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a b s t r a c t

Isothermal decay behaviors, observed at 515, 523, 562, and 693 K, for an optical absorption band at

620 nm in gamma-irradiated Brazilian blue topaz were analyzed using a kinetic model consisting of O�

bound small polarons adjacent to recombination centers (electron traps). The kinetic equations

obtained on the basis of this model were solved using the method of Runge–Kutta and the fit

parameters describing these defects were determined with a grid optimization method. Two activation

energies of 0.5270.08 and 0.8870.13 eV, corresponding to two different structural configurations of

the O� polarons, explained well the isothermal decay curves using first-order kinetics expected from

the kinetic model. On the other hand, thermoluminescence (TL) emission spectra measured at various

temperatures showed a single band at 400 nm in the temperature range of 373–553 K in which the

620 nm optical absorption band decreased in intensity. Monochromatic TL glow curve data at 400 nm

extracted from the TL emission spectra observed were found to be explained reasonably by using the

knowledge obtained from the isothermal decay analysis. This suggests that two different structural

configurations of O� polarons are responsible for the 620 nm optical absorption band and that the

thermal annealing of the polarons causes the 400 nm TL emission band.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Topaz is a silicate class mineral with the following chemical
formula, Al2(F, OH)2SiO4 [1]. The coloration phenomena in this
mineral caused by defects induced by ionizing irradiation have been
the subject of extensive studies. The first study remounts to early
1923 [2], describing coloration from brown smoke to orange shades
in topaz. In 1975, Nassau and Prescott reported a remarkable feature
obtained from 86 colorless topaz samples with the probable origin
of Brazil; 21 samples exhibited blue colorations after gamma
irradiation followed by moderate heating (blue topaz) [3].

The detailed investigation of atomic models for point defects in
topaz began only in 1990 when Priest et al. attributed the defect
responsible for the 620 nm absorption band to an oxygen vacancy
in an isolated SiO4 tetrahedron, in the form of a doubly occupied
dangling silicon bond [4]. Later, from some studies of the irradia-
tion effects in natural colorless and blue topaz from different
locations in Brazil using electron paramagnetic resonance (EPR)
and optical absorption, Krambrock et al. showed that the 620 nm
absorption band induced by neutron or gamma irradiation is
responsible for the blue color in topaz; a paramagnetic O� hole
ll rights reserved.
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center is formed at a hydroxyl OH� lattice site removing the
hydrogen atom from the OH� ion; the O� hole center has the same
thermal stability as the 620 nm absorption band [5–7].

Further, Schirmer developed a model of O� hole centers in
oxide materials, that is, a hole is trapped in a cluster of a few
equivalent oxygen ions next to an acceptor defect and is stabilized
by lattice distortion as an O� bound small polaron [8]. Accord-
ingly, Krambrock et al. discussed the 620 nm absorption band and
O� hole centers in the context of O� bound small polarons and
reported that: neutron irradiation causes some intrinsic damage
or precursor defects such as vacancies responsible for the stability
of the O� hole centers; gamma irradiation produces O� hole
centers near natural damage or electron trapping sites and this
depends strongly on the origin of topaz [9].

It is well known that: heating of natural colorless topaz
between 470 and 573 K and subsequent gamma irradiation does
not affect the 620 nm absorption band, while heating above 573 K
before irradiation leads to reduction of this band in intensity [10].
This may suggest that the lattice distortion stabilizing the O� hole
center might be reduced at temperatures above 573 K, resulting in
the reduction in intensity of the 620 nm optical absorption band.

In this work we have analyzed the isothermal decay curves,
obtained at 515, 523, 562, and 693 K, for the 620 nm absorption
band in blue topaz, using a kinetic model involving O� hole
centers and recombination centers (electron traps). This model is
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similar to that proposed by Adirovitch [11] and leads to two
coupled differential equations with the parameters characterizing
these defects; these equations are known to have the exact
numerical solutions [12]. Moreover, thermoluminescence (TL)
emission spectra measured have been found to exhibit a single
band at 400 nm in the range of 373–553 K in which the 620 nm
absorption band decreases in intensity. Accordingly, we have
simulated monochromatic TL glow curve data at 400 nm extracted
from the TL emission spectra, using the knowledge obtained from
the isothermal decay analysis, to demonstrate the correlation
between the 400 nm TL emission and 620 nm absorption bands.
Fig. 1. Heating curve used for the measurement of TL emission spectra.

