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ABSTRACT

During time-resolved optical stimulation experiments (TR-OSL), one uses short light pulses to separate
the stimulation and emission of luminescence in time. Experimental TR-OSL results show that the
luminescence lifetime in quartz of sedimentary origin is independent of annealing temperature below
500 °C, but decreases monotonically thereafter. These results have been interpreted previously empiri-
cally on the basis of the existence of two separate luminescence centers Ly and L; in quartz, each with its
own distinct luminescence lifetime. Additional experimental evidence also supports the presence of a
non-luminescent hole reservoir R, which plays a critical role in the predose effect in this material. This
paper extends a recently published analytical model for thermal quenching in quartz, to include the two
luminescence centers Ly and L;, as well as the hole reservoir R. The new extended model involves
localized electronic transitions between energy states within the two luminescence centers, and is
described by a system of differential equations based on the Mott-Seitz mechanism of thermal
quenching. It is shown that by using simplifying physical assumptions, one can obtain analytical
solutions for the intensity of the light during a TR-OSL experiment carried out with previously annealed
samples. These analytical expressions are found to be in good agreement with the numerical solutions of
the equations. The results from the model are shown to be in quantitative agreement with published
experimental data for commercially available quartz samples. Specifically the model describes the
variation of the luminescence lifetimes with (a) annealing temperatures between room temperature and
900 °C, and (b) with stimulation temperatures between 20 and 200 °C. This paper also reports new
radioluminescence (RL) measurements carried out using the same commercially available quartz
samples. Gaussian deconvolution of the RL emission spectra was carried out using a total of seven
emission bands between 1.5 and 4.5 eV, and the behavior of these bands was examined as a function of
the annealing temperature. An emission band at ~3.44 eV (360 nm) was found to be strongly enhanced
when the annealing temperature was increased to 500 °C, and this band underwent a significant
reduction in intensity with further increase in temperature. Furthermore, a new emission band at
~3.73 eV (330 nm) became apparent for annealing temperatures in the range 600-700 °C. These new
experimental results are discussed within the context of the model presented in this paper.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

extensive applications in the field of luminescence dosimetry
and luminescence dating [1-8]. While continuous-wave optically

The experimental technique of time-resolved optically stimu-
lated luminescence (TR-OSL) is an important tool for studying
luminescence mechanisms in a variety of materials, and finds
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stimulated luminescence (CW-0OSL) measurements are more com-
mon in quartz applications, TR-OSL is a valuable probe in the study
of recombination and/or relaxation pathways in the material.
During TR-OSL measurements the stimulation is carried out
with a brief light pulse, and the signals from several pulses are
summed to obtain a typical TR-OSL curve consisting of a buildup of
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the signal during the pulse, followed by the subsequent decrease
when the optical stimulation is turned off. The decaying part of the
luminescence signal is usually analyzed with a linear sum of
exponential decays, and is characterized by the corresponding
luminescence lifetimes. Several researchers have studied the
temperature dependence of luminescence lifetimes and lumines-
cence intensity from time-resolved luminescence experiments in
quartz (see for example, [9-13] and references therein). Lumines-
cence lifetimes for unannealed quartz of sedimentary origin (for
convenience hereafter referred to as sedimentary quartz) are
typically found to remain constant at ~42ps for stimulation
temperatures between 20 °C and 100 °C, and then to decrease
continuously to ~8 pus at a stimulation temperature of 200 °C. This
decrease of the luminescence lifetime with stimulation tempera-
ture is usually described within the framework of the well-known
phenomenon of thermal quenching of luminescence in quartz.
Thermal quenching has also been observed in both thermolumi-
nescence (TL) and CW-OSL experiments on quartz [14,15], and is
commonly described using the Mott-Seitz mechanism (see for
example [16-18] and references therein).

Several experimental studies have shown that time resolved
luminescence from sedimentary quartz annealed below 500 °C is
dominated by a single exponential component, with a lumines-
cence lifetime zy~42 ps, which is independent of irradiation dose
[10-13,19]. However, when sedimentary quartz samples are
annealed at temperatures above 500 °C, one observes that the
effective luminescence lifetime decreases continuously thereafter
to a characteristic value of 7;~32-35 ps [9,11,20-22]. These results
have been interpreted previously empirically by proposing the
existence of two separate luminescence centers Ly and L; in
quartz, each with its own distinct luminescence lifetime 7z and
7; correspondingly. In addition, the existence of a non-luminescent
hole reservoir R has been proposed, on the basis of the predose
effect exhibited by this material. The predose effect is usually
interpreted empirically on the basis of thermal transfer of holes
taking place between the distinct luminescence centers in quartz.

Recently Pagonis et al. [20] presented a new kinetic model for
thermal quenching in quartz which is based on the Mott-Seitz
mechanism. In this model all recombination transitions are localized
within the recombination center (in contrast to delocalized models
in which all charge transitions take place via the conduction and
valence bands [18]). In later work Pagonis et al. [21] developed
analytical expressions for the luminescence intensity observed
during and after the short pulses used during a TR-OSL experiment.
These analytical expressions were derived by assuming that the
traps are well below saturation, and were compared with the
numerical solutions of the system of differential equations.

The specific goals of the present paper are

(a) To expand the recently published quartz model of Pagonis et al.
[20,21], in an effort to include the experimentally observed
lifetimes zy and r; for sedimentary quartz samples.

(b) To describe mathematically the experimentally observed
decrease of the luminescence lifetime from a value of ry~42 ps
for unannealed sedimentary quartz samples, to a value of
7;~32 ps for samples annealed above 500°C.

(c) To describe mathematically the experimentally observed
decrease of the luminescence lifetime with the stimulation
temperature used during a TR-OSL experiment.

