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Abstract. The increase in sensitivity of quartz caused by B or y irradiation followed
by high-temperature activation has been studied further. The model previously
suggested, including a reservoir through which holes get into the recombination
centre, thus increasing the sensitivity to a given test dose, is now given a concrete
mathematical form. Sets of simultaneous differential equations for the various
stages of irradiation and heating are written and numerically solved sequentially in
order to simulate the physical processes taking place during the experiments.

The dependence of the sensitivity on the excitation dose is followed, in particular
for the high-dose range in which the sensitivity approaches saturation. A distinction
between reservoir and centre saturation is made. The assumption of an
exponential approach to saturation is tested, showing that, indeed, even in this
complicated situation the exponential approximation is valid. As shown in previous
works, using the exponential approximation in cases in which the sensitivity
dependence is beyond the linear range helps in evaluating the archaeological
doses in the dating of pottery by irradiation of the quartz grains in it. Also the effect
of radiation quenching and the attempts to correct for quenching in order to
improve the determination of the extrapolated natural dose which leads to the age
determination are considered. The effect of the existence of a competing electron
trap which appears to be a necessary condition for the occurrence of these effects
is also discussed.

1. Introduction (ii) The *high’ dose N (of the order of magnitude of

1 Gy), which simulates the natural dose in archaeological
The sensitization of various thermoluminescence (TL) samples, is applied followed by annealing at about 800
materials by or y irradiation followed by annealing the sample is then cooled back to room temperature (RT).
at high temperature is a well known phenomenon [1-5]. (iii) Another test dose of the same size is applied and
Briefly described, the sensitivity of a given sample is the sample is heated at the same heating rate as in step (i) to
its TL emission in response to a giveaast dose The 150°C. The occurrence of the pre-dose sensitization effect
sensitivity of the sample can be changed in such a wayis expressed by the response to the second test dase,
that, during a subsequent heating, the response of thebeing larger than the responsg to the first due to the
same TL peak in the same sample is different, normally 'arge irradiation followed by annealing.
larger. The main reason, discussed here, for such a changerhree important points are to be mentioned in this respect.
of the sensitivity is the application of a relatively large
dose to the sample, followed by relatively high-temperature
annealing. It should be mentioned that the following

d'SCl:SS'OTj ?ﬁ rains lrtnamly tg thz 10 pﬁ?k (;nf na:aral (typically in antiquity in quartz from pottery samples) in
quartz an € resulls considered are utiized tor the pre-y,, pre-dose techniquéas to take into consideration the
dose dating technique. A typical example of the Sequencec, . that the sample has received an unknown dose which

of actions performed and measurements made with a samplgg (5 pe determined for the sake of age evaluation. Here,
of quartz is as follows [3]. calibration has to be performed following the previous
excitation with the unknown dose. Thus, the sample, with
sensitivity Sy, is given a knowns dose ofs Gy followed

by annealing to 500C, yielding a higher sensitivity of
Sn+g- A comparison between the differencgs — So and

+ Permanent address: School of Physics and Astronomy, Raymond angSN+p — Sy can now be madg, thus prOV'd'“Q an evaluation
Beverly Sackler Faculty of Exact Sciences, Tel-Aviv University, Tel-Aviv  Of the unknown dos&/. The important question of whether
69978, Israel. these changes of sensitivity are linear with the dose is one

(i) This description explains only the basic fact that
there is an increase in the intensity. The full sequence
required to evaluate the total dose previously applied

(i) The initial sensitivity So to a small test dose
(~0.01 Gy) is measured by heating the sample to about
150°C following the administration of the test dose.
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Figure 1. An energy level diagram including the electron trapping state, T, the competitor, S, the hole reservoir, R, and the
luminescence centre L. n. and n, are the free electron and hole concentrations, respectively, and x is the rate of production
of free electrons and holes. The transitions shown are those taking place during the excitation stage.

