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unchanged when the dosimeter undergoes irradiation, heating or light exposure. It is 
also important that there will be no dose-rate effects; if a dosimetric sample is calibrated 
at a certain dose-rate, we hope that if the same dose is imparted at a different rate, the 
results be the same. Finally, since the read-out is performed an unspecified time 
following irradiation, we hope that there is no significant fading of the signal. 
Unfortunately, there is no ideal dosimetric material that has all these favorable features. 
The choice of a dosimetric material for a specific task should take into consideration all 
these aspects, and is usually a compromise between the demands, which may be in 
conflict with each other. For example, a very sensitive material may not be linear with 
the dose or may have a too fast fading. Some other features of the material such as its 
mechanical stability, favorable emission spectrum compatible with available detectors, 
as well as the specific radiation field where it is to be employed and a reasonable cost 
should be taken into account. Luckily, there are thousands of candidate materials, most 
of them crystalline insulators with different dopings, out of which we can choose the 
best for specific uses. Also, these materials can be manipulated by a controlled addition 
of certain impurities, which may improve the quality of the dosimeter. 
 
   In the present article we explain the nature of the detrimental effects mentioned. We 
discuss the known experimental evidence given in the literature, and the possible 
theoretical models, which explain them. It is believed that understanding the limitations 
in the use of these dosimeters may help in getting better evaluations for the measured 
doses. Also, these considerations may help in developing new dosimetric materials. 
 
 
2.  DOSE DEPENDENCE 
 
   At very first sight, one may intuitively expect a linear dose dependence of both TL and 
OSL up to a certain dose level (which certainly depends on the material and the kind of 
radiation applied), at which saturation effects lead to a sublinear dose dependence 
which is followed by a plateau associated with the full saturation of the traps and 
centers involved. This, of course may be true for situations in which no new defects are 
produced by the irradiation, but this indeed is usually the case when UV, X-rays, β and 
even γ irradiations are applied, as opposed to heavy charged particles, which may 
produce different of defects. However, even if the processes taking place are merely of 
filling and emptying of traps and centers, the situation may be more complex.  
 
We have to keep in mind that the minimum requirement for getting a TL peak or an OSL 
signal is that the sample in question has in the forbidden gap at least one trapping state 
(n) and one kind of recombination center (m). If, only one trapping state and one kind of 
recombination center exist in the sample, one can expect an equal number of electrons 
and holes to be in traps and centers, respectively, at the end of the irradiation. However, 
not even one crystal is known to be that simple. Typically, there are several trapping 
states, some active and some inactive (disconnected) as well as a number of 
recombination centers, which may be radiative or nonradiative. At the range of relatively 
low doses, the concentration of electrons in traps following irradiation, no, and the 
concentration of holes in centers at the same point in time, mo, can be expected to 
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depend linearly on the dose D although as pointed out, we do not have to assume that 
no=mo. Since the resulting TL or OSL signals depend on both concentrations, one may 
think that the measured signal will be proportional to the product no⋅mo, and therefore 
quadratic with the dose, namely, ∝D2. Although quadratic dose behavior of TL at low 
doses has been seen in some materials, this by no means is the general rule, and it 
appears that more thorough considerations of the underlying processes are to be made.  
 
   In order to explain the possible dose dependencies, we have to take an energy level 
diagram relevant to a real insulating crystal, and consider the transitions taking place 
during excitation and read-out. Figure 1 shows schematically the energy level of a solid 
with two trapping states, n1 and n2, active and competing, respectively, and two 
recombination centers, m1 and m2, radiative and nonradiative, respectively. During the 
irradiation, electrons are raised from the valence into the conduction band at a rate 
proportional to the dose-rate X, and accumulate in the traps, whereas holes accumulate 
at the centers. It should be noted that the competing trapping state, n2, may represent a 
number of states which are competing both during excitation and heating. The 
nonradiative center m2 may represent several nonradiative centers. With this picture in 
mind, let us consider the balance between n1 and m1, the active entities in a certain 
temperature range, and let us denote them temporarily n and m, respectively. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Energy level diagram including 2 trapping states, n1-active and n2-competitor, 
and 2 recombination centers, m1-radiative and m2-nonradiative. The transition 
probability coefficients for electrons are An1, An2, Am1, An2, and for holes, B1 and B2. 
Solid lines represent transitions occurring during excitation and dashed lines-during 
read-out. 
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   The emitted light during heating should be proportional to rate of change of the 
radiative center concentration, m, which with the appropriate proportionality factor can 
be written as 