Fig. 2. Typical optical absorption spectrum, with a well-defined 620 nm band, for

a blue topaz sample.
2. Experimental

All the topaz materials, showing colorless or slightly brown,
were obtained in the region around Governador Valadares, Minas
Gerais, Brazil. The results of impurity analyses for the materials
are reported in a previous work [13], indicating the presence of
the impurities Fe (200–380 ppm), Cr (100 ppm) and Mn (60 ppm).

Specimens of 1–5 mm in thickness used in this study were cut
from the materials using a diamond saw and polished using
chromium oxide, alumina and diamond pastes. All the specimens
thus prepared were previously irradiated at room temperature to
some 107 Gy using a 60Co gamma source (1.48�1016 Bq) at a
dose rate of 8.0�104 Gy/h. The absorbed dose was determined
with ceric-cerous, AECL red acrylic, and UKAEA red perspex
dosimeters. Heat treatments for the specimens previously irra-
diated were made with an electric furnace in air at a temperature
373–473 K during 24 h in order to obtain the crystal blue color in
the specimens.

The isothermal treatments of blue topaz samples were accom-
plished at 515, 523, 562, and 693 K in the way described below. In
first place we checked thermal stability (within 71 K) of an
electric furnace with an internal volume of 0.10�0.12�0.15 m3

in which two plates of iron were maintained. Each sample was
treated at each constant temperature, being sandwiched in the
plates of iron. It is confirmed in this case that the rise time from
room temperature to the highest treatment temperature was
about 20 s; the sample temperature was measured using a
thermocouple type K with reference to a mixture of water and
ice. When a desired treatment time was accomplished, the
sample was immediately taken out from the electric furnace,
put between other two plates of iron at room temperature, and
cooled down to room temperature. After each step of the
successive isothermal treatments of the sample, the optical
absorption spectrum of the sample was measured at room
temperature with a Varian Cary 17D spectrometer. The isother-
mal decay curve, that is, the 620 nm optical absorption band
intensity as a function of the accumulated time of successive
isothermal treatments at a certain temperature, could be obtained
in this manner.

On the other hand, a heating device with an electrical resis-
tance for the sample was introduced into the sample chamber of
the Varian Cary 17D spectrometer to perform measurements of
the TL emission spectra at various temperatures during the
heating. The sample temperature was monitored using a thermo-
couple type K. Due to operational reasons it was not always
possible to maintain the heating rate constant, as shown in Fig. 1.
The temperature variation during each TL emission spectrum
measurement was about 3%. In Section 5 monochromatic TL glow
curve data at 400 nm, extracted from the TL emission spectra
measured, will be simulated with model of the isothermal decay
analysis results and the detail of the simulation procedure using
this heating manner depicted in Fig. 1 will be shown.
3. Results

3.1. Optical absorption

Fig. 2 shows a typical optical absorption spectrum for a blue
topaz sample. In the figure the well-defined absorption band is
observed at 620 nm under the influence of a strong absorption in
the ultraviolet region. A recent study indicates that the strong
absorption observed below 400 nm in the present spectrum is
due to an optical absorption band around 314 nm and that this
band can be tentatively assigned to silanone (QSiQO) [14]. A
small and broad shoulder of the 620 nm band appears in the
region of 800–1100 nm. In this region some peaks of Fe2þ in
octahedral sites are observed in several minerals [15–18] and
hence we suggest that this shoulder should be attributed to this
Fe2þ . Further, a sharp band at 1209 nm (8271 cm�1) and a small
band at 1226 nm (8157 cm�1) are assigned to a combination
band of the first overtone of the stretching mode of OH�

(3644 cm�1) [19] and the bending mode of Al�OH (1160 cm�1)



Fig. 4. Normalized isothermal decay curves for 620 nm absorption band, observed

at 515, 523, 562, and 693 K, as a function of the accumulated time of the heat

treatment (dots). Each solid line indicates the simulation result.
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[20], and that of the first overtone of the stretching mode of OH�

and a very weak band observed at 1079 cm�1 in some topaz
samples [20], which is attributed to the bending mode of Al–OH,
respectively. The details will be described in a forthcoming article.