(d) To carry out a quantitative comparison of the modeled results
from parts (b) and (c) above, with published experimental data
for a commercially available quartz sample.

(e) To supplement the published TR-OSL data with new radiolu-
minescence (RL) data obtained using the same commercial
quartz samples, after annealing at elevated temperatures.
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Fig. 1. A model for luminescence lifetimes in quartz from Ref. [9], showing the
3 radiative luminescence centers denoted by Ly, L; and Ls and the non-radiative
luminescence center R. Centers Ly, L; and R are dominant in sedimentary quartz.

2. Luminescence lifetimes in quartz: the Ty, T; and Ts
components

This section presents an overview of experimentally observed
luminescence lifetimes in quartz samples. Fig. 1 shows a simple
energy scheme model which has been proposed based on extensive
experimental studies of luminescence lifetimes in quartz (see for
example Galloway [9]; Chithambo and Galloway [19]; Chithambo
and Ogundare [22]). The energy scheme in Fig. 1 consists of three
independent radiative luminescence centers denoted by Ly, L; and
Ls, and a non-radiative luminescence center denoted by R. These
radiative centers are associated with distinct characteristic lifetimes
denoted by 7y, 7; and zs correspondingly (Galloway [9]). It is also
assumed that all three luminescence centers contribute to the
experimentally observed optically stimulated luminescence and that
the experimentally observed lifetime will depend on which of the
three centers is dominant.

According to this energy scheme, time resolved luminescence
from sedimentary quartz annealed below 500 °C is dominated by a
single component with a luminescence lifetime zy; ~42 ps [9-13]. It
is believed that high temperature annealing of quartz samples
above ~500°C causes the redistribution of holes between the non-
radiative center R and the three radiative centers denoted by Ly, L;
and Ls. As a result of this redistribution of holes, luminescence
from centers other than Ly becomes more important.

In the rest of this paper, the discussion and model will concern
sedimentary quartz samples, and will therefore refer only to
luminescence centers Ly, L; and their distinct characteristic life-
times ry, 7; correspondingly. In addition, the non-radiative hole
center R will also be discussed in the context of the model.

3. The new model

This section summarizes the main points of the recent model of
Pagonis et al. [20,21], and the model is extended to the case of two
luminescence centers. The physical basis of explaining thermal
quenching within the model is based on the Mott-Seitz mechan-
ism. The model involves electronic transitions between energy
states within the recombination center. The original model of
Pagonis et al. [21] is shown in Fig. 2. Fig. 2a shows the configura-
tional diagram for thermal quenching processes based on the
Mott-Seitz mechanism, while Fig. 2b shows the proposed electro-
nic transitions taking place within the model.

In this paper we extend the model shown in Fig. 2a, to include
the two independent luminescence centers Ly and L;, as well as
the non-radiative hole reservoir R. Fig. 3 shows the new extended
model, which is also based on the Mott-Seitz mechanism. The
arrows in Fig. 3 indicate the electronic transitions which are likely
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Fig. 2. The model of Pagonis et al. [20,21] for thermal quenching in quartz, based on the Mott-Seitz mechanism. (a) The configurational coordinate diagram for thermal
quenching processes and (b) the electronic transitions taking place within the model. The various parameters are discussed in the text.
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Fig. 3. Schematic representation of the model proposed in this paper to explain the
luminescence lifetimes for annealed quartz samples. The model of Fig. 2b is
extended for the case of two luminescence centers Ly and L;, each with its own
distinct luminescence lifetime. In transition 1 electrons from a dosimetric trap are
raised by optical stimulation into the CB, with some of these electrons being
retrapped as shown in transition 2 with a probability A,. Transitions 3 and 3’
correspond to electronic transitions from the CB into the excited states located
below the conduction band, with probability Acg. Transitions 5 and 5 indicate the
direct radiative transition from the excited levels into the ground electronic states
for Ly and L;, with probabilities (Ag)y and (Ag);and transitions 4 and 4’ indicate the
competing thermally assisted routes. Transitions 6 and 6 denote the non-radiative
processes into the ground state. Thermal quenching is caused by the competing
transitions 4, 5 within luminescence center Ly and 4, 5" within center L.

to be taking place during a typical TR-OSL experiment. The
simplified model consists of a dosimetric trap, and several levels
representing energy states within the two distinct recombination
centers Ly and L;. During the transition labeled 1, electrons from a
dosimetric trap are raised by optical stimulation into the CB, with
some of these electrons being retrapped as shown in transition
2 with a probability A,. Several additional transitions labeled 3-6
and 3—6 are shown in Fig. 3, corresponding to these two
luminescence centers respectively.

Transitions 3 and 3' correspond to electronic transitions from
the CB into the excited states located below the conduction band,
with probability Acz. Transitions 5 and 5 indicate the direct
radiative transition from the excited levels into the ground
electronic states for Ly and L;, with probabilities (Ag)y and
(Ap),correspondingly. Transitions 4 and 4  indicate the competing
thermally assisted routes respectively. The probabilities for these
competing thermally assisted processes are given by Boltzmann
factors of the form (Ang)yexp(—Wy/kgT), and (Ang) eXp(—Wy/kgT).

Here Wy and W, represent the activation energy for these
processes and (Anr)y, (Anr); are constants representing the non-
radiative transition probabilities. Transitions 6 and 6 denote the
non-radiative processes into the ground state. As discussed in
Pagonis et al. [20], the details of the non-radiative process in the
model are not important for the purposes of this model.

Thermal quenching within this model is caused by the compet-
ing transitions 4, 5 within luminescence center Ly and 4, 5" within
center L; in Fig. 3, correspondingly. As the temperature of the
sample is increased, electrons are removed from the excited states
according to the Boltzmann factors described above. This reduc-
tion leads to both a decrease of the intensity of the luminescence
signal and to a simultaneous decrease of the two apparent
luminescence lifetimes 7y and 7.