)1(./ cmmnAdtdmI =−=  
As shown by Chen and McKeever (1997), the TL intensity is proportional to the smaller 
between no and mo,  the concentrations of trapped electrons and holes at the end of 
excitation and prior to heating. To show this, we can integrate over I(T) from an initial 
time to (which can be set to zero) to infinity, and get 
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If mo<no, the peak terminates because the center (m) is exhausted, therefore m∞=0 and 
thus 
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and the right hand side is, in the appropriate units, the area S under the glow peak. If, 
however, mo>no, the peak terminates because the trap, n, is exhausted, thus we remain 
with m∞=mo-no holes in the centers, and therefore,  
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Equations (3) and (4) can be summarized as 
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This shows that in spite of the fact that the TL signal depends on these two entities, no 
and mo, the occurrence of linearity is possible, provided that the smaller of these 
quantities is linear with the dose. As found by several researchers (e.g. Zimmerman, 
1971), a typical behavior is an initial linear dose dependence, followed by a superlinear 
range which, in turn, is followed by an approach to saturation. An example of the dose 
dependence in the well known dosimetric material LiF (TLD-100) is given in Fig. 2. 
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Figure 2. Integrated TL as a function of exposure for LiF (TLD-100). Superlinearity of 
the response is shown by the departure from the dashed line. (After Zimmerman, 1971). 
 
   Obviously, such nonlinear dose dependence makes the evaluation of the dose quite 
difficult. A possible explanation for this behavior has to do with competition during the 
excitation between the active trap and a deeper trap (see e.g. Chen and Bowman, 
1978). As long as the competitor is far from saturation, the filling of the active trap is 
linear. When the competitor approaches saturation, more electrons are made available 
to the active trap, and in a certain dose range, it is being filled faster, up to a point 
where it comes close to saturation. If the TL signal is proportional to this magnitude, it 
behaves in this linear-superlinear-saturation manner. Other possible explanations have 
been mentioned in the literature. Another kind of superlinearity has been reported by 
Chen et al. (1988). In quartz, which is the main natural material used for dating, a strong 
superlinearity, quadratic with the dose or more, has been observed as of the initial low 
doses. The explanation of the effect was given based on a prior theoretical work by 
Kristianpoller et al. (1974). This was based on competition during heating due to which, 
the measured TL is proportional to no⋅mo, and therefore can be quadratic and 
sometimes more than quadratic. 
 
 
3. DOSE-RATE EFFECTS 
 

In principle, and sometimes in practice, the dose rate and time of excitation should be 
considered as two independent variables. Obvious situations in which dose-rate effects 
are expected are cases where, say, the sample is excited at a temperature below, but 
rather close to that of the expected TL peak. The thermal decay of the TL peak (or OSL 
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signal) occurs simultaneously with the build-up, which influences the finally measured 
signal. As a result of this dynamical competition, more TL will be emitted following high 
dose rates and short irradiation times than with low dose rates imparted at long times. A 
similar situation occurs when the peak appears at significantly higher temperature than 
that of irradiation, but anomalous fading (see below) is taking place. Groom et al. (1968) 
reported on a significant dose-rate effect where no thermal decay took place. A 
decrease of TL by up to a factor of 5 was reported with increased dose in powder 
samples of Brazilian crystalline quartz when irradiated with 60Co γ-rays ranging from 
1.4×10-3 to 3.3 Gy/s. An opposite effect of higher TL for large dose rate was reported by 
Kvasnička (1983) who found the effect in Brazilian and milky quartz excited by 60Co γ-
rays, using dose rates of 2×10-5 Gy/s to 2×10-2 Gy/s. Among other experimental 
evidence on dose rate, the work by Valladas and Ferreira (1980) is of great interest. 
They distinguish between three components in the emission of TL from quartz, namely 
UV, blue and green. Giving the same dose of excitation at two dose rates, three orders 
of magnitude apart, they found different behaviors for the three components. The UV 
component was nearly as large with the high dose rate as with the low one. With the 
green component, the low dose rate yielded about 10% less than the high one. 
However, with the blue component, the low dose rate yielded about 50% more than the 
high one. Chen and Leung (2000) gave a theoretical account that explained such a 
behavior. They used an energy level scheme of one trapping state and two 
recombination centers, and assumed that recombination with both centers are radiative, 
yielding different emission wavelengths. For a certain choice of the relevant trapping 
parameters, they found that the simulated intensities I1=-dm1/dt and I2=-dm2/dt could 
indeed change with the dose rate in opposite directions. They showed that these dose 
rate dependencies are due to a combination of competition during the excitation and 
during the heating phase between the two centers.  