3.2. TL emission spectra

TL emission spectra observed for a blue topaz sample are
shown in Fig. 3. It is interesting to note from the figure that: (1) a
TL emission band at 400 nm is singly observed in the temperature
range of 373–553 K [Fig. 3b], in which the 620 nm absorption
band decreases in intensity; (2) another TL emission band at
800 nm starts appearing above 553 K [Fig. 3c and d]. As men-
tioned above, heating of natural topaz above 553 K before
irradiation inhibits the formation of the 620 nm absorption band,
and hence the 800 nm TL emission band may be related to the
thermal destruction process of precursors for the 620 nm absorp-
tion band. However, further investigation of the 800 nm TL
emission band is necessary.

3.3. Isothermal decay of 620 nm optical absorption band

The isothermal decay results obtained at 515, 523, 562, and
693 K for the 620 nm absorption band are shown in Fig. 4. In the
figure, the absorption band intensity is normalized to that
registered before any isothermal treatment and the solid lines
are the simulation results obtained from the analysis through the
kinetic model which will be described in the following section.
4. Analysis of isothermal decay of 620 nm optical
absorption band

As mentioned in Section 1, the 620 nm absorption band in blue
topaz is attributed to the O� hole centers which can be produced
by neutron or gamma irradiation and stabilized by defects [9]. To
explain the isothermal decay results obtained, we consider that
Fig. 3. TL emission spectra for a blue topaz sample. The time and temperature at

the beginning of each recording are (a) 42 min and 443 K, (b) 49 min and 468 K,

(c) 89 min and 598 K, and (d) 119 min and 632 K.
holes are thermally released from the O� hole centers (filled hole
traps) and move through the valence band until being retrapped
into O2� traps (unfilled hole traps) or being recombined with
electrons in the recombination centers (electron traps). This
recombination process causes the photon emission (TL) which
we may expect to be the 400 nm TL emission band. This scheme is
similar to that used for the analysis of the reduction process from
Fe3þ to Fe2þ ions in beryl [21]. The O� hole centers in topaz have
several stabilized configurations and hence we consider N differ-
ent structural configurations of the O� hole centers and a single
kind of recombination centers.

Using this model, the isothermal decay curves can be analyzed
by solving a set of coupled differential equations through the
numerical method of Runge–Kutta. This method has been applied
with success to the analyses of thermal relaxation of: radiation-
induced green color in spodumene [22], luminescence in spodu-
mene [23], atomic hydrogen in glass and beryl [24], and F-center
in LiF irradiated at room temperature [25,26].

Let us suppose that all the charges are in electrical equilibrium
so that the concentrations of holes and electrons satisfy the
relation:

ye ¼
XN

i ¼ 1

yiþyf , ð1Þ

where ye is the concentration of electrons in the recombination
centers, yi is the concentration of holes trapped in the i-th
configuration of hole traps and yf is the concentration of free
holes in the valence band.

The thermal release rate of holes from the filled hole traps in
the i-th configuration to the valence band is given by aiyi, where
ai is given by ai¼siexp(�Ei/kT), where si and Ei are the frequency
factor and activation energy of hole traps in the i-th configuration,
respectively; k is the Boltzmann constant and T is the absolute
temperature. The retrapping rate of the valence band holes is
given by biyf(y0,i�yi), where bi is the retrapping probability
coefficient and y0,i is the total concentration of hole traps in the
i-th configuration, and the recombination rate of free holes with
trapped electrons is given by gyfye, where g is the recombination
probability coefficient.

The resulting rate equations are given by:

dyi

dt
¼�aiyiþbiyf ðy0,i�yiÞ, where i¼ 1,2,. . .,N, ð2aÞ
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dyf

dt
¼
XN

i ¼ 1

½aiyi�biyf ðy0,i�yiÞ��gyf

XN

i ¼ 1

yiþyf

 !
: ð2bÞ

From the non-linear stability analysis applied to similar cases,
these equations are known to have stable solutions [27]. The
solutions of these equations follow hyperbolic paths, resulting in
difficulty to find the solutions for large values of time and concen-
trations. Consequently, the rate equations should be normalized to
time and concentrations. The initial conditions are yi¼1�y0,i and
yf¼0�y0,f at time t¼0 (i.e., all the hole traps are filled and there is
not any valence band hole) and the normalization factor, pi¼y0,i/y0,1,
is introduced. Then Eq. (2) can be written as:

dyi

dt
¼�aiy1þbiyf ð1�yiÞ, ð3aÞ

dyf

dt
¼ pi

XN

i ¼ 1

½aiyi�biyf ð1�yiÞ��gyf

XN

i ¼ 1

piyiþyf

 !
: ð3bÞ

Eq. (3) can be solved by using the numerical method of Runge–
Kutta [12]; the parameter values are at first found by trial and
error and later refined by the grid optimization method [28].

