
NON-MONOTONIC DOSE DEPENDENCE OF
THERMOLUMINESCENCE
R. Chen1,�, D. Lo2 and J. L. Lawless3
1School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences,
Tel Aviv University, Tel-Aviv 69978, Israel
2Physics Department, The Chinese University of Hong Kong, Hong Kong, China
3Redwood Scientific Inc., Pacifica, CA, USA

The thermoluminescence (TL) intensity in different materials is usually a monotonic increasing function of the dose, which
quite often reaches a saturation value. In several materials, however, non-monotonic dose dependence has been observed. The
TL intensity reached a maximum at a certain dose and decreased at higher ones. Some authors refer to this effect as
‘radiation damage’. In the present work, we show that the non-monotonic dependence can easily be demonstrated to
result from competition between transitions model with two trapping states and two kinds of recombination centres. Two
kinds of competition are considered. One in which competition during excitation dominates, the filling of the active
luminescence centre is non-monotonic, and the resulting TL is non-monotonic. In the other, the filling of traps and
centres is monotonically increasing, but the competition during heating causes TL intensity to reach a maximum and decline
at higher doses.

INTRODUCTION

The dose-dependence function of thermolumines-
cence (TL) is normally an increasing function, which,
ideally, starts linearly and then goes sublinear when
the TL maximum intensity approaches a saturation
value. In several materials, superlinear dose depend-
ence was reported(1). At high doses of excitation, the
dose-dependence behaviour is usually of approach-
ing saturation. This is explained to be the result of
trapping states and/or recombination centres being
filled to capacity so that further irradiation does not
contribute anymore to an increase in the emitted TL.
It has been reported in the literature that in several

materials, the intensity of TL peaks reached a max-
imum as a function of the excitation dose and
decreased at higher doses. Some authors consider
this decrease as an unimportant fluctuation and still
term it ‘saturation’. In other cases, however, it is
clearly seen that the intensity goes down quite signi-
ficantly after having reached a maximum.
The effect was reported as early as 1963 by

Charlesby and Partridge(2). They describe a decline
of the maximum TL intensity in gamma-irradiated
polyethylene as of 104 Gy and postulate that the
cause of the effect is radiation damage in the mater-
ial. Halperin and Chen(3) reported on the UV excited
TL in semiconducting diamonds. The secondary
peak at �150K increased linearly with the dose at
low doses with UV excitation, reached a maximum
at a certain dose and decreased at higher doses. It is
quite obvious that in diamonds, 3–5.5 eV photons
cannot cause radiation damage. Cameron et al.(4)

described the non-monotonic dose dependence in
LiF:Mg,Ti as a function of 60Co gamma-rays excita-
tion dose. In this material, which has been serving
for many years as the main dosimetric material, they
report on a rather broad range of linear dependence
followed by a superlinear range after which a max-
imum value and a slight decline are seen. Jain et al.(5)

describe a significant decrease of the TL output of
peak V in LiF, by a factor of �2.5 from the max-
imum, and ascribe it to radiation damage. Their
graphs show that at very high doses, the dose-
dependence curves tend to level off following a
range of significant decrease in the TL intensity.
The effect of non-monotonic dose dependence has
also been seen in quartz, the main material used for
archaeological and geological TL dating. Ichikawa(6)

found that in gamma-irradiated natural quartz, the
peak at �200oC reached a maximum at �6� 104 Gy
and decreased at higher doses by a factor of �2.5.
David et al.(7) showed the dose dependence of
some TL peaks in gamma-irradiated pink quartz,
which revealed a decline following a maximum at
103–104 Gy.
A number of authors reported on the non-

monotonic effect in the important dosimetric
material Al2O3:C. For example, Yukihara et al.(8)

described a somewhat superlinear dependence up to
�30 Gy of beta irradiation in the 450 K peak in some
of the samples. The peak reached a maximum value
and declined at higher doses. These authors explain
the observed effects in Al2O3:C using a model based
on the occurrence of F/Fþ centres as well as on the
other trapping states and centres.
In the present work, we suggest a rather

general model, which does not assume a radiation
damage of destruction of trapping states and/or�Corresponding author: chenr@tau.ac.il

Radiation Protection Dosimetry (2006), Vol. 119, No. 1–4, pp. 33–36
doi:10.1093/rpd/nci599 Advance Access published on April 27, 2006

� The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org



recombination centres. We assume the existence of
two trapping states and two kinds of recombination
centres. These appear to occur in practically any
dosimetric material. The competition over charge
carriers during both excitation and heating is con-
sidered using both numerical simulation and intuit-
ive considerations. Here, we assume a homogeneous
excitation of the sample, which is a good approxima-
tion to the situation occurring with UV and X-ray
exposure, as well as beta excitation and perhaps to a
lesser extent, for gamma exposure.