of the key issues concerning the derived pre-dose techniqgueframework of the model with T, R and L levels, the
and will be considered below. The full sequence required observations that the finally measured TL is proportional
for this dose evaluation has been given before [5]. to the filing of L and, at the same time, that there
(i) In some cases, annealing alone or irradiation alone is a linear dependence on the test dose, namely on the
can result in an increase in the sensitivity. The simplest concentration of trapped electrons in T, are contradictory.
example is that of a superlinear dependence of the TL on Following previous concepts published by Kristianpoller
the dose, in which the administration of a first amount of et al [10] for explaining superlinearity, which indeed occurs
dose makes the sample more sensitive to further irradiationjn the 110°C peak in the unannealed quartz (Chemal
[6]- [11]), Chen [9] solved the above-mentioned contradiction
(iii) As reported by several authors [7,8], an effect py assuming an extra electron level which competes for
of quenching of the sensitivity by the irradiation is often gjectrons during the heating stage. The full energy level
observed. This merits some further explanation. When, for diagram is shown in figure 1.
example, after activating at 50C the naturally pre-dosed In the present work, we follow the model described,

sample which now has a sensitivifyy, we administer an i 1o electron and two hole trapping states, by writing

agdt'tlorﬁl doﬁ'.ehOfi sayp = t2h'G)r< ;’;md heatt t0>l:E[Q°Ct:_ the relevant simultaneous differential equations and solving
(but not too high, 1o prevent high-temperature activation), them numerically for certain choices of sets of trapping

th'e seysmvny measulred' before re-heatlng tf) 300s Sz%/_ parameters. The sets of equations are to be presented
with Sy < Sv. A qualitative explanation of this effect will 504 golved for the different stages of ‘short’ irradiation
be dlsc_:ussed below \{vhen the model is described. Also, the(with the test dose) and heating (readout), ‘long’, high-
numencql results which f.0|.|0W show the effect clearly. dose irradiation followed by annealing and another ‘short’

. The f|r§t theory explaining the prg-dose effect has been irradiation and heating. Obviously, the sample parameters
given by Zimmerman [2, 3]. The basic energy level scheme are kept constant along such a sequence; thus, if a certain

given by her includes one electron trapping state T and . . - -
i ! choice of one or more parameters is required for explaining
two hole states R (the reservoir) and L (the luminescence -

) e a certain feature, the same values of the parameters are
centre). During the excitation by or y rays, electrons to be kept along the sequence and only the final results
are raised from the valence to the conduction band and Id hp hg{h th ? tre i t'y v beh
can be trapped in the trapping states T (see figure 1). TheWoU!d'S ov\éwhe eTI he eature |r; qhues lon really be ‘EV?S
holes go preferably to the reservoir R; however, there is as expecte when a the sta_lges_o t_ e experiment are being

followed. Obviously, the situation is rather complicated

a non-negligible probability of the holes going to L so ‘
that thermally freed electrons can recombine with them due to the large number of parameters involved. However,

during the heating, which results in the emission of TL What one can demonstrate is that a certain feature is
of the unsensitized material. The annealing, typically to COmmensurate with an appropriate choice of the parameters.
500°C following the application of a high dose, empties Examples will be given below.

all the electrons from T, yielding a rather high TL peak It is to be noted that an alternative model for
at about 110C (which may but need not be recorded). sensitization has been considered in the literature.
Its more important effect is to release thermally the holes McKeever [12] suggested the possibility that the procedure
in the reservoir R, which will subsequently be trapped in of high-dose irradiation followed by heating may remove
the luminescence centre L. According to Zimmerman, this competitors which thus can increase the sensitivity to a
increase in the concentration of holes in the luminescencesubsequent test dose. It should be mentioned that results
centre is the reason for the higher response to a subsequerfound in the present work will include this element since
test dose. In a later work, Chen [9] argued that, in the the model includes such competitors and the solution takes
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into consideration transitions into them both during the (cm® s71) and A; (cm® s71) are the probabilities of hole
excitation and the heating stages. trapping in R and L, respectively, ant}, (cm® s71) is the