At the beginning we consider the case of a single structural
configuration of hole traps and the parameter values thus deter-
mined are shown in Table 1. Unfortunately, these values do not
obey a regular

ffiffiffiffiffiffi
T
p

temperature dependence, expected from the
results of data analysis and theoretical modeling [21–24], and
hence we should discard this case.

Next we examine the case of two different structural config-
urations of hole traps. Table 2 indicates the parameter values
obtained. It is noted from the table that two parameters b2 and g
change with temperature according to the regular temperature
dependence mentioned above, whereas the parameter b1

decreases with increasing the temperature, contrary to the regular
temperature dependence. Consequently, we discard this case.

We finally consider the model of O� bound small polarons,
proposed by Schirmer and Krambrock, in which the O� polarons
adjacent to single kind recombination centers are assumed to have
two different structural configurations. A theoretical study on
intrinsic defects in topaz indicates the favored formation of fluorine
ion F� vacancies [29]. These vacancies require charge compensation
and Cl� ions, for example, serve as a charge compensator. Under
gamma irradiation, the O� hole center is created, as mentioned
before, at the OH� lattice site removing the hydrogen from the OH�

ion. We presume that gamma irradiation replaces the charge
compensators by electrons released in this process and that, during
heating, the holes in the O� hole centers are thermally released and
Table 1
Fit parameters in case of a single structural configuration of the hole traps for the

isothermal decay of 620 nm absorption band.

T(K) a (10�7 s) b (10�5 s) g (10�6 s)

515 4.5270.16 9.478.9 46.375.2

523 8.8970.61 0.06870.010 0.21470.037

562 90.675.6 6.5070.61 6.971.7

693 112.472.5 1.6370.28 73731

Table 2
Fit parameters in case of two different structural configurations of the hole traps for t

T(K) a1 (10�7 s) b1 (10�5 s) a2 (10�6

515 0.31770.056 10.3170.011 0.61370.0

523 0.31770.089 8.80670.055 1.4370.0

562 2.0670.61 4.8770.16 3.8370.1

693 606725 2.0470.06 8.971.1
recombined with the electrons trapped in the F� vacancies. The F�

and OH� sites in the octahedral structure are adjacent [30] and
hence this recombination should be first-order kinetics. It is found
through trial and error that, if bi/gZ600, the solutions of kinetic
equations become insensitive to changes in bi and can be approxi-
mately given by a sum of exponential decays of first-order kinetics.

Using the grid optimization method [18,31] we can determine
the parameters a1, a2 and p¼y0,2/y0,1 for the two different config-
urations of O� polarons. The deviations from the respective best-fit
parameter values thus determined, due to the fitting procedures
and inaccuracy in determination of the optical absorption band
intensities, are calculated. Concerning the former deviations, we
calculate the cost functions increasing or decreasing the parameter
values from the respective best-fit parameter values and adopt, as
the deviation from each best-fit parameter value, the largest
difference in magnitude between the best-fit parameter value
and a parameter value giving a 20% increase in cost function
[32]. Table 3 presents the best fitted parameters with the respec-
tive deviations obtained for the isothermal decay analysis and each
solid line shown in Fig. 3 is the best fit; the average of the values
given in Table 3 for the parameter p is 1.6970.23. It is important
to note here that the process involving the retrapping of free holes
is negligible. The activation energies determined are E1¼0.887
0.13 eV for a1 and E2¼0.5270.08 eV for a2.
5. Simulation of 400 nm monochromatic TL glow curve data

We have determined in Section 4 the kinetic parameters from
the isothermal decay analysis for the 620 nm absorption band, on
the basis of O� bound small polarons in two structural configura-
tions. From the facts that: the 620 nm absorption band in blue
topaz is attributed to the O� bound small polarons; this absorption
band can be further associated with the TL emission at 400 nm, as
mentioned in Section 3.1, a convenient way to describe this TL
emission can be as follows. Heating imparts activation energy to
the O� hole centers from which the holes become released and
immediately migrate to adjacent single type electron traps (elec-
trons trapped in F� vacancies). Recombination of these holes with
the electron traps (recombination centers) results in energy that is
spent in inducing luminescence. Thus, the TL peak temperature is
determined by the activation energy, and the TL spectrum is
determined by the characteristics of the recombination center. In
this section we attempt to simulate a monochromatic TL glow
curve at 400 nm, using the kinetic parameters determined.
he isothermal decay of 620 nm absorption band.

s) b2 (10�6 s) p g (10�5 s)

06 3.0270.54 1.6870.19 1.0070.21

3 5.5770.29 3.0070.87 1.4870.18

2 12.670.7 2.4370.54 2.0470.19

21.177.8 5.171.8 15.677.2

Table 3
Fit parameters in case of two different structural configurations of O� poralons for

the isothermal decay of 620 nm absorption band.