The notation and parameters used in the model of this paper
are similar to those used in Pagonis et al. [20], and are defined as
follows. N; is the concentration of the dosimetric electron traps
(cm~3), ny is the corresponding concentration of trapped electrons
(cm~3). Ny, N; (cm~3) are the total concentrations of lumines-
cence centers and Ny-ny, N;-n; are the corresponding concentra-
tions of activated luminescence centers (cm~3) respectively. A
detailed discussion of the connection between the concentrations
Ny, N, Ny-ny, Ni-n; and the concentrations of specific defects in
quartz can be found in ([21], p. 1835). Electrons trapped in each of
these states can undergo either a radiative transition into the
ground state, or a competing non-radiative transition.

Acg is the probability coefficient (cm? s—1) for transitions taking
place from the conduction band into the two excited states.
For simplicity, it is assumed that electrons can be captured from
the CB into the excited states of Ly and L; with the same capture
probability Acg. The function n. represents the instantaneous
concentration of electrons in the conduction band (cm~3) and P
denotes the probability of optical excitation of electrons from the
dosimetric trap (s~ !). The two radiative transitions are character-
ized by transition probabilities (Ar)y, (Ag); which are related to the

quartz luminescence lifetimes <zy,z; by the expressions
(AR)H = ]/TH and (AR)L = 1/TL.

The equations in the model are
dn
. = Me(N1=n)An—mP (1)
dne
- —1c(N1—11)An + 11 P—Acgnc(Ny—np)—Acgnc(N.—np) 2
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d
% = AcpNe(Ny—np)—(AR)unn —nH(AnR)yeXp(—Wh /kgT) 3
d
G = AcsneNL=n)—(Ar)m—ny(Ane)y exp(—~ Wy /ksT) 4)

The total instantaneous luminescence I(t) resulting from the two
radiative transitions is defined as

I(t) = (AR)yny + (Ap) L. ©)

As in the previous simpler version of the model [20,21], it is
assumed that during a TR-OSL pulse the concentration of electrons
in the dosimetric trap n;(t) does not change appreciably, and that
the electronic levels n; and ny are away from saturation, i.e.
ny~ny(0),ny < Ny and n; < N;. Here nq(O)represents the initial
concentration of trapped electrons in the dosimetric trap. Under
these conditions, Eq. (2) can be written as

dne

dt

This first order differential equation can be integrated to yield a

saturating exponential function

_ n1(0)P

"~ Ap(N1—n1(0)) + Acg(Ny + Np)
+Acp(Nu + NpItH (7)

= —nc(N1—n1(0)Ay + n1(0)P—AcpncNy—AcpncN;. (6)

ne

(1—exp{—[An(N1—n1(0))

As discussed previously in [21], this equation informs that after a
short time of the order of ~1 ps, the concentration of electrons in
the CB reaches a constant quasistatic value given by

_ m (O)P
" An(N1—11(0)) + Acg(Ny + Np)

By substituting this quasistatic value of n. into Eq. (3) and using
ny < Ny, yields

ne

®)

dny ny(0)P
dr =Acs An(N1—11(0)) + Acg(Ny + Np) Ni—Aeut
—N(ANR)HEXP(—Wh/kpT) )
or by setting the constant
Acgm (0)P

= 10
&= AN —11(0)) + Acs(Nys + Np) ao
one obtains from Eq. (9):
dn
gt =&Nu—1 [(A)y + (Anr)exp(~ Wi /ksT)]. an

The solution of this differential equation during the light stimula-
tion period from t=0 to t=t, is given by a saturating exponential
of the form

1
t)=gN 1— —[(A
() = 8N G ineexp— Wy Ty (|~ XP1= [An
+(ANR)HEXP(—W i /kgT)]t}) (12)
or
nH(t)zg;V—H(l—e‘”f), for 0<t<t, (13)
H

where we have set the constant yy as
vu = (AR + (ANR)eXP(—Wy/KT). (14)

The corresponding solution ng(t) when the optical stimulation

is turned OFF, is a simple exponential of the form
ny(t) = ny(ty)e ) for t>t, (15)

where ny(t,) is the concentration at the end of the optical
stimulation period t,.

Egs. (13) and (15) in this paper are the exact analog of the
previously derived expressions (14) and (16) in the simpler model
of Pagonis et al. [21].

In a similar manner, one arrives at the corresponding sym-
metric expression for the concentration of electrons n; in the
second luminescence center L; while the optical stimulation is ON

n(t) = gy—M(lfe*nf), for 0<t<t, (16)
L

where the constant y; is defined as
vi = (AR)L + (Ang) €XP(—W /KT). 17)

The concentration n;(t) when the optical stimulation is turned OFF
is also a simple exponential of the form

ny(t) = ny(te)e 7% for t>t,. (18)

The luminescence intensity I(t) when the LEDs are ON, is obtained

by inserting Eqs. (13) and (16) into Eq. (5)

(AR)ugNH
YH

Ion(t) = (AR)yny + (Ar)NL = (1 _e*mt)

+ (Ar)L8NL [

1—e ]
7L

0<t<t, (19)
It is noted that the factor g in this equation depends also on the
concentrations Ny and Nj.

Similarly we obtain the luminescence intensity when the
optical stimulation is OFF

Torr(t) = (AR)uNH + (AR) ML = (AR)pNp(to)e 7=t
+AR) (o))t (20)

Eqgs. (19) and (20) express the luminescence intensity as a function
of the stimulation temperature T and as a function of optical
stimulation time t. It is noted that the factor g in Egs. (10) and (19)
contain information on the properties of the dosimetric trap. The
factors yy and y; contain the kinetic parameters of the thermal
quenching process, and the stimulation temperature T. As dis-
cussed in the next section, the total concentrations Ny and N;
depend on whether the quartz sample has undergone a high
temperature annealing or not. The effect of high temperature
annealing is expressed in mathematical form in the next section.

