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Abstract. In the applications of thermoluminescence (TL) in dosimetry and archaeological
dating, it is usually assumed that the measured TL depends on the total dose applied and it is
independent of the dose rate. Thus, calibration of a TL specimen is usually performed at a
significantly higher dose rate than that of the dose to be determined. A few experimental
accounts in the literature report on dose-rate dependences of TL intensity for a given total
dose. One theoretical work published gave a numerical solution of the simultaneous
differential equations governing the filling of traps and centres at different dose rates. In the
present work, the numerical solution is extended so that it includes the other important stage
of TL, namely the heating phase. It is shown that with a rather simple model of one trapping
state and two kinds of recombination centres, dose-rate effects may occur. An appropriate
choice of the relevant parameters indeed yields one emission, which increases with increasing
dose rate, whereas another emission decreases with the dose rate with a constant total dose, in
agreement with an experimental result in quartz quoted in the literature.

1. Introduction Before going into some experimental results reported in
the literature concerning dose-rate effects, we should mention
Thermoluminescence (TL), the emission of light during a rather trivial effect of dose-rate dependence which may
heating from solids previously irradiated by different sources, occur but which is not a ‘genuine’ dose-rate effect. If a
is routinely utilized for dosimetry. Another important sample is irradiated at a temperature rather close to that
application of TL is the dating of ancient archaeological of the expected TL peak, the thermal decay of the peak
pottery samples as well as of geological samples. In all takes place simultaneously with the build-up. As a result
these cases, the response of the sample to a given dose igf this dynamical competition, it is clear that more TL will
to be determined in the laboratory for calibration and in most Pe emitted with high dose rates and short irradiation times
cases the laboratory dose is administered at a higher doséhan with low dose rates imparted at longer times. Thus,
rate than the original one. The question may arise whetherfor example, the dose-rate effect reported by Facey (1966) is
the total dose should be the determining factor concerning themerely a result of such thermal decay during excitation. In
resulting TL intensity. It should be noted that rather complex the present work we will not consider this situation.
processes are taking place in the traffic of charge carriers A number of researchers studied experimentally the
between trapping states and luminescent recombinationdose-rate effects in different materials and under different

centres, both during the excitation by irradiation phase and excitation conditions. I.n many of these studies, no dose-rate
during the heating of the sample. Therefore, there is no effects were observed in a very broad range of dose rates (see,

reason to believe that the dependence of the TL is alwayser;g" Hunzll(_a)et al 1?82’_19933 However,ﬁwhere_as many th
only on the total dose. Even if one thinks of only situations these studies resulted in no dose-rate effects, in some other

with constant dose excitation of a given sample, the total cases such effects were found. . .
TL emitted may not be the same if the given dose is The general feeling by several researchers dealing with
imparted at a low dose rate and long time, or at a high archaeological dating that no dose-rate effects are to be
dose rate for a short period of time. The existence of expected stems from the early works by Karzmatkal

several trapping states and recombination centres makes th%lgm) and Tochilin and Goldstein (1966), who observed a

) mor mplicated. which incr the chance th ose-rate independent TL response from LiF for dose rates
processes more complicated, which Increases the chance aarying from 5 to 17 x 10® Gy s™%. Cameroret al (1968)
dose-rate effects will occur. Thus, the dose rate and the

| h of irradiati hould b idered. in orinciol and Aitken (1974) used in their books these works as an
ength of irradiation should be considered, In principle, as jication that dose-rate effects are unimportant and that one
two separate parameters.

can always use fast laboratory calibration for the evaluation

1t Permanent address: School of Physics and Astronomy, Raymond of doses which have been "_Jldmm'Stered at much lower rates.
and Beverly Sackler Faculty of Exact Sciences, Tel-Aviv University, Of course, the above-mentioned works as well as others not
Tel-Aviv 69978, Israel. showing dose-rate effects do not prove that dose-rate effects
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areimpossible in other materials or even in the same materials2. The model

but in different dose-rate ranges. This is important, in

particular in the study of archaeological samples in which the A basic task in this work is to demonstrate that the dose-
natural dose rate to which the sample is exposed in antiquityate effect seen in experiments is consistent with the basic
may be as low as 16 Gy/years (3x 10 11 Gy s Y)whereas ~ Models of trapping, detrapplng and recombination using
the laboratory dose rate, applied for calibration, may be as'@@sonable values for the physical parameters. Following
high as several Gy 8. Groomet al (1978) reported a the results by Valladas and Ferreira (1980), which showed