THE MODEL

The model includes two electron trapping states,
N1 and N2 and two kinds of hole recombination
centres, M1 and M2 as shown in Figure 1. The trap-
ping level N1 is considered to be active in the sense
that it releases electrons thermally into the con-
duction band with the relevant parameters E1, the
activation energy, and s1, the frequency factor. The
instantaneous occupancy of N1 is denoted by n1. N2

is considered to be disconnected; practically no elec-
trons are released from N2 into the conduction band,
and, thus, this trapping state serves only as a com-
petitor both during the excitation and the heating
stages. The instantaneous occupancy of this
level is denoted by n2. The retrapping probability
coefficients are denoted by An1 and An2. The
instantaneous concentrations of electrons and holes
in the conduction and valence bands are nc and nv,
respectively. The rate of production of electrons and
holes by the irradiation per unit volume per second is
denoted by x, which is proportional to the dose rate.
If the radiation is imparted at a constant rate for a
period of time tD, the total concentration of elec-
trons and holes produced by the irradiation is x·tD,
which is proportional to the dose D. The concentra-
tion of the radiative centres is denoted by M1 and

that of the competitor, non-radiative centre by M2.
The instantaneous occupancies of these centres are
m1 and m2, respectively. The trapping coefficients of
free holes into M1 and M2 during the excitation are
B1 and B2, respectively. The recombination coeffi-
cients of free electrons with trapped holes in M1 and
M2, both during excitation and heating, are denoted
by Am1 and Am2. The rate of recombination into M1

during heating is associated with the TL emission.
The set of coupled differential equations govern-

ing the process during the excitation is

� dm1

dt
¼ Am1ncm1 �B1nv M1 �m1ð Þ, ð1Þ

� dm2

dt
¼ Am2ncm2 �B2nv M2 �m2ð Þ; ð2Þ

dn1

dt
¼ An1nc N1 � n1ð Þ� s1 exp �E1=kTð Þn1, ð3Þ

dn2

dt
¼ An2nc N2 � n2ð Þ; ð4Þ

dnv

dt
¼ x�B1nv M1 �m1ð Þ�B2nv M2 �m2ð Þ; ð5Þ

dm1

dt
þ dm2

dt
þ dnv

dt
¼ dn1

dt
þ dn2

dt
þ dnc

dt
: ð6Þ

It should be noted that usually, the last term in
Equation 3 can be ignored since the irradiation is
performed at a low enough temperature so that
practically no electrons are thermally released during
the excitation. Obviously, a similar term has been
omitted from Equation 4 since the s2 and E2 values
are such that no electrons are thermally released.
During the excitation, electrons and holes reside
in the conduction and valence bands, respectively.
Since the materials in question are insulators,
it is rather obvious that the concentration of the
free carriers in the bands should be significantly
smaller than those of electrons and holes in traps
and centres.
In order to get conclusions from the model, a set

of physically significant parameters should be
chosen, and the set of simultaneous equations
should be solved numerically. To follow the experi-
mental procedure, a period of relaxation time is
considered. This is done by taking the final values
of all the occupancy functions as initial values for the
relaxation stage, setting x ¼ 0 in Equation 5 and
solving numerically the coupled equations for a fur-
ther period of time until nc and nv are negligibly
small. In the final stage, the following set of simul-
taneous differential equations is to be numerically
solved (see the dashed-line transitions in Figure 1),
with the final values at the relaxation stage serving
as initial values to the heating stage.
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Figure 1. The energy level scheme of two trapping levels
and two kinds of recombination centres. Transitions
occurring during the excitation are given by solid lines
and transitions taking place during the heating by dashed

lines.
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dn1

dt
¼ �s1n1 exp �E1=kTð Þ þ An1 N1 � n1ð Þnc; ð7Þ

dn2

dt
¼ An2 N2 � n2ð Þnc; ð8Þ

dm1

dt
¼ �Am1m1nc; ð9Þ

dm2

dt
¼ �Am2m2nc; ð10Þ

dn1

dt
þ dn2

dt
þ dnc

dt
¼ dm1

dt
þ dm2

dt
: ð11Þ

Obviously, we have to specify the heating function,
which we conventionally choose to be linear, T ¼
T0þ bt, where b is the (constant) heating rate. The
TL emission is associated with the recombination
into m2, therefore the intensity I(T) is