4. The effect of high temperature annealing on N;

According to the empirical energy scheme of Fig. 1, annealing of
the sample before measurement causes a redistribution of holes
among the recombination centers Ly, L;. In the case of sedimentary
quartz, the experimentally observed luminescence is believed to
originate exclusively at recombination centers Ly, L;. At room
temperature, the concentration Ny is greatest, and the apparent
dominant experimental luminescence lifetime will correspond to
7. At higher annealing temperatures, it is hypothesized that the
concentration N; will increase, and the luminescence lifetime z;
will become progressively dominant at these higher annealing
temperatures. The increase of N, is believed to take place due to a
thermal transfer of holes, possibly taking place via the valence
band. It has also been suggested that these thermally transferred
holes possibly originate from thermal decomposition of the non-
luminescent recombination center R [9].

According to this energy scheme, in unannealed sedimentary
quartz samples there are many more active luminescence centers
in Ly than in L;. Mathematically this can be expressed as Ny > N;.
Examination of Eq. (19) with Ny > N; shows that the first term in
this equation will become much larger that the second term, and
therefore luminescence from Ly will be the dominant term. This
means that experimentally one would measure a luminescence
lifetime of zy~42 ps for unannealed sedimentary quartz samples.
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Conversely, for samples annealed above 500 °C, the reverse con-
dition Ny < N; will be true, and the second term in Eq. (19) will be
much larger that the first term. In this case luminescence from L;
will be the dominant term, and one would measure a lumines-
cence lifetime of z;~35 ps for samples annealed above 500 °C.

The following discussion is based on the following physical
assumptions:

(a) It is assumed that the concentration of centers Ny is constant
and independent of the annealing temperature.

(b) By contrast, the concentration of centersN; is assumed to
depend strongly on the annealing temperature.

(c) The non-radiative recombination center R in Fig. 1 becomes
thermally unstable as the annealing temperature is increased
above 500 °C. Holes are assumed to be thermally released from
the hole reservoir R, and these are subsequently captured
preferentially into L;, possibly via the valence band. This
process of thermal release of holes and their subsequent
capture at the luminescent center has been proposed to
explain the predose effect in quartz, and has been simulated
previously using kinetic models ([17], p. 261).

In order to describe the variation of the luminescence lifetime
with the annealing temperature, one must express mathematically
the quantity N; in Eq. (19), as a function of the annealing
temperature Tgnnear

In general terms, thermal stability of the hole reservoir R will
be characterized by a thermal activation energy Eg and a corre-
sponding frequency factor sg. We further assume first order
kinetics for the thermal properties of R. Under this assumption,
if the quartz sample is annealed at a temperature Ty,neq fOr a time
period tgeq, the instantaneous concentration Ng(t) will vary
according to the first order decay exponential

NR(tanneal) = NR(O)EXP(_Atanneal) (21)

where Ng(0) represents the initial concentration (i.e. the concen-
tration of holes in R for unannealed samples). The decay constant 4
for a first order process is related to the activation energy Er and
the frequency factor si by the expression (Chen and Pagonis, [17])

A= sgexp(—Eg/kT) (22)
In this expression the temperature T represents the anneal
temperature, Tgnneq. By combining the last two equations, the

instantaneous concentration of centers of type Nr will vary
according to

NR(Tanneala tanneal) = NR(O)EXP[*SREXP(*ER/kTanneal)tanneal] (23)
or
NR(Tanneal) = NR(O)exp[_BeXp(_ER/kTanneal)] (24)

where the dimensionless constant B = Sgtumea depends on the
amount of time tg,.q the sample is kept at the annealing
temperature Tgnneq, and on the frequency sz of the thermal
activation process. In this paper the constant B is treated as a
parameter which can be adjusted to fit the experimental data. It is
likely that the thermal activation process for hole reservoir R is
ionic in nature and it has been characterized previously experi-
mentally by a thermal activation energy Ew~1.4 eV [9].

Eq. (24) expresses the concentration of holes remaining at the
non-radiative center R in Fig. 1, as a function of the annealing
temperature. The total concentration of thermally released holes
NreleaseaWill be given by the difference between the initial and
remaining concentrations of holes in R, namely

Nreleased(Tanneal) = NR(O)_NR(O)eXp [_Bexp(_ER/kTanneal)} (25)

According to the proposed energy scheme, these holes are pre-
ferentially captured in L; and therefore the concentration N; will

1e+15

5e+14 |

Ng+ N (cm®)

0 400 800
Annealing Temperature, °C

Fig. 4. Simulated thermal transfer of holes as a function of the annealing
temperature, based on Eqgs. (24) and (27) discussed in the text. As the annealing
temperature increases, holes are thermally released from R and captured in L;. As a
consequence, the concentration N; increases and reaches a maximum at ~700°C,
when the thermal transfer process is complete.

increase by the same amount according to

Ni(Tanneat) = Ni + Nreteased(Tannea) = N1
+Ng(0)—Nr(0)exp[—Bexp(—Eg/kT annear)] (26)

or

Ni(Tannear) = Ni + Nr(0) (1—exp[—Bexp(—Eg /KT gnnea))]) (27)

where N; denotes the constant concentration of holes in L; for
unannealed samples. This is the desired equation, expressing the
variation of holes in L; as a function of the annealing temperature.
Typical graphs of the functions in Egs. (24) and (27) as a function
of the annealing temperature are shown in Fig. 4. As the annealing
temperature increases, the concentration Ny (T gueq) also increases
and reaches a maximum at an annealing temperature of ~700 °C,
when all holes have been thermally released from R and captured
in L.