decrease of TL by up to a factor of five while the dose rate CPPOSite directions of dose-rate dependence of different
increased in powdered samples of Brazilian quartz irradiated spectral components of the_ TL_em|SS|on, we included in Fhe
by $9Co y-rays ranging from % x 10~% to 33 Gy s1. A model two kinds of recombination centres and one trapping
smaller effect of the same sort was reported by Hsu and Wengi/ltat;e ;Zet\voo:j:éoﬂgizs;i:n ka;cr)]vtvrrésl an:?kl;:;né l\;bl\d;rr:g
(1980). An opposite effect of higher TL for larger dose rate 2 y

o concentrations (e.g. inni) of these two kinds of centres:y
was repgrted by K\{asdxa (1979, 1_983) who foundthe eﬁect andm, (in m~3) are the instantaneous concentrations of holes
in Brazilian and milky quartz excited B?Co y-rays, using

q . - ) in these centres, respectively. The irradiation is assumed
ose rates from & 10°t0 2x 10°“ Gy s™*. The apparent produce electrons and holes at a raterfm=2 s 1)t
discrepancy between the two sets of results may be due tothgy the conduction and valence bands, respectively. The
different ranges of dose utilized. instantaneous concentration of electrons in the conduction
Perhaps the most interesting results on dose-rate effecthand is denoted by. (m~2) and that of holes in the valence
have been reported by Valladas and Ferreira (1980). Theyband byn, (m~3). B; and B, (m® s™1) are the probabilities
distinguish between three components in the emission of TL of capturing holes in Mand M, respectively, whereas,
in quartz, namely, UV, blue and green. Giving the same andA,,» (m® s™1) are, respectively, the two recombination
dose of excitation at two dose rates, which are three ordersprobabilities of free electrons with captured holes. Itis to be
of magnitude apart, they found different behaviours for the noted that although the nearly constant magnitutigsand
three components. The UV component was nearly twice as A2 are usually termed ‘recombination probabilities’, in fact,
large with the high dose rate than with the low dose rate. With their multiplication by a concentration yields a magnitude
the green component, the low dose rate yielded about 10%that is probability per second (e.4,,1m1). The same is true
less than the high one. However, with the blue component, for the hole trapping probabilities, and B, as well as for
the low dose rate yielded about 50% more TL than the high the retrapping probabilityl,. These magnitudes (the's
one. Valladas and Valladas (1982) gave some further details"d B'S) can be defined as the product of the cross section
concerning TL results in detrital quartz following annealing for trapp.mg/recomblnatlon and the thermal yelocny of the
at different temperatures, as well as variations of the responsd €€ CaTiers, for exampla, = o, - v whereo, is the cross

: I AN
of the samples irradiated at the high dose rate (10 Gy hin secthn for retrapping (in ﬁ) andy (m s ).'S the thermal

. S - velocity of free electrons in the conduction band. These
as a function of the temperature during irradiation.

) recombinations take place both during the excitation stage
ch TVIVO trelcigtggworks alscr)] ment_|on ldokse-rate %ﬁects. and during the heat_ing of the samplle._ Both trapsitipns into
awlaet al (1998) sum up the previously known evidence 1, and M, are considered to be radiative, but with different
on dose-rate effects in quartz and discuss their implication ONwavelengths, so that it is assumed that each emission can
TL dating. Urbinaet al (1998) discuss the dose-rate effects pe measured separately. This relates mainly to the work by
of TL in calcites but their results are more complex since they valladas and Ferreira (1980), and to the ‘UV’ and ‘Blue’
include a combination of andp irradiations. emissions they saw from quartz. Of course, under different
Theoretical work by McKeeveet al (1980) and Chen  conditions, only one of these emissions may be measured
et al (1981) demonstrated that using rather simple models since the other one is either radiationless or radiative, but not
of trapping states and recombination centres one can obtainmeasurable due to a mismatch with the sensitivity spectrum
a dose-rate dependency of trap filling. Furthermore, Chenof the photomultiplier. N (m~3) denotes here the total
et al (1981, 1982) also showed that, as far as the centre concentration of electron trapping states which is a constant
filling is concerned, when two centres exist in the same andn (m~3) the instantaneous concentration of filled traps
material, it is possible for the population of one of them Which is a variable. E' (eV) ands (s*) are the activation
to increase and that of the other to decrease with the doseSN€rgy and frequency factor of the electron trap, respectively,
rate for a given total dose. However, the phenomenon of TL  iS the Boltzmann constant (eV'R) and4, (m® s™) is the
includes also the heating stage, which follows the excitation r@PPing (retrapping during heating) probability of electrons
stage of filling traps and centres and the relaxation stage.from the gon_ducnon band: A.‘” these magnitudes pl_ay a part
Therefore, in order to follow the TL behaviour at different the gxcnaugn stage. This is folloyved by a relaxation stage
dose rates, one should follow the whole cycle of trap and thaF will be dlsgussed belpvy. Durmg this stage as well as
centre filling during excitation and trap emptying during during the heating stage, '.t Is obvious that no electron—hole
heating. In the present work, we follow numerically the production takes place, which means that during these stages,