 
 

4. SENSITIZATION EFFECTS 
 
In the applications of TL and OSL, one hopes that the sensitivity of the sample is kept 

constant. This means that in an ideal material, the history of the sample including 
previous irradiations, annealing and cooling does not alter its sensitivity, namely its 
response to a given dose. In real materials, however, the sensitivity may vary according 
to the history. Of course, for the applications in dosimetry and archaeological and 
geological dating, this effect is undesirable. One has, however, to try to understand this 
effect, to see when it is avoidable and perhaps even useful by itself. In a way, 
superlinearity discussed above is an effect of sensitization since the “faster than linear” 
increase in the TL intensity means that at higher doses, an additional unit of dose 
produces more TL than the same unit at lower doses. The term “sensitization”, however, 
is usually preserved to the combined effect of irradiation and thermal annealing, which 
often results in a rather substantial change in the intensity, i.e. in the response to a unit 
dose. Most of the work on sensitization has been done on quartz, and was mainly 
related to applications in archaeological and geological dating; the term “Pre-dose 
effect” has often been used while discussing it. A model, which explains the 
sensitization, as well as de-sensitization by UV light, has been given by Zimmerman 
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(1971); the model may be relevant to the effect in other materials as well.  The model 
includes two electron traps, T and S and two hole centers, L and R. The TL is directly 
related to the thermal elevation of an electron from T and its subsequent recombination 
with a hole in the luminescence center L. The model assumes that excitation dose 
brings holes to R, due to a higher probability for capturing a hole in R than in L. If the 
sample is heated to ~500oC, holes are released from the reservoir R to the valence 
band and transferred into L. 
 

Many more holes are now available in the luminescence center, which increases the 
sensitivity of the sample to a test dose. Fleming (1973) suggested that the ill effect of 
sensitivity changes could be considered as blessing in disguise, and proposed the use 
of the varying sensitivity of the 110oC peak in quartz as a tool for dating. Chen and 
Pagonis (2004) further studied the mentioned model and showed by simulation that the 
thermal activation characteristics (TAC), namely, the dependence of the sensitivity on 
the annealing temperature could be explained. 
 
 

5. FADING EFFECTS 
 
   The normal fading mentioned above is a rather trivial effect, and will not be elaborated 
upon here. A number of researchers have reported on a decay of the TL or OSL signal 
with time in various materials when the parameters of the trapping states are such that 
one expects the signal to be stable; the effect has been termed anomalous fading. To 
mention only one work, Visocekas et al. (1994) reported on anomalous fading of TL, 
OSL and IRSL in different feldspar samples and attributed them to the tunneling effect. 
They suggested models, relating fading via tunneling to the disorder in the samples. 
Chen and Hag-Yahya (1997) pointed to the possibility that in some cases, the 
anomalous fading could be a thermal fading in disguise. Due to competition, the TL 
peak looks narrower than “normal”, yielding apparent high activation energy. Therefore, 
one expects a stable signal, which in fact, decays faster in accordance with the real, 
lower activation energy, thus exhibiting anomalous fading. 
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