By combining Egs. (10), (19), (20) and (27) one arrives at the
desired equations which express the TR-OSL intensity as a function
of the stimulation temperature T, and for various annealing
temperatures Tynneq- The luminescence intensity when the optical
stimulation is ON and OFF is given respectively by the following
equations:

Acgnq (0)P |:(AR)HNH i
I t)= 1—e7H
ON( ) An(Nl —m (0)) + ACB[NH + NL(Tanneal)] YH ( )
+ (AR)LNL(Tanneal) [1 _e—nt}:| (28)
149
(during the pulse),
Topr(t) = ny(to)e 7nt) 4 ny(to)e -t (29)

(after the pulse).

It is noted that the quantities yyand y;in Eq. (28) depend on the
stimulation temperature T used during the TR-OSL experiment,
while the quantity N;(Tgnneq) depends on the annealing tempera-
ture Tgnneq according to Eq. (27). Hence Eqgs. (28) and (29) contain
the dependence of the luminescence signal on both the stimula-
tion temperature T and on the annealing temperature Tgnnear-

In the next section, the results from these analytical equations
are compared with available experimental data from the literature.
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Fig. 5. (a) Simulated TR-OSL intensity measured at room temperature, obtained by solving the system of differential equations in the model. Several results are shown,
obtained using different annealing temperatures Tgpneq in the simulations. The same curves are also obtained from the analytical Eqgs. (28) and (29). (b)The luminescence
lifetimes obtained by fitting a single exponential function to the data in (a) are shown as a continuous line. These are compared with the experimental data shown as solid

circles in Fig. 4 of Ref. [9].

5. Numerical and simulated results: single exponential
analysis of modeled luminescence signals

In this section the results from the model are compared with
examples of experimental data available for commercially avail-
able quartz samples (BDH Ltd., UK). These samples consist of ‘acid-
washed’ sand of size 90-500 pm and their luminescence behavior
has been studied previously rather extensively [9-13,19,22].
Figs. 5 and 6 show the results of comparing the experimental
data from ([9] Figs. 4, 10 and 11), with the analytical equations
presented in the previous section.

The numerical values chosen for the parameters in the model
were as follows: Ap,=5x10""cm3s~!, Acp=10"%cm3s!,
P=02s"1, N;=10"cm3, Ny=10" cm=3, N, =10"3 cm=3, and
Nr(0)=10" cm~3 at room temperature. The value of
Ny =10" cm~3 is chosen to be ten times larger than the value
of N, = 10" cm~3, so that the luminescence center Ly is dominant
for unannealed samples. Also the total concentration of holes
Ng(0)=10"> cm~3 in the hole reservoir R for unannealed samples
is chosen a few orders of magnitude larger than the values of Ny
andNj, so that the hole transfer process will cause L; to become the
dominant center at high annealing temperatures. The values of the
radiative transition probabilities (Ag)y =1/42 ps=2.38 x 10* s~1
and (Ag), =1/32ps=3.12 x 10* s~! are estimated from experi-
mental luminescence lifetimes at room temperature. The initial
conditions for the different concentrations at time t=0 are taken
as 17(0)=9 x 10'® cm~3, ny(0)=0, ny(0)=0, n.(0) = 0. The ther-
mal quenching parameters are taken as Wy=W;=0.74eV,
C=13x10%s"1, Eg=14eV from the experimental work in
Ref. [9]. It was found that an empirical value of B=10® in Eq.
(27) produces a good fit to the available experimental data from
Ref. [9]. It is noted that the constant B = St;,eq in Eq. (27) depends
on the annealing time, and hence is an important experimentally
controlled parameter. As usual in this type of model, the absolute
values of the defect concentrations are not critical, but rather it is
their relative concentrations between them that determine the
behavior of the model. For example, in the case of natural quartz it
is estimated that the actual concentrations would be approxi-
mately 1000 times larger than the values of the concentrations
used in this paper.

In Fig. 5(a) we show the simulated TR-OSL intensity meas-
ured at room temperature, obtained by solving the system -
of differential equations in the model for different annealing
temperatures. Alternatively, these same curves can be obtained
from the analytical Eqs. (28) and (29). The analytical and numer-
ical solutions were found to be identical, within an accuracy of 1%
or better.

Fig. 5(b) shows the luminescence lifetimes obtained by fitting a
single exponential function to the data of Fig. 5(a); the simulated
data (continuous line) are compared with the experimental data
shown as solid circles in Fig. 4 of Galloway [9]. It is concluded that
the model presented in this paper provides a satisfactory mathe-
matical description of the experimentally observed transition from
the luminescence lifetime of 7y at low annealing temperatures
Tannear < 500 °C, to a value of 7; at high annealing temperatures, as
shown in Fig. 5(b).

The change in lifetime with annealing temperature from the
higher value 7y to the lower luminescence lifetime z; has also been
described previously by the empirical expression [9]

(zg—71) 28)

“D) =+ T exp(—Ey /KT)

where C is a dimensionless constant, k is the Boltzmann constant,
T is the annealing temperature and Ey =1.4 eV is the thermal
activation energy for the thermal transfer of holes into L; (see Ref.
[9], legend of their Fig. 4). This empirical expression is also in close
agreement with the experimental data shown in Fig. 5(b).

Fig. 6 shows the modeled luminescence lifetimes and the
corresponding normalized intensities as a function of the stimula-
tion temperature T used during the TR-OSL process. In Fig. 6 the
simulated luminescence lifetimes and intensities from this paper
are shown as continuous lines, for three quartz samples which
were previously annealed at 20, 500 and 800 °C. These simulated
solid lines are compared with the experimental data taken from
Figs. 10 and 11 of Ref. [9].