One other important point is to be considered. The probability of free electrons recombining with trapped holes
basic pre-dose method assumed that, in the relevant dosén the luminescence centres. (cm=2 s71) is the intensity
range, the dependence of the sensitivity on the dose isof the excitation irradiation which produces pairs of free
linear. This need not be the case in particular when electrons and holes.
a number of additional calibration doses are given to The set of equations has been solved by using the built-
the sample following the ‘natural’ dose which is to be in ode23 Matlab package solver. In order to get reliable
determined. Chen [9] suggested a way to extend theresults, a very low value of the accuracy factor of tel
applicability of the method to determine the dose (and 10-9 has been chosen throughout. The price to pay has
thereby the age) by assuming that the sensitivity dependspeen that each chosen period of time has been divided into a
on the dose exponentially, namely, large number of intervals, which increased the computation
times. Once this set of equations is solved for an irradiation
time of ¢+ seconds, the applied dose is calculatedas x:.
where S., is the saturation value of, D is the dose In order to simulate the experimental situation, a period of
and B is a constant with the dimensions of a dose. A relaxation is to be taken into consideration. During this
further account taking into consideration the exponential iMme. the remaining electrons and holes in the conduction
dose dependence was given by Bailiff and Haskell [13]. In Pand and valence band, respectively, are either trapped or
a recent work by Leungt al [14], a regression method undergo r.ecomblnat|on., thug the next stage o.f h.eatlng starts
has been developed for the evaluation of a paleodose usingVith practically no carriers in the bands. This is done by
the pre-dose technique, making use of the assumption thatUrther solving the same set of equations by setting 0
the approach to saturation is exponential. All this has and following the solution until negligible concentrations
been done under the assumption that it is the luminescence?f carriers remain in the conduction and valence bands.
centre which goes exponentially with the dose whereas Of course, the program described so far which follows the
the reservoir is being filled linearly. It has been obvious Process of excitation, can be used both for the test dose and
to these authors that, when the reservoir is being filled for high-dose simulations.
non-linearly, the results regarding the dose thus evaluated A second part of the program developed is that which
are questionable. Using the numerical solutions in the simulates the heating process. In addition to the magnitudes
present work, we can follow these possibilities within the described above with respect to figure A, and s;, the
framework of a comprehensive model. activation energy (eV) and frequency factor{s of the
electron trapping state, as well & ands,, the activation
energy and frequency factor, respectively, of the reservoir
are shown in figure 2. It should be noted that, in low-
The first step in following numerically the above-mentioned témperature heating, up to about 180 the main interest
model is writing down the equations governing the i the intensity at the maximum of the peak. We therefore
processes of excitation presented in figure 1. The set oflet the program identify the maximum temperature and the

S =Sw(1—e ") 1)

2. The rate equations and their solutions

simultaneous differential equations (rate equations) is intensity there, but let the run continue until about 160
in order to simulate properly the experimental conditions
dn;/dt = A;n.(N; — n;) 2 and the possible effect on the subsequent stages of the
experiment. As explained by Aitken [7], the quenching
dn,/dt = Asnc(Ny — ny) () effect seen following ‘high’ excitation followed by only
dne/dt = x — Aye(N, — 1) — Ay (Ny —ny) — Apmne (4) low-temperature annealing (such as 189 has to do
with the recombination with holes in the recombination
dn,/dt =x — Ajny(M —m) — A,ny(N, —n,)  (5) centre, which causes the final concentratiorfollowing
dm/dt = Ainy(M —m) — A,mn, (6) the application of the next test dose to be smaller than
expected.
dnr/dt = A;ny(N, —n,). (7)

The rate equations governing the process taking place
Here, n, (cm™3) and N, (cm™3) are the concentrations during heating are related to the transitions shown in
of trapped electrons and trapping states, respectively, infigure 2 and are as follows:

the ‘main’ T traps,n, (cm3) and N, (cm3) are the

concentrations of trapped electrons and trapping states ofdt:/dt = Anc(Ni — n;) — s, expl=E /(D)) (®)
the competitor, respectivelyy, (cm=3) and N, (cm3) dng/dt = Agn.(Ns — ny) 9)
are the concentrations of holes in the reservoir and the dn, /dr = s,n, exp[—E,/(kT)] — An.(N, — n,)

trapping states in the reservoir, respectively(cm=23) and —Apnem — Agng(Ny — ny) (10)