T(K) a1 (10�7 s) a2 (10�7 s) p

515 0.14770.053 6.673.1 1.3170.19

525 0.6370.18 14.371.8 1.9570.34

562 1.5270.32 32.273.1 1.8370.28

693 41712 180724 1.6870.78
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Experimentally, the monochromatic TL glow curve data at
400 nm can be extracted from the TL emission spectra observed
during the heating of the sample shown in Fig. 1. These data
extracted are depicted in Fig. 5 as a function of heating time
(dots); the error bars in the figure were estimated from the
variation in time during the measurement of each TL emission
spectrum and inaccuracy in determination of the TL emission
intensity at 400 nm. Assuming that a heating manner in an
interval of time between one point (tj�1) and the following point
(tj) in Fig. 1 is linear, a TL glow curve can be given by a sum of TL
intensities over M intervals of time [33–36]. The mathematical
expression of the TL glow curve for a single activation energy and
first-order kinetics, I(t), is given by:

IðTÞ ¼ n0si

XM
j ¼ 1

expð�Ei=kTjÞexpf�s

Z tj

tj�1

exp½�Ei=kTðtÞ�dtg, ð4Þ

where n0 is the initial concentration of hole traps and Tj is the
absolute temperature at the end of the j-th interval of time.

In this study there are two activation energies obtained,
E1¼0.8870.13 eV and E2¼0.5270.08 eV. The thermal release
processes regarding the two activation energies may be indepen-
dent and hence the monochromatic TL glow curve at 400 nm is
given by a sum of the TL intensity due to E1 and that due to E2.
The ratio of the TL intensity due to E2 relative to that due to E1 is
equal to p, that is, the ratio of the initial concentration of the hole
traps related to E2 relative to that to E1. The simulation results
using the two activation energies and p¼1.6870.40 is indicated
in Fig. 5 (solid line).

From the figure the simulation result can be considered to be
in accord with the experimental result; two unambiguous peaks
are observed in both the experimental and simulation results. As
mentioned previously, this finding reflects the two different
activation energies of O� hole traps, responsible for the 620 nm
absorption band, and the presumption of single type electron
traps indicates a single TL emission spectrum. Hence, it is
concluded that thermal annealing of this absorption band causes
the 400 nm TL emission band.
Fig. 5. Normalized monochromatic TL glow curve at 400 nm, extracted from the

TL emission spectra measured, as a function of heating time (dots). The solid line

shows the simulation result.
6. Conclusion

In this study the TL emission spectra observed in blue topaz
are found to have two bands at 400 and 800 nm; the first is
observed alone in 373–553 K and the second appears above
553 K. The thermal decay of the 620 nm absorption band takes
place in the temperature region of 373–553 K in which the
400 nm TL emission band is present. Hence, the isothermal decays
for the 620 nm absorption band are measured at 515, 523, 562,
and 693 K with the intention of determining their kinetic para-
meters and correlating subsequently this absorption band with
the 400 nm TL emission band.

On the other hand, Krambock et al. [9] suggest that the 620 nm
absorption band may originate from the O� hole centers. Accord-
ingly, these isothermal decay curves are analyzed by using the two
differential equations describing the kinetics of N different struc-
tural configurations of O� hole centers and a single type of
recombination centers. On the basis of the model proposed by
Krambock et al. [9], in which O� bound small polarons are adjacent
to trapped electrons (electrons in the F� vacancies are presumed in
this study), two different configurations of O� polarons and first-
order kinetics are found to explain nicely the isothermal decay
curves; two activation energies, 0.5270.08 and 0.8870.13 eV, and
the parameter p¼1.6970.23, defined as the ratio between the
initial concentrations of two different configurations of O� polar-
ons, are determined. This knowledge can explain reasonably the
monochromatic TL glow curve data at 400 nm extracted from the
TL emission spectra observed, indicating two different structural
configurations of O� polarons responsible for the 620 nm optical
absorption band and the thermal annealing of these defects
induces the 400 nm TL emission band.
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