The solid circles in Fig. 6(a) through (d) indicate the results
obtained in Ref. [9] by fitting the experimental data with a single
exponential component. The solid circles and open squares in
Fig. 6(e)-(f) indicate the results obtained in Ref. [9] by fitting the
experimental data with two exponential components. All intensity
results shown here were normalized to the initial value at room
temperature. Fig. 6(e)—(f) show significant differences between the
model and the experimental data for the sample annealed at 800 °C.
In practice, Chithambo and Ogundare [22] found that the number of
lifetimes that can be evaluated from a TR-OSL signal depends on the
combination of annealing and measurement temperature used in the
experiment. For quartz annealed up to 500 °C, only one lifetime is
found and this is independent of irradiation dose, whereas for higher
annealing temperatures multiple lifetimes are usually found for very
high irradiation doses [9,22].

It is also noted that the experimental data in Fig. 6(e)—(f) shows
an initial increase of the luminescence intensity and luminescence
lifetime at low stimulation temperatures. This is a well known
experimental result which has been reported in several materials.
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Fig. 6. Comparison of the modeled and experimental luminescence lifetimes and luminescence intensities, as a function of the stimulation temperature used during the
TR-OSL process. Several examples are shown, for samples previously annealed at 20 °C (a)-(b), 500 °C (c)—(d) and 800 °C (e)-(f). All solid lines indicate the simulated results
obtained in this paper by fitting a single exponential component to the simulated TR-OSL curves. These simulated solid lines are compared with the experimental data taken
from Figs. 10 and 11 of Ref. [9]. The solid circles in (a) through 6(d) indicate the results obtained in Ref. [9] by fitting the experimental data with a single exponential
component. The solid circles and open squares (e) and (f) indicate the results obtained in Ref. [9] by fitting the experimental data with two exponential components. All
intensity results were normalized to the initial value at room temperature. The discrepancy at low temperatures between experiment and the model for the 800 °C data in

(e) and (f) is due to thermally assisted OSL phenomena which are discussed in the text.

This effect has been interpreted as due to the presence of
thermally assisted OSL phenomena (TA-OSL), which are known
to influence both the effective luminescence intensity and effective
luminescence lifetime [19-21]. TA-OSL effects are empirically
described using a thermally assisted OSL activation energy E,.
Finally it is noted that the limited model in this paper does not
provide a description of the effect of preheating the samples on
the TR-OSL signals. In order to describe the effects of preheat on
TR-OSL experiments one would use a more comprehensive quartz
model, which is outside the scope of this paper.

In summary, the analytical expressions in this paper provide a
mathematical description of the variation in quartz of luminescence
lifetimes and luminescence intensity with (a) annealing temperature
Tannea and (b) with stimulation temperature T. The luminescence
lifetimes zy and 7; are associated with recombination processes at
two separate centers L; and Ly, and the annealing process causes a
gradual transition of the effective luminescence lifetime from zy to

71, as the annealing temperature is increased. From a physical point
of view, thermal quenching effects are described in the model as
competition effects between luminescence and non-luminescencent
processes taking place within each luminescence center. These
competition/thermal quenching processes are consistent with the
Mott-Seitz mechanism, and are quantified by two distinct activation
energies W, and Wy, which can be found from the dependence of 7y
and 7; on the stimulation temperature T. For a compilation of
experimental values of energies W), Wy, and thermally assisted
OSL activation energies E;,, the reader is referred to the papers by
Chithambo [10,22].

6. The new radioluminescence measurements

Radioluminescence (RL) is the luminescence emitted under
exposure of a material to ionizing radiation. For a recent discussion
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of the relationship between RL, TL and OSL signals in quartz
including an extensive list of references, the reader is referred to
the review paper by Preusser et al. [23]. Because the RL signal is
measured as a function of the emission wavelength, the method
provides a means to study the influence of various experimental
parameters on the emission band, including impurities [24],
dopants [25] or pre-irradiation annealing [24,26-28]. In this
section new experimental results are presented for RL emissions
from the same samples which were the subject of the experi-
mental results shown in Figs. 5 and 6 of this paper. Specifically the
same commercially available quartz samples (from BDH Ltd., UK)
were used in several previous studies [9-13,19,22]. The purpose of
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measured at various annealing temperatures. The various emission bands are listed
in Table 1. Annealing at 500 °C induces a strong emission band at ~3.44 eV, which
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the new RL measurements is to investigate whether annealing
causes changes in the luminescence bands and their relative
intensities in this material, and to assess whether these changes
can be correlated with the corresponding effect of annealing on
luminescence lifetimes.

Radioluminescence measurements were made on a set of
quartz samples annealed for 10 min at 500, 600, 700, 800, 900
and 1000 °C and on unannealed samples. The samples were
prepared onto stainless steel discs and were X-ray irradiated at a
dose rate of 20 Gy min~! using a Philips 2274 X-ray tube, with a
Tungsten target, operated at 20 kV/20 mA. The RL signal was
recorded using an apparatus reported by Martini et al. [26]
featuring a charge coupled device (Jobin-Yvon Spectrum One
3000) coupled to a spectrograph (Jobin-Yvon Triax 180) prepared
for signal detection over the range 200-1100 nm. The samples
were measured under similar geometric conditions and the
uncertainty in the RL signal was determined to be within 10%.

Fig. 7 shows the RL spectra obtained on the set of quartz
samples, for various annealing temperatures. The RL spectrum
from the unannealed sample in Fig. 7 appears as a combination of
at least two broad bands of relatively weak intensity, one near
~2 eV and the other centered at~3 eV. Annealing at 500 °C induces
a strong emission band at ~3.42eV (360 nm), the same one
associated with the recombination center involved in the predose
effect in TL [26,27,29]. This band decreases significantly when the
quartz is annealed at 600 °C and above. Of particular note is that a
new emission band appears at about 3.73 eV (330 nm) and is
progressively enhanced by annealing temperature, reaching max-
imum intensity for samples corresponding to annealing tempera-
tures of 1000 °C.

