraction of a
two-dimensional distribution (in E and s) from a one-dimensional data set is an ill-posed
problem. For example, consider a given TL peak of a certain half-width AT, centered at
temperature Tm. There exists a range of E and s combinations that will give the same Tm
value, but only certain £ and s combinations will yield TL peaks that fit within the width AT.
Specifically, a distribution of combinations of small £ and s values (which produce "fat" peaks)
will not fit the experimental data well. Conversely, large £ and large s combinations (producing
thin TL peaks) will fit within the experimental peak and there will be several distributions of £
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and s combinations that will produce excellent fits. The difficulty is that any given solution is
unconfined in that the higher the E and s values chosen for the distribution, the better the fit.
To decide on the optimum fit one has to examine how the peak changes in shape and position
as a function of heating rate. Although there are multiple £ and s combinations that will fit
the TL peak at one heating rate, only one set will fit the peak at all heating rates. In this way
the behavior as a function of heating rate provides a confinement for the solution. Thus, the
experimental data that is necessary to establish a two-dimensional distribution rio(E,s) consists
of /-versus-p7-versus-7, preferably over a wide dynamic range of pr values.

4.2 Radiation Dosimetry

Several advances in the application of OSL techniques in radiation dosimetry have been
described recently. At the 1I"1 Solid State Dosimetry Conference in Budapest McKeever and
colleagues described a method of optically stimulated luminescence (OSL) dosimetry in
which the luminescence was synchronously detected between pulses of optical stimulation
(McKeever et al. 1996). The method was called Pulsed Optically Stimulated Luminescence
(POSL) and the synchronous detection allows the use of less optical filtration than with
methods in which the luminescence is detected during the stimulation period (CW-OSL).
Later publications (Akselrod and McKeever, 1999) described further developments of the
technique leading to a high sensitivity, a rapid measurement process, a wide dynamic range
(from 1 nGy to 10 Gy) and the ability to perform multiple dose readings from one sample.
The method was illustrated using anion-deficient AhO3:C as the luminescent material and
the 2nd-harmonic beam from a pulsed, Q-switched Nd:YAG laser. The OSL is stimulated using
a continuous stream of short pulses of laser light, and the integrated OSL is measured only
between pulses in the stream. For these purposes, "short" means less that the lifetime of the
prompt luminescence emission. The final POSL signal is the sum of these integrated signals
for a pre-set number of laser pulses. The intensity of the stimulation is high enough, and the
time period between pulses is short enough (ca. 5-10 times less than the prompt lumines-
cence lifetime from the material under study) that the laser pulses induce significant
luminescence between the pulses and allow the build up of a population of excited lumines-
cence centers without losing a significant amount of luminescence during the laser pulses -
i.e. during the actual optical stimulation. The arrangement leads to a high luminescence
detection efficiency.

Fig. 5 shows schematically the synchronous detection arrangement in which a stream of
laser pulses is synchronized with a PMT gate so that during the pulse (length 7;), and for a
short period before and after the pulse, the data acquisition is switched off (off time = T2).
Data acquisition occurs only for a pre-defined period (T3) between pulses. The timing
parameters are such that Ti < T2<T3<x, where T is the luminescence lifetime. At a frequency
of 4000 Hz, used in the reported experiments, the total dead time for a 1 s stimulation period
is 4000 x 15 us = 60 ms and the total acquisition time is thus 940 ms. Since T3 << x, the
luminescence intensity is approximately constant during each acquisition period. The timing
parameters used in the demonstrated measurements were T/ = 300 ns, T2 = 15 ^s, and T3
= 235 s, with T = 35 ms for A12O3:C.

This arrangement results initially in an increasing POSL signal with stimulation time, as
depicted schematically in fig. 5. Eventually the signal decreases due to the emptying of the
traps and a decrease of the POSL signal is observed as the traps deplete. The practical benefit
of this mode of operation is that one can stimulate the sample with the desired number of
stimulation pulses (i.e. optical stimulation energy) within a much reduced time interval since
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Figure 5. Schematic timing diagram to observe POSL. The shaded regions in the lower part of the
figure indicate periods of luminescence measurement. In each of these periods the luminescence
decays with a lifetime) (equal to 35 ms in AhOy.C). The sum of all the counts in these periods
forms the total POSL signal. (After Akselrod and McKeever, 1999.)

there is no need to wait until the POSL signal from a given pulse has decayed away before
the next pulse arrives. Furthermore, since the pulse width (300 ns in the example below) is
very much less than the luminescence lifetime, an insignificant amount of light is lost by
switching off the data acquisition during each pulse. The net result is a very high measurement
efficiency.

In principle one seeks to maximize the luminescence emitted after the pulse compared
with the luminescence emitted during the pulse by reducing the laser pulse width and
increasing the peak laser power. However, certain limitations apply since peak power densities
that are too high can result in several undesirable processes, including two-photon absorption
(which induces a background luminescence not related to the absorbed radiation dose);
laser-induced heating of the luminescent material (which can lead to a loss of OSL signal
caused by either thermal emptying of the trapped electrons, or by thermal quenching of the
intrinsic luminescence efficiency); and photomultiplier tube "blinding" (in which the photo-
cathode material can be damaged if the light intensity is too high).