M (cm~3) are the concentrations of the holes and states dny/dt = s, expl—E, /(kT)]
in the luminescence centres, respectively,(cm~3) and ! —A_n r(lt\l _pn )’_ Apny(M — m) (11)
n, (cm3) are the concentrations of free electrons and PR o "

holes, respectivelyA, (cm® s %) and A, (cn® s1) are  dm/dt = Al(M —m)n, — Apnem (12)
the probabilities of trapping in T and S, respectively, dn,/dt = A,n,(N, — n,) — n,s, exp[—E,/(kT)]. (13)
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Figure 2. Transitions taking place during the heating stage in the same energy scheme as that shown in figure 1. Both the
thermal excitations from the electron trapping state T and those from the reservoir R are shown, although they have different
roles in different stages (see the text).

The intensity of the emitted TL is assumed, as mentioned been to fix the temperature for 0.1 s, solve the equations
above, to be the result of recombination of free electrons using significantly smaller sub-intervals determined by the
with trapped holes in the M centres; thus it is given by program to yield the required accuracy and continue to
the next time interval of 0.1 s, raising the temperature by
I(T) = Amn,. (14) 0.5 K. Of course, this implies a heating ratt oK s,
) o ) ) which is rather typical to measurements of this sort with
Itis to be noted that the implied heating functidn= T (¢), archaeological and geological quartz grains.
a monotonically increasing function, is to be taken into All the parts of the simulated procedure were integrated
accognt.. In .the rather conventional case, a Ilnegr heatlngby a framework program termed predose.m. This program
function is utilized, namely7 (1) = To+ 1, whereg is the governs only the order of calling the programs of test-dose
(constant) heating rate arffd is the initial temperature. The gy cjtation and heating, high-dose excitation and annealing
parameters appearing in equations (8)~(14) are the same,q 5 second test-dose excitation and read out by heating.
as those in equations (2)—(7) since we are dealing with |, cases we wished to simulate a sequence of several high-
the same physical s_ystem. Four_ additional paramet_ers_ ' ose irradiations followed by high-temperature annealings
considered here which were not included for the excitation and test-dose responses to monitor the sensitivity, a small
stage since the excitation is performed at a relatively low change has been made in the framework program such as
temperature. These af& andE,, the activation energies of 1 ~11ow this repeated cycle of events.
trapping states and the reservoir apdnds,, the respective
frequency factors. . .
It is important to note that, although, in principle, all 3 Details of the model and numerical results
these levels are involved during the heating stage, be it the

‘small’ heating to about 150C or the ‘large’ one to about . .
o~ . - the pre-dose effect usually took effects occurring during
500°C, in the former, the temperature is not sufficiently o ) ;
the excitation and during the heating of the sample

high to release trapped holes from the reservoir into the .

valence band. Thus the equations governing the change'nto consideration separately. In this sense, the present

of n, andn, can be ignored, whereas the only change in treatment is more comprehensive, perfprmmg all thg st_ages
. . L of the procedure, namely, low- and high-dose excitations
the concentration of the trapped holes in centress via . .

N . . as well as low- and high-temperature annealings, on the
recombinations from the conduction band electrons. This same sample which in our case is represented by the same
has been taken into account in the subprogram dealing with P pr y

! ! ; set of trapping parameters. The experimental results to be
the heating to about 15@€ during which the measured TL, -

RO . explained by the model are as follows.

before and after sensitization, is being measured.