All RL spectra were deconvoluted into their Gaussian compo-
nents using the Levenberg-Marquardt algorithm, and the results
are shown in Figs. 8 and 9. Using previous experience from
analysis of emission bands in pegmatitic and synthetic quartz
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Fig. 8. Deconvolution of RL spectra into their Gaussian components by using a total of 7 emission bands shown in Table 1, and labeled O, A, B, X, C, M and D. Data is shown

for unannealed samples and also for quartz annealed at 500, 600 and 700 °C.
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Fig. 9. Same as Fig. 8, for quartz annealed at 800, 900 and 1000 °C

samples [24,26], the fits were initially done using five bands
labeled O, A, B, C and D for ease of reference. In further studies,
a sixth band was needed to obtain a satisfactory deconvolution
and was labeled X [29]. All of these bands are reported in Table 1.
In the annealed samples reported in this work, the deconvolution
process indicated that using only these six bands could not
account for the intense peak around ~3.73 eV (330 nm), and good
fits to the emission data required the introduction of a new band
with resultant energy ~3.73 eV and FWHM ~0.45 eV. This band is
indicated as the M band in Table 1.

Fig. 8 shows the Gaussian fits obtained for quartz annealed at
various temperatures. It is evident that band C (3.42 eV, 360 nm) is

Table 1
The wavelength, energy and full width at half maximum for the seven RL emission
bands used in the deconvolution of the experimental data shown in Figs. 8 and 9

Band Wavelength (nm) Energy (eV) FWHM (eV)
0] 635 1.92 039
A 490 2.51 0.46
B 440 2.79 0.46
X 395 3.06 0.89
C 360 3.42 0.58
M 330 3.73 0.45
D 315 3.93 0.49

strongly enhanced by the annealing at 500 °C but is then significantly
reduced in intensity when the temperature reaches 600 °C or higher,
with the transition apparent around 600-700 °C. However, Band M
(3.73 eV, 330 nm) progressively increases in amplitude with anneal-
ing temperature. Band B (2.79 eV, 440 nm) is enhanced by annealing
at 600 °C (confirming previous results on pegmatitic quartz annealed
in different atmospheres), and is quenched when annealed at 800 °C
or more. Band X (3.06 eV, 395 nm) is enhanced by annealing at
500 °C but is not significantly affected by annealing at higher
temperatures [29].

The thermal dependence of RL emission bands, particularly
band C (3.42 eV) and band M (3.73 eV) are consistent with the
influence of annealing on luminescence lifetimes in one important
respect. The change from the higher lifetime zy to the lower one 7,
takes place around 600-700 °C, the same temperature region
where the change in the importance of RL emission from band C
(3.42 eV) to band M (3.73 eV) becomes apparent. As discussed
previously, this feature reflects the change in dominance of
luminescence emission, from the Ly to the L; centers. This is
evident in Figs. 7 and 8. In fact, the behavior of the M band
(~3.73 eV) shows a qualitative correlation with the hypothesized
behavior of the L; center in the model.

The unambiguous identification of certain radioluminescence
bands with specific defects in order to identify the recombination
centers Ly and L; is not straightforward. An important question in
comparing the TR-OSL and RL experimental data is whether the RL
emission-bands are identical to the bands detected during OSL
experiments. Indeed there is no direct experimental proof that the
two sets of emission bands are the same.

For one thing, excitation is clearly different in the RL and
TR-OSL processes, since the former is observed under continuous
X-ray irradiation, whereas the TR-OSL signal is detected under
optical excitation and only after the sample has been irradiated. It
is likely that the emission centers as well as the source of the
electrons for the RL and TR-OSL processes are different. Never-
theless, some observations and propositions can be made on the
basis of extensive previous experimental work on quartz [23]. It is
known that irradiation above 200 K dissociates alkali ions (M™)
from [AlO4/M*] centers, leading to formation of [AlO4/H*]° and
[AlO4]°. Heating the quartz samples above 300 °C causes the alkali
ions to return to the Al sites, hence restoring the material to its
pre-irradiation state [23]. However, this view might be an over-
simplification, since the heating process may return alkali ions to
AlQy sites, but not necessarily to the newly generated [AlO4/H*]°
sites. As a consequence, the sample conditions after heating may
not necessarily be the same as before heating.

In general terms, the increase in photon emission associated
with certain RL bands after annealing, can be interpreted as
reflecting an increase in the concentration of recombination
centers. However, this may not be the only explanation of the
sensitization effect observed in quartz. For example, it has been
argued that this increase in photon emission may be due to a
decrease of competition centers such as the E’ center, as was
shown in the comprehensive work by Schilles et al. [30].
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7. Discussion

In this section we summarize the results of several recent
experimental studies, and their relevance to the RL data presented
in the previous section. The luminescence process in quartz is
known to be extremely complex, and several experimental studies
have attempted to correlate specific defects with the experimen-
tally observed luminescence emission in this material. It is gen-
erally accepted that there are multiple types of luminescence
centers in quartz, and that some of these centers are dominant
depending on the experimental treatments such as irradiation,
annealing and measurement temperatures, or on some combina-
tion of these parameters. The lifetime features discussed in the
purposefully annealed quartz are also observed in natural quartz
corresponding to various thermal provenances [31]. It was pre-
viously reported for example that lifetimes in metamorphic quartz
with a provenance temperature of 450-550 °C comprised only of
the longer Ly component, whereas in plutonic quartz with a
corresponding thermal provenance of 550-700 °C only the shorter
component was found [31]. Meanwhile, the non-radiative recom-
bination center R is insensitive to sunlight bleaching and for this
reason the predose dating technique (which is based on the
behavior of the center R) can be applied to materials which have
been exposed to sunlight [16].