solution of the sets of simultaneous differential equations T The dose rate and total dose are given here in units Gfsn* and nt3

overning the processes in these stages. thus demonstratin spectively. These are, in fact, the rate_ of electron—hole pair p(oduction
9 9 P ges, d the total number of electron—hole pairs produced. For transition to the

possible dose-rate behaviours. The model we use here is Ofpjts of Gy st and Gy, see below. Of course, any other suitable units can
one trapping state and two kinds of recombination centres. be used.

847



R Chenad P L Leung

n, whereTy is the initial temperature at the beginning of heating.
Both recombinations intez; andm, are considered to be
Lo« Ami Ay NooE s radiative, but separable. Thus, the intensity in photons per
L e fm o m?® per s of one spectral component of TL is proportional to
g Mo ) the rate of change of, i.e.
M,, m; 4

B, I]_(T) = —dml/ dr (11)
B,
and the second spectral component is assumed to be
proportional to the rate of changemf, namely,

n,

Figure 1. The energy level scheme of a solid with one trapping Io(T) = —dmo/ dr. (12)

state and two recombination centres. The transitions taking place ) ) )
both during the excitation and the heating of the sample are shown. The right-hand side of equations (11) and (12) could have
The meaning of the different parameters and the values chosen forincluded a constant with dimensions that would have changed

them are given in the text. the n3 s~ dimension on the right-hand side to light intensity
dimensions on the left-hand side. Without loss of generality,

x = 0. Also, M; and M, are assumed to be rather far from however, we choose the constant to be unity, which, in fact,

the valence band, thus no holes are ‘raised’ (energy-wise)defines new units for the light intensity.

into the valence band and thereferg= 0; thusB; and B,

are irrelevant during this stage. As ppposed to this,.electrons3. Numerical results

from N may be thermally released into the conduction band

and then either retrap or recombine with holes inavid M. Sets of plausible parameters were looked for which could
The set of coupled differential equations governing the yemonstrate the desired behaviour of having one spectral

process during the excitation stage is component increasing with the dose rate and another

decreasing, when the sample in hand undergoes the same

dn, /di = x = Bi(My —mo)n, = Bo(Mz —ma)n, (1) heating following excitation. Also, the range of temperatures

dm1/dt = —Apamane + Bi(My — my)n, ) in which the peaks occur should be the same as that reported
by Valladas and Ferreira (1980), namely, 325-32%600—
dmo/dt = —Aoman. + Bo(Ma — ma)n, ©) 650 K). Using parameters in the same range as chosen by
dn/dt = A, (N — n)n. (4) Chenet al (1981) (though not exactly the same), and after

some trial and error, the following set of parameters was

dn./dt = dmy/dt +dma/di +dn,/dt —dn/dr. (5) found to yield quite convincing results€ = 1.38 eV;s =

For a given set of trapping parameters, these equations10°S ™ Au1 =107 m3s74 4,, =109 mé st By =
were numerically solved using thede23solver in the ~ 107°m®s™ B, =15x 102 m*s s N = 1079 m™3;
MatLab package, for a time of excitatiop. Thus, the dose ~ M1 = 10°°m™3; Mp = 107 m~3% A, =3x 107 m*s™%,
of excitation isD = xtp. Concerning the dimensions of Figure 2 depicts the result of the solution of the equations
D, see the footnote above. Since at the termination of thein the sequence of excitation-relaxation—-heating with the
excitation we end up with, # 0 andn, # 0, in order to  Set of chosen parameters and with= 10'® m~* s~* and
follow the experimental conditions the solution procedure is p = 10° s. The dotted curve indicates the intensity as
continued for a further period of relaxation time with= 0 a function of temperature afi(7), whereas the full curve
until the values of. andn, become negligible. showsl,(T). Note thatthe shape of the peaks shows the effect