The part of the program dealing with the heating (i) The linear dependence of the signal on the size of
deserves some special attention. Again, the Matlab ode23the test dose.
solver has been utilized in the programs dealing with the (i) The apparently exponential approach to saturation
‘short’ and ‘long’ heatings with the low value of tet 10-° (see equation (1) above) of the sensitivity with repeated
for the accuracy factor. It is to be noted that all the solvers additive doses. At low doses, this can be approximated as
utilized in Matlab are for constant values of the parameters. a linear dependence.
Here, however, the exponents appearing in equations (8),  (iii) The quenching effect on the sensitivity of exposure
(11) and (13) are temperature dependent and, thereforefo a high dose followed by a low-temperature annealing at,
during the heating are rather strongly time dependent. Thesay, about 150C. The correction for quenching suggested
approximation we have used to overcome this difficulty has in the literature [7] of adding up the ‘lost’ sensitivity by

The general considerations made in the past concerning
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guenching to the measured one, thus extending the linearetrapping probabilityd,, the results were found to be rather
range of dependence, should be considered. insensitive to changes in this parameter and we have chosen

(iv) The UV reversal described by Zimmerman [2]. A, = 10712 cm® s~1. The capacities of the trapping and
Once the irradiated and annealed sample is illuminated bycompetitor states have been takenNas= 10 cm~2 and
UV light, the sensitivity decreases substantially. A repeated N, = 10'2 cm~3, respectively. Finally, the initial values of
high-temperature annealing increases the sensitivity back tothe various functions should be set. At first sight, setting
nearly the same level as the previous one following the first all of them to zero sounds reasonable. This indeed is the
high-temperature annealing. case insofar as., n,, n;, andn, are concerned. If one

(v) One should distinguish between centre and reservoir assumes a prior heating to high temperature, the choice of
saturations. As first discussed by Fleming [15] and further »_(0) = n,(0) = 1,(0) = n,(0) = 0 is obvious. However,
elaborated by Chen [9], the approach to saturation of the S is considered to be disconnected at least insofar as heating
filling of the reservoir and that of the centre cannot be to 500°C (and perhaps more) is concerned. Up to this
expected in general to be the same. The implication temperature,n, is not depleted, which leaves,, # O
regarding the evaluated natural dose is that it can befor the next step. For the sake of neutrality, one has to
considered reliable only iV, the natural dose, is equal assume that:(0) = n,(0) and these values may be non-
to the incremental dosg (which may be administered a  zero. Another way to look at the possibility tha(0) # 0
number of times). As explained by Chen [9], this requires is to consider that, during excitations and heatings,
performing a number of sets of measurements with various changes via transitions from the valence band, as well as
B and choosing as the best result the one with- 8. recombinations from the conduction band. At the end of

The number of parameters to be chosen is very Such aprocess, one may remain withz O which ismo #
large, which may lead one to the conclusion that any O for the next stage. The importance of choosimg 0
behaviour can be explained. Indeed, different choices has to do with the linear dependence of the TL signal on the
of parameters may bring about different behaviours; for Size of the test dose. As has been discussed before [10, 11],
example, the quenching mentioned above need not occurthe occurrence of a strong competitor (S in the present
or even an inverse quenching may take place, namely,case) may result in a superlinear dose dependence. Indeed,
that the sensitivity increases with high dosing followed by solving the sets of equations with the above parameters
low-temperature cleaning. This was seen experimentally together withm(0) = n;(0) = 0 yielded a quadratic test
with some quartz samples and could also be simulated bydose dependence. However, a choice:a) = m(0) =
a certain choice of the parameters. The main point in 10" cm™3 made the test-dose dependence linear and still
this respect is, however, that it was easy to choose setsprovided all the other experimentally observed features of
of parameters that result in a good simulationatif the sensitization, quenching and UV reversal. We have also
above-mentioned phenomena just by keeping in mind somechosen the test dose to be<30° cm~2 and the increments
required relations between these parameters. The choice opf the ‘large’ dose 100 times larger, namelyx 50'° cm3.
sets of parameters and the numerical results associated wittAlso, for the variation of the size of the first large dose, it
one such set follow. has been changed from 50 to 500 times the test dose, as

The basic idea behind the concept of the reservoir is explained below.
that, during the irradiation, the created holes go preferably It should be noted that taking ten times smaller ‘high’
into the reservoir R. In the example discussed here, incremental doses resulted in a nearly linear dependence.
referring to figures 1 and 2, we have chosdn = We have preferred, however, to look into the saturating
1009 cm® st andA; = 102 cm® s71. The E, ands, range and have chosen the higher doses mentioned. In
values are to be chosen such that heating to about@50 this respect, it is important to note that, although the
will not release any significant number of trapped holes approach to saturation looks natural in such a situation, the
whereas heating to 50C will do so. We have taken processes leading to the final results are rather complicated
E, = 14 eV ands, = 10" s1. Thus, although the both in the real samples and in the presently simulated
retrapping into R is stronger than the capture in M, most results. One can ask whether the exponential approach to
of the holes move into M during the high-temperature saturation is a good approximation to the numerical results.
annealing. Moreover, this choice ensures that the UV Since, both in the experimental results for quartz and in
reversal will occur since, once a hole is released (at RT) the numerical values found her&, is not negligibly small
by UV from M into the valence band, it will preferably go relative to the sensitized values &f we preferred to write
back into R rather than to M. The, andM capacities have  the approximated dose dependences afs
been chosen to be cm2 and 164 cm™3, respectively.

The values ofE, ands, should be taken so that the peak S = 8o+ Seo(1— e P/B)y (15)

will occur at about 110C (~383 K). We have chosen here

E, = 1.0 eV ands, = 10'® s71. In order to have both  rather than equation (1). The sensitivities calculated
a linear dependence of the signal on the test dose andabove were fitted to this three-parameter expression, the
a dependence of the measured sensitivity on the appliedparameters to be determined beiftg S, and B. Another
high dose, it has been argued by Chen [9] that a necessaryndication thatSy should be considered separately is the
condition is that the trapping into the competitor S should experimental fact pointed out by Bailiff [5] that the
be faster than the recombination. We have taken hereemission spectrum of the sensitized partSofs different

A, =102 cm? st and A,, = 10722 cm® s™1. For the than that of the originaby.
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The best fit for evaluating the three parameters is The very good fit of the numerically evaluated points
obtained by least squares as follows. The sum of squaresand the exponential approach to saturation merits a few
of the difference between the function (15) of these three more words. Obviously, in principle, there is an infinite
parameters and the ‘experimental’ values (here, the valuesnumber of ways for a function to approach saturation. The
calculated by the solution of the two sets of differential simulated points are computed by a rather complicated
equations, sequentially) is minimized using the Matlab procedure and, therefore, no specific form of an approach
multi-variable minimization program ‘fmins’. Once the to saturation can be expected. The fact that such a
best Sy, So, and B are found, they are re-inserted into good fit is attained with a simple exponential function is
equation (15) and the best-fit curve is calculated. The somewhat surprising, but also encouraging. If a sample
‘experimental’ points as well as the best fitted curve are with an unknown doseV is to hand, incremental doses
plotted against the dose on the same graph. B can be given along the mentioned sequence and, using

Figure 3 shows the results] obtained by the solution ~ the exponential behaviour [9]V can be evaluated. As
of the sets of equations in the sequence mentioned abovenentioned already, this is accurate onlyNf~ g due to
and the given set of parameters. Here, each point isthe possibility of reservoir saturation.
reached by starting every simulation from the initial values ~ The quenching effect mentioned above [7] was
discussed above. Each point represents, therefore, a singl€onsidered to be detrimental when one tries to determine the
‘high’ dose and thus the non-linear behaviour observed may natural dose by extrapolation. It has been suggested [7] that
represent the approach to saturation either of the reservoira correction for quenching should be performed in order to
or of the luminescence centre. The curve fitted best to the account for the lost sensitivity. This was done by adding
exponential function (15), shown as the full line, is seen to the loss of sensitivity to the measured one, Say;, and,
be in very good agreement with the calculated points. in the case of addition of several increments, the losses up

Figure 4 shows the resultso) obtained again by !0 astage were summed up and the total correction added
the solution of the sets of equations. Here, each 0 Sv+s- The corrected sensitivity suggested [7] can be
point is calculated with the initial values being the final Written as

concentrations of its predecessor. Thus, this calculation k
simulates the experiment with repeated ‘high’ doses and, S = Sniis + Z(SN+I'/3 — Si,ﬂ/g) (16)
therefore, is basically associated with the approach to i=0

saturation of the centre. Note that, here too, the exponential
expression fits the numerical results very well. The upper
curve (x) shows the same results using corrections for the
accumulated quenchings found in the simulation (see details
below). With the higher values here, the initial part of this
curve indeed is closer to a straight line. The whole curve
still shows an approach to saturation and the best fitted
exponential curve still gives a very good fit, though it is
slightly inferior to that of the original points.

WhereS}VHﬂ is the radiation-quenched sensitivity following

i additional 8 increments andSy.;s iS the sensitivity
measured following the subsequent high-temperature
annealing.

No justification for this linear summation has been
given and, in fact, the rather complicated processes leading
to this quenching cannot guarantee that such a correction
has a great advantage. Empirically, however, the correction
for quenching extended the initial linear range so that, when
the original linear extrapolation was utilized, it appeared to
4. Discussion be of help. The present results in figure 4 neither confirm

nor refute the validity of this correction. Both curves fit
In this work, the model with one active trapping state, one quite convincingly exponential curves of the form given in
thermally disconnected competitor trap and two hole states,equation (15), with different values of the three relevant
a radiationless reservoir and a radiative luminescence centregarameters. Thus, if the extrapolation to the natural dose
has been studied. The relevant sets of differential equationsy is performed, the success with the two curves is expected
have been solved and the experimental procedures of eithekg be more or less the same.
having different ‘high’ doses or using a sequence of high- ~ Complicated as the present model and, in particular,
dose increments have been simulated. Each of these curvethe sets of coupled differential equations to be solved
is fitted to the expression (15), and the best fit looks very may look, in fact, in most real-life samples, including
good in both cases. It should be noted that, when lower quartz, the situation is even more involved. Insofar as the
‘high’ doses were utilized, the curve reached was much 110°C peak is concerned, the 325 and 3T5traps may
closer to linearity, as expected. be considered thermally disconnected for low-temperature

All the experimental features previously observed in the heatings. However, most probably, deeper levels which do
110°C peak in quartz were found here as a result of these not empty at temperatures up to 5@ are to be assumed
calculations, when the ‘appropriate’ set of parameters wasto act as the competitor S.
chosen. Finding such a set of parameters turned out to be  The details of the UV reversal have not been given here.
rather easy when the qualitative considerations mentionedWe only briefly mention that a set of rate equations which
in the literature concerning specific features were taken follows the release of holes from recombination centres
into consideration. These experimental features include has been solved. With the given parameters for which the
the linear dependence of the signal on the size of the testprobability of capture in the reservoir is larger than that of
dose, the approach to saturation, the UV reversal and thecapture in the centre, the transfer of holes from the latter
radiation-quenching effect. into the former comes out naturally.
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Figure 3. The simulated sensitivity calculated as a function of the ‘high’ dose, by solving sequentially the sets of equations

for varying high doses, followed by high-temperature annealing, excitation by a test dose and heating above the maximum at
about 110°C. (x), calculated points; full line, best fitted curve. The parameters are given in the text.
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Figure 4. The simulated sensitivity as a function of the number of increments of the high dose (O). The upper curve (x)
represents the sensitivity with correction for quenching as a function of the number of dose increments. In both cases, the
full line is the best fitted experimental function. The relevant parameters are the same as those in figure 3.

Finally, although the present model has been quite suggested that the UV reversal is associated with the release
successful in explaining the main phenomena associatedof electrons from deep traps which then recombine with
with the pre-dose effect, it is not suggested here that trapped holes in(H;04)° centres, thereby reducing the
this is the only possible explanation. In this respect, we concentration of recombination centre. In our numerical
should mention that Yang and McKeever [16] proposed experiments, the mere effect of sensitization could be seen
the possibility that movement of hydrogen ions between even when the competito§ was entirely missing. As
defects during irradiation and annealing may be responsiblementioned above, however, the whole set of trapping states
for the pre-dose effect. In a later work, McKeever [17] was required in order to explain all the results of the 1¢0
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peak in quartz and, as pointed out above, even under [7]

these circumstances only simulation with certain sets of
parameters yielded all the experimental results.
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