Preusser et al. [23] pointed out the complexity of the lumines-
cence process and discussed the effects due to intrinsic defects in
quartz (such as Si and O vacancies), as well as effects due to
common quartz impurity atoms (like Al or Ti). Furthermore, they
emphasized the importance of alkali ions in the luminescence
process in quartz, and reviewed the various models in the
literature. The current consensus for the various electronic and
ionic processes involved in TL and OSL of quartz was summarized
in Preusser et al. [23], their Table II

Recently Martini et al. [24] studied the RL signals of synthetic
quartz samples in which the concentrations of alkali ions were
changed by electrodiffusion treatments. The RL spectra were found
to be composed of a total of four bands. The well known blue
emission at around 470 nm was found to be a composite of a
430 nm (2.86 eV) band and of a second band at 485 nm (2.53 eV).
The authors labeled the 485 and 430 nm bands as A and B bands,
with the A band being the most intense in the untreated and Li-
swept samples. In untreated samples an additional intense UV
emission was found at 315 nm (3.94 eV) and was labeled the D
band. These authors reported an increase, under irradiation, of the
485 nm band intensity and a decrease in the 430 nm emission in
the Li swept-in samples. The previously reported C band (355 nm,
3.44 eV) UV emission was detected for all the samples, and was
the most intense in their swept out samples. The authors
attempted possible assignments of the detected emission bands
as related to specific defects and impurities in quartz, such as the
Al centers which are most affected by sweeping procedures.
Martini et al. [24] proposed that the behavior of the A band is
related to Li* ions and specifically to [AlO4/Li*] centers known to
be present in quartz. Furthermore, it was suggested that the B
band may be related to an OH and/or Na* center involving Al ions,
with [AlO4/H*]° and [AlO4/Na*]° centers being the possible candi-
dates. The authors noted that the C emission band was reported in
older studies as either 365 nm or as 380 nm, and was previously
assigned to the [AlO4]° center [32,33], or alternatively to [H304]
centers [34] based on ESR studies. Martini et al. [24] also suggested
that the D band emission may be correlated with oxygen vacancies
in quartz.

In a companion study Martini et al. [26] studied the effect of
X-ray irradiation and thermal treatments on the RL signal from
a natural pegmatitic and a synthetic quartz sample. The emission
spectra from these samples were deconvoluted using five Gaussian

components. A series of irradiation followed by heating of the
samples to 500 °C caused strong sensitization of both the C band
(3.44 eV) and of the well known 110 °C TL peak. In addition, X-ray
irradiation was found to enhance the 2.53 eV (480 nm) emission
and a strong correlation was also found between this emission and
the sensitivity of the 110 °C TL peak. Therefore both these bands
are believed to participate in both RL and TL luminescence
mechanisms..

In another notable recent study, King et al. [35] studied a suite
of quartz samples of different provenances and geological histories
using spectroscopic ionoluminescence (IL) to investigate variations
in emission spectra as a function of radiation dosing. Specifically
these authors studied variations in the UV-violet emission (3.2-
3.4 eV) and also in the red emission (1.8-1.9 eV) with increasing
cumulative dose. These authors examined the emission at differ-
ent doses, and concluded that the overall reduction in the UV-
violet emission at 380 nm (~3.3 eV) is caused by reductions in the
populations of [AlO4/M*]° and [AlO4]° type centers. Their experi-
ments showed that these population changes are caused by ion
and electron migration, and their data were consistent with a
mechanism in which ion and electron migration causes a change
in the center types according to the processes:

[Al04/M*1° > [AlO4/h™]° + M (free) > [AlO4]~ + NBOHC (free)

Luminescence: 3.3 eV 3.6 eV 19 ev

where NBOHC denotes a paramagnetic non-bridging oxygen hole
center, a well-known defect in quartz. Furthermore, King et al. [35]
discussed the correlation between the thermal and irradiation history
of quartz samples and their OSL luminescence efficiency. They
suggested that recently eroded quartz samples have poor lumines-
cence sensitivity due to their immediate geological irradiation history.
On the contrary, highly weathered quartz has probably undergone
many cycles of deposition and transport, and will have been exposed
to high temperatures or mechanical processes during transport. These
processes will have allowed remigration of the alkali ions to their
charge compensating interstitial locations, resulting in [AlO4/M™*]°
center formation, and therefore result in a high efficiency of the UV-
blue emissions. One would then expect such well weathered samples
to have good OSL properties.

8. Conclusions

This paper presented an analytical model for thermal quenching
in quartz, which includes two distinct luminescence centers Ly and
L; and a hole reservoir R. Analytical expressions are obtained for the
intensity of light during a TR-OSL experiment, and are shown to be
in agreement with published experimental data for commercially
available quartz samples. The model describes two different thermal
effects in quartz, namely the variation of the luminescence lifetimes
with (a) annealing temperature and (b) stimulation temperature.
The modeling results were supplemented by new RL measurements
carried out using the same annealed quartz samples, and Gaussian
deconvolution showed the presence of seven RL emission bands. The
behavior of the M band at ~3.73 eV was found to be qualitatively
correlated with the hypothesized behavior of the concentrations of
holes N; in the model.

The promising preliminary RL results shown in Figs. 7 and 8
indicate that it should be possible, at least in principle, to correlate
the experimental behavior of luminescence lifetimes in annealed
quartz samples with the emissions from specific recombination
centers. Clearly more experimental and modeling work is neces-
sary to provide a better description of the luminescence process in
quartz, and to explain possible correlations between different
types of experimental results.
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