I Tð Þ ¼ Am2m2nc: ð12Þ

NUMERICAL RESULTS

In order to get the numerical results, sets of trapping
parameters have been chosen, and the simultaneous
sets of equations were solved. The Matlab ode23s
solver has been used. Equations 1–6 are first solved
for a certain value of the dose rate x, and then with
x ¼ 0 for a further period of relaxation time. Finally,
the coupled set of Equations 7–11 is solved with the
appropriate heating rate, using the same Matlab
solver, the values of I(T) are determined from Equa-
tion 12, and the maximum value is recorded.
It is quite obvious that the measured TL following

excitation for a given set of trapping parameters
within the present model depends on the competition
processes during both the excitation and the heating
of the sample. However, one can identify situations
where the effects of competition during excitation
are dominating and others where competition during
heating is more important as explained below.
Figures 2 and 3 show the simulated results of the
maximum TL as a function of the dose. Note that
the dose is given on a logarithmic scale.
The parameters chosen for Figure 2 are as

follows: M1 ¼ 3� 1021m�3; M2 ¼ 1� 1018m�3;
An1 ¼ 3� 10�17m3s�1; An2 ¼ 3� 10�17m3s�1; E1 ¼
1.0 eV; s1 ¼ 1� 1012s�1; Am1 ¼ 1� 10�17m3s�1;
Am2 ¼ 1� 10�16m3s�1; N1 ¼ 1� 1019m�3; N2 ¼
1� 1021m�3; B1 ¼ 1.5� 10�17m3s�1; B2 ¼
1� 10�17m3s�1. The heating rate taken for all the
simulated glow curves was b ¼ 1oCs�1. The results
show an increase of the TL maximum (solid line)
with the dose up to a maximum at a ‘dose’ of
�7� 1020m�3, followed by a decrease of �35%

after which the maximum TL intensity tends to
level off at higher doses. This behaviour is very
similar to experimental results reported in some
materials(5). A similar behaviour is seen in the plot
of m2 (at the end of the relaxation period) as a
function of the dose (dashed line), and the levelling
off at higher doses is also similar.
The parameters chosen for Figure 3 are as follows:

M1 ¼ 3� 1021m�3; M2 ¼ 1� 1018m�3; An1 ¼
3� 10�17m3s�1; An2 ¼ 3� 10�20m3s�1; E1 ¼ 1.0 eV;
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Figure 2. Simulated dose dependence of the maximum TL
(solid line), and the radiative centre concentration at the
end of irradiation, m2 (dashed line), when competition
during excitation dominates. The relevant set of

parameters is given in the text.

18.5 19 19.5 20 20.5 21
0

1

2

3

4

5

6

7

8

9

10
x 10

14

log10(DOSE)

T
L 

IN
T

E
N

S
IT

Y
, m

2(
x2

00
0)

, n
c(

x2
)

m2

TL
nc(max)

Figure 3. Simulated dose dependence of the maximum
TL (solid line), the radiative centre concentration at the
end of irradiation, m2 (dashed line), and the values of
nc(max) (dashed–dotted line) when competition during
heating dominates. The relevant set of parameters is

given in the text.
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s1 ¼ 1� 1012s�1; Am1 ¼ 1� 10�17m3s�1; Am2 ¼
1� 10�18m3s�1; N1 ¼ 1� 1021m�3; N2 ¼
1� 1019m�3; B1 ¼ 1.5� 10�19m3s�1; B2 ¼
1� 10�17m3s�1. The results show an increase of
the maximum TL intensity (solid line) up to a simu-
lated dose of about 7.5� 1019m�3, and a decline
from there on; this time no levelling off at high
doses is observed. This resembles at least qualitat-
ively the experimental results in quartz by Ichi-
kawa(6). The dashed line shows the dependence of
m2 as a function of the dose, which is an increasing
function. Checking the dependence of the concentra-
tions of the two trapping states and the recombina-
tion centre on the dose (not shown here), shows that
all of them are increasing functions of the dose all
along, including the dose at which the TL peak is
maximal as a function of the dose. It is quite obvious
that here, the competition during excitation does not
have the main role in producing the non-monotonic
dose dependence.