Fig. 6 shows the POSL signal versus absorbed dose for samples of Al2O3:C stimulated as
described above. The light output is the total integrated output summed over all 4,000 laser
pulses for a stimulation period of 1 s. For doses greater than 3 x 10~2 Gy a "weak" stimulation
beam (0.01 W) was used in the measurement. For all other doses a "strong" beam (1,2 W)
was used. For the arrangement described the minimum measurable dose (defined as 3 times
the standard deviation of the background signal from an unirradiated sample) was 5 \iQy.
The dose response is seen to be linear over almost seven orders of magnitude.
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Figure 6. Dose response ofPOSL from irradiated AliOxC. The data indicated by were taken with
a stimulation beam power of 1.2 W; the data indicated by were taken with a beam power of 0.01
W. The timing parameters are shown in the caption of fig. 6. (After Akselrod and McKeeuer, 1999.)

Additional utility lies in the ability to re-measure the POSL signal by simply re-exposing the
sample to the laser beam, and taking into account the fraction of trapped charge depletion
from the previous measurement (or measurements). The standard deviation (±1CT) for five
re-estimated values (at each dose) was found to be between 1.5 and 3.0 %, for initial doses
ranging from 0.3 mGy to 7 Qy (Akselrod and McKeever, 1999). A further advantage is the
ability to "image" the dose distribution from a filter pack placed over the sample. By using a
filter with a known spatial periodicity it is possible to decide whether or not the badge was
used while moving or while stationary, thus yielding information relevant to the intentional
irradiation of the badge under a radiation source (Akselrod et al., 2000). Thus OSL provides
a radiation dosimetry system of great utility and sensitivity.

4.3 Luminescence Dating

One of the necessary criteria for successful dating using optically stimulated luminescence
(OSL) is a complete resetting to zero, or to a known level, of the latent OSL signal at the time
of deposition through exposure of the sediment to sunlight. Incomplete resetting (partial
bleaching) at deposition time leaves the material with an unknown residual signal leading to
an apparent higher accumulated paleodose during the burial period and this in turn results
in an overestimation of the age. This is a particular danger for fluvial and colluvial sediments
since these materials may have been transported under conditions of short transport distances
and reduced light intensities owing to the sediment load in the water during transport. A
multigrain aliquot of these sediments may therefore consist of grains that have received
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different light exposure energies, leaving grains with different residuals at deposition time.
This consequently causes a grain-to-grain variation of the apparent paleodose, or age. These
circumstances causes not only the OSL dating technique to overestimate the age, but also
to be sensitive to the number of grains used in an aliquot, which in turn leads to poor
reproducibility (Huntley and Berger, 1995).

The demand for a tool to-recognize and characterize incomplete resetting at the time of
deposition is therefore high in OSL dating of sediments. Recently, Agersnap Larsen et al.
(2000) described the potential of LM-OSL to identify samples which have been partially
bleached. The method makes use of the fact that the LM-OSL method empties those traps
with a high photoionization cross-section first. These are, of course, the traps which are most
likely to be emptied by sunlight in nature. By looking at the ratio of the LM-OSL signal of a
natural sample with that from a laboratory bleached and irradiated sample the extent to which
the individual traps were bleached in nature is revealed by a series of steps in the ratio plot as
a function of readout time. An example is shown in fig. 7 for a laboratory mimicked natural
radiation, readout, regeneration dose, readout sequence for a sample of sedimentary quartz.
The potential of the method to identify partially-bleached traps is considerable and the
LM-OSL method may find considerable utility in luminescence dating studies.

Figure 7. (a) "Natural" and dose regenerated
LM-OSL curves from a sample of natural
sedimentary quartz, (b) Ratio of the LM-OSL
curves shown in part (a), showing the steps
resulting from incomplete bleaching of the
various traps during an imitated natural
bleaching scenario. In this scenario a
previously irradiated sample was bleached for
various times (as indicated) in the laboratory,
then given a "natural dose" and pre-heated.
The "natural" LM-OSL curve was then
measured. Following this the sample was
given a "regeneration dose" and, after the
same pre-heat, a new LM-OSL curve was
measured. The ratio of the LM-OSL curves
shows the extent to which each of the traps
contributing to the LM-OSL signal were
bleached. (After Agersnap Larsen et al., 2000.)

10Q TWO JOOOD
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5. Concluding Remarks

Despite many decades of continuous research into the theory and application of thermally
and optically stimulated luminescence, advances in the understanding of the techniques, and
in their application, continue to be made. In this paper I have attempted to describe the
methods in a generalized fashion, and in so doing pointing out their similarities and their
differences. Additionally, I have given some brief examples of recent applications of new
aspects of the methods in the areas of trapping parameter evaluation, radiation dosimetry,
and luminescence dating. The future continues to be bright.
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