The next stage is to solve the relevant set of simultaneous0f competition in the range of overlap;(T') is narrow at its
differential equations during the heating phase, when the final fall-off part wheread(7) is narrow in the low-temperature
values for the functions, m1, m», n. andn, calculated in ~ half.
the excitation + relaxation stages are used as initial values for ~ We digress here to give the range of dose rates and doses,
the next stage. The set of simultaneous differential equationsin Gy s* and Gy, respectively, associated with thealues

governing the process at the heating phase is given by chosen. Let us consider LiF which has a specific gravity of
2.6 or a density of 2600 kgn®. According to Avilaet al
—dmy/dt = Apaman, (6) (1999), an average of 36 eV is required for heavy charged
particles to produce one electron—hole pair, as84 eV for
—dmy/ dt = A2man, ™) y-rays (this is about three times the band gap). Since 1 Gray

dn/dt = —snexp(—E/kT) + A(N — n)n. ®) equals 1 J kg* and 1 J equals 108 eV, the number of pairs
produced per kg when 1 Gy is applied is abotit & 107,
dn./dr = dmy/ dr +dmg/ dt —dn/dr. ©) Therefore, the number of pairs produced ihig4.4 x 102°.

The same MatlLabde23solver was used to solve this set of Thus,x = 1918 n;*3 1571 is equivzailent 0B x10°Gys™
equations, this time with the temperature changing linearly @andx = 10??*m~—3s! = 23 Gy s'*. The transition shown in

with a constant heating raf namely figure 4 around 18 m—3 s~1 for the given set of parameters
occurs at~0.23 Gy s, This is within the range given by
T =To+pt (10) Groomet al (1978), mentioned above. The total dose of
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Figure 2. Two TL peaks as calculated with the model of two Figure 4. The dose-rate dependence of the maximum values of
recombination centres and one trapping state. The set of I,(T) (circles) and off»(T) (x), for the set of parameters stated
parameters chosen is given in the text and the dose rate is above. The strong increase in the maximuni;cdnd the decrease
10 m—3 s~1. The dashed curve represeftswhereas the full in the maximum off, are clearly seen, at a constant total dose.
curve represents.
1o The results withx = 10" m=2 s andf, = 1000 s
12 L werem; = 2.67 x 101 m=3, m, = 4.61 x 10 m=3 and
n =7.28x10m=3. Withx = 10??m~—3standr, = 0.1s,
0 FA we foundm; = 5.65 x 10 m=3, m, = 3.37 x 10" m~3

andn = 9.02 x 10'° m=3. The ~24% increase in the
final n value can be explained by suggesting that fewer
annihilations (through the recombination centres) take place
in the shorter time (0.1 s). It is much more difficult to follow

1 the different competing transitions so as to give an intuitive
explanation to the dose-rate effect. The transition of electrons
associated witlt,,; competes with that associated with,,

and both compete with the retrapping associated with
Also the transition of holes associated wRhcompetes with

] that associated wittB,. Of course, the electron and hole
transitions taking place during excitation are coupled since
m1 andm participate in both kinds of transition.

TL INTENSITY
)

-

0

00 520 MO0 S0 O eemaURE R %0 880700 The values ofn; andm, at the end of the excitation
plus relaxation and prior to the heating are qualitatively
Figure 3. Same as in figure 2, but the dose rate €10~ s™". commensurate with the intensities of peak 1 and peak 2,
The total dose is B m~%, the same as in figure 2. respectively, shown in figures 2 and 3 with the low and high

dose rates. This indicates the importance of the competition
107t m—23is, in fact, 2.3 Gy. The situation with quartz should during the irradiation in the excitation stage. However, the

be, more or less, similar to that with LiF. fact that these concentrations are not really proportional
Figure 3 shows the results of the same two peaks to the calculated TL intensities shows the importance of
following an excitation withx = 10?2 m=3 s~ for only competition during heating in determining the final results.

tp = 0.1 s. The total dose is the same in the two cases,

with x increased to 18 m~3 s~ andp reduced to 0.1'S. 4 conclusion

It is readily seen thaf; increases by a factor of nearly two

whereadl, decreases by-20%. In the present work, we have discussed an energy level model
Figure 4 depicts the variation of the maximum intensity for a thermoluminescent material that includes one trapping

of I; and I with the dose rate varying gradually within  state and two kinds of recombination centre. We followed the

this range of four orders of magnitude at constant total stages of excitation, relaxation and heating. By solving the

dose. It is to be noted that most of the variation occurs appropriate sets of coupled differential equations in sequence

within about two orders of magnitude in the dose rate, both we showed that, for appropriate choices of the sets of trapping

in the increasing and decreasing glow peak. In order to parameters, two TL peaks occur related to two recombination

understand the source of this variation of the two peaks centres; thus they are expected to have different emission

with the dose rate, we also monitored the filling of the trap spectra. We then simulated the situation of applying a given

and the centre at the end of the excitation plus relaxation. dose at different dose rates and found that at certain choices
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of the parameters, one peak may increase with the dose rat€hawla S, Gundu RaT K and SinghvA K 1998 Quartz
whereas the other decreases. thermoluminescence dose and dose-rate effects and their
The results of the variations are not identical with those implicationsRad. Meas29 53-63

for th Chen R, McKeeveS W S andDurran S A 1981 Solution of the
reported for the UV and blue components of quartz and, kinetics equations governing trap filling. Consequences

indeed, we do not claim that we have the real parameters concerning dose dependence and dose-rate efibgts Rev.
involved in that sample. However, the behaviour resembles B 244931-44 _
the experimental results qualitatively with even the small shift ——1982 Dose-rate dependence of thermoluminescence: the

. . —_ . possibility of different behaviours of different peaksr.
in the maximum temperature occurring in the same way with PACT J.6 295-301

the variation of the dose rate. As for the ‘green’ emission gacey R A 1966 Heating-rate effects in glow peak measurements
reported by Valladas and Ferreira, we have not included it for thermoluminescent dosimetHealth Phys12 717—20
in the present theoretical account since its variation with the Groom P J, Durrani S A, Khak& A R and McKeever SW S
dose rate was rather small. 1978 The dose-rate dependence of thermoluminescence and

sensitivity in quartZur. PACT J2 200-10
Of course, the same model demonstrates also theHsu P C and Weng P S 1980 Reaffirmation on the low exposure

possibility, described in the literature, of having only one rate dependence of the CagDy thermoluminescent
TL peak that increases or decreases with the dose rate. This  dosimeteiNucl. Instrum. Method$7473—6
is the case when one of the transitions described in the presentuntley D J, Godfrey-Smith D I, ThewaM L W, PrescatJ R and

work is either radiationless or radiative but not measurable ~ Hutton J J 1988 Some quartz thermoluminescence spectra
with the existing detecting device relevant to thermoluminescence datiMgcl. Tracks Rad.

. . . . . Meas.1427-33
In comparison with the previous work cited above, it is Huntley D J, Hutte J T and Prescb8 R 1993 The stranded

obvious that the present model is more comprehensive in the beach-dune sequence of south-east Australia: A test of
sense that both the excitation and heating stages are being thermoluminescence dating, 0-800Kauat. Sci. Revi2
considered, whereas in the previous work only the filling 1-20 _ . ]
of traps and centres during excitation were considered. [t K&zmark CJ, White J and Fowld F 1964 Lithium fluoride
. . L . . . thermoluminescence dosimefys. Med. Biol9
is evident that the competition occurring during the heating 273-80
phase plays an important role, although the comparison of Kvasnika J 1979 Dose-rate and flux density of cosmic muons
the trap and centre filling with low and high dose rates estimate by TLD methodlealth Phys36 5214
indicates that with the present set of chosen parameters,—iggg’eTbéiiZ‘;’:sz delp‘;f;%erl‘scgtgg;fl‘g deSe'fate and its
the competlthn durl_ng eXC|ta_t|on is of greater |mpqrtance. McKeever g W SChen %p Grom P J and Durrais A 1980
Anyway, the simulation described here can be considered to " pose-rate dependence of thermoluminescence resparge
be complete since both parts of the process are followed. Instrum. Methodd 7543—4
Tochilin E and Goldstein N 1966 Dose-rate and spectral
measurements from pulsed x-ray generaktealth Phys12
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