DISCUSSION

In this work, a model is offered to explain the rather
common effect of non-monotonic dose dependence
of TL. Competition during both the excitation stage
and the heating stage is considered. The three phases
of the experiment, namely, the irradiation, relaxa-
tion and heating are numerically simulated for dif-
ferent excitation doses, which yield the TL intensity
vs. dose curves.
Two examples of the non-monotonic dose depend-

ence are shown. In the case shown in Figure 2, the
maximum of the TL vs. dose is reached at practically
the same dose as that of the maximum occupancy of
the radiation centre, m2. Such a comparison between
the intensity and the relevant traps and centres occu-
pancies cannot, of course, be made in the measured
TL but can be done with the results of the simula-
tions. This obviously is associated mainly with
competition during the excitation. The interplay
between the concentration functions (n1, n2, m1, m2)
depends, in fact, on all the relevant parameters and,
therefore, it is rather hard to describe qualitatively
the dose dependence. The main point, however,
is that the simulation shows that m2 reaches a
maximum and then goes down, and the TL max-
imum intensity follows a similar behaviour. Also,
at higher doses, m2 reaches nearly a plateau, and
the TL intensity behaves similarly.
The situation is quite different with regard to

Figure 3. Here, none of the occupancy functions
reaches a maximum where TL maximises, but,
rather, they are all still increasing. A close look at
the output of the different concentrations reveals
that although n1, n2, m1, m2, are increasing, the
mutual action between them results in a strong
decrease in the value of the concentration of free

electrons, nc, at the TL maximum as a function of
the dose in this range. The product of increasing m2

and decreasing nc (Equation 12), which yields the
emitted TL, reaches a maximum at a certain dose
as seen in Figure 3 and decreases at higher doses
owing to the fast decrease of nc. For an alternative
semi-intuitive explanation, we recorded m2/m1 at the
end of the excitation, as a function of the dose (not
shown here) for the set of parameters used for
Figure 3. Although, as pointed out above, both
m1 and m2 are increasing with the dose, m1 is grow-
ing faster than m2 from a certain dose Dm up, and,
therefore, m2/m1 reaches a maximum at Dm and
decreases at higher doses. The TL intensity follows
roughly a similar behaviour, showing a maximum
rather close to Dm, and then decreases. Obviously,
the decrease of the TL signal can be associated with
the stronger competition with the non-radiative
centre m1 at higher doses.
We consider, the success of the present work

in demonstrating that the non-monotonic dose-
dependence effect is not necessarily a result of a
destruction of trapping states or recombination
centres.

ACKNOWLEDGEMENT

This work has been supported in part by RGC grant
no. CUHK 4234/03E.

REFERENCES

1. Chen, R, and McKeever, S. W. S. Theory of thermolu-
minescence and related phenomena (Singapore: World
Scientific) Ch. 4 (1997).

2. Charlesby, A. and Partridge, R. H. The thermolumines-
cence of irradiated polyethylene and other polymers.
Proc. Roy. Soc. A 271, 170–187 (1963).

3. Halperin, A. and Chen, R. Thermoluminescence in
semiconducting diamonds. Phys. Rev. 148, 839–845
(1966).

4. Cameron, J. R., Suntharalingam, N. and Kenney, G. N.
Thermoluminescent Dosimetry (Madison: The
University of Wisconsin Press) p. 60 (1968).

5. Jain, V. K., Kathuria, S. P. and Ganguly, A. K. Radi-
ation damage in thermoluminescent LiF TLD-phosphor.
J. Phys. C Solid State Phys. 8, 2191–2197 (1975).

6. Ichikawa, Y. Thermoluminescence of natural quartz irra-
diated by Gamma rays. Jpn. J. Appl. Phys. 7, 220–226
(1968).

7. David, M., Sunta, C. M. and Ganguly, A. K. Thermo-
luminescence of quartz: Part II-Sensitization by thermal
treatment. Indian J. Pure Appl. Phys. 15, 277–280
(1977).

8. Yukihara, E. G.,Whitley, V. H., Polf, J. C., Klein, D.M.,
McKeever, S. W. S., Akselrod, A. E. and Akselrod, M.
S. The effect of deep trap population on the thermo-
luminescence of Al2O3:C. Radiat. Meas. 37, 627–638
(2003).

R. CHEN ET